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Abstract

Molten salt type small modular reactors are presently being developed as an option for
providing electricity and alternative energy fofims.current proposed designs do not
document how decommissioning will be addreBsedlecontamination activities necessary

for these reactor technologies upon theirdtwh are not available in the open literature.

The intent of the experiments perfedrin this work is to investigate teeommissioning
considerations that are associated with molten salt reactors as well as identify some of the
concerns that will need to be addressed. Two separate experimental systems were used: one
for the synthesisfd-LiNaK salt and the other for the remelting and drainage of residue
FLiNaK from a Hastelle276 segment. The results of these experiments have demonstrated
that FLiNaK salt, given contact with atmospheric moisture, tends to change in condition over
time and migrate from one location to another as a result of hygroscopy and deliquescence.
Consequently, the technical challenges that may arise during molten salt reactor
decommissioning as a result of this phenomenon are also discussed and exployed. Similarl
the application of heating and pressure reduction to assist in collecting the salt for removal
processes was also examined to better determine suitable decontaminatieof-ffed end
options for molten salt reactors. The results of this experimemtsiierteal that would be

difficult to completely drain solidified molten salts in a reactor system by reheating the
structure only once; residual salt is likely to be pasetite use of flush salt would increase

the volume of waste

Keywords: Molten Salt Reactors, FLiNaK, Nuclear Decommissioning, Salt Migration, Salt

PreparationNuclear Decontamination
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Chapter 1

Introduction

Nuclear power reactors have been a reliable source of commercial doak® dlasgicity

since the 1950s. Averaging between twenty to forty years of power generation, Gen Il power
reactors are now approaching the end of their operating lifetime.ob&igenerating

stations around the world have also ended their operations prior to the scheelldethshut

date as a result of increased alarm and concern of the public as well as regulatory bodies in

response to the 2011 Fukushima Daiichi Nuclear Disaster

As these largscale power reactors retire and begin decommissioning, they leave behind a
significant energy gap. Undoubtedly, demand for electricity around the world is expected to
increase in the coming years; thus, there is now an opportunity érengy sources and
technologies to be deployed. A potential solution is to replace Gen Ill power reactors with
Gen IV Small Modular Reactor (SMR) technoldgedsied as any nuclear reactor with an
electrical output under 300 MWe and thermal outpur W@@® MWth, these modular
reactors offer the potential to fulfil flexible power generating needs for a wider range of users
and applications. Deployable either as a single ommoditie plant, SMRs offer the
possibility of combining nuclear energy altdrnative energy sources [1].

Amongst the wideange oSMRs, the molten salt type reactor (MSR) has been proposed as
one of the options for commercial power generatioasel reactor designs usually select
eutectic mixtures suchlalB-BeF; or FLiNaK as fuel and cooling salts to reduce their melting
temperature [2]. Unlike water, the use of molten salt allows the reactors to operate at or near
atmospheric pressure and at higher temperatures. Such features mean that MSRs do not
require large, costiyesure vesselssed in many watbased technologies and are capable

of greateefficiency andir provide procedseat opportunities [3][4]wo vendors in Canada,

Terrestrial Energy and MoltEx, are keenly interested in developing such types of réjactors [5][

Il nitially developed in the 19600s, t he Mol
Ridge National Laboratory (ORNL) demonstrated that the use and operation of a molten salt

1
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fueled reactor concept was possible and viBbkpite only being online fan equivalent

of 1.5 years of fulower operation, the MSRE proved a series of predictions that renewed
interest in this technology some fifty years later: that the fuel salt was immune to radiation
damage, the graphite cos@s not attacked by the hot salt, and corrosion of Habtellag

minimal [7]. Despite such discoveries, the selection of materials, be it for the structure, fuel,
or coolant, remains one of the major sources of uncertainty for this technology. The MSRE
experiments also indicated that significant information is required prior to the establishment
of commercial scale nuclear power plants. Much of this missing information was related to
the specifics in decommissioning, decontamination, and storagesaitfdlceng reactor
components, fuel salt, and cooling salt [8].

Similarly, vendors currently developing MSR technologies in Canada advertise features such
as higher efficiencies, usable heat, closed fuel eyclbat neglect to mention any
decommissning plans and erad-life processes in detail if at all. However, according to
CNSC regulations, it is necessary and a requirement for any reactor technology to have a
decommissioning plan as part of its design, planning, and licensing proce&{9jdrust

the deployment and realization of commercial molten salt reactors is largely contingent on the
development of a safe and thorough decommissioning plan.

1.1 Problem Statement

Significant considerations and resources have been dedicated to the research and development
design, operation, materials, fuel cycles, and plant layout/facilities of MSRs, but insufficient
information is available on the decommissioning, dismantlentedts@osal activities of

MSR component and salt once the reashmutsdown Current regulations require during the

design phase that decommissioning be considered. The intent is to select materials, prepare
structures, facilities, and services necésstrg safe and successful decommissioning of the

plant. To do that would require some knowledge of what would be expected during

decommissioning of a molten salt reactor.

The decommissioning of MSRs encompasses a wide variety of activities. Tiee®einclud
removal of fuel and cooling salt from the reactor system and their eventaahlehgrage
or reprocessing. Limited operational experience regarding -thfdifendf such a novel

2
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reactor technology also means that the extent of potential abamdi@and hazards of
decommisoning a MSR has yet to be fully explored. In thepatemtél future deployments,

the use of enriched Uranium in molten salt fuel, especially in Canada, would require more
stringent regulatory controls during the cortstrycoperation, and decommissioning of the

reactor. Enebf-life operations would be expected to become more complex, expensive, and
require careful planning to ensure the safety of workers and the environm@veadikee

wide range of proposed mefalssaltfacing components and various feasible eutectic fuel

and coolant salts that can be used, it is necessary to devise a process that models the behavioul
of the salt and their drainage process in a controlled system.

This work will attempt to sirfaie the molten salt removal process at the end of reactor
operations during decontamination processes as well as observe salt behaviour under extended

storage.

1.2 Objectives

This work will explore some of the issues that may be found related to decomgnigsa
molten salt reactor. The main objective is to identify phenomena that may occur during the
draining or dismantling of a molten salt loop. To achieve this objective, the following sub

objectives will be pursued:

1. Produce controlled and experita¢samples of FLiNaK salt to ensure control of
the inputs to the experiments;

2. Assess FLiNaK Salt behaviour under different environmental conditions and their
implications for decommissioning;

3. Simulate the drainage of salt frorepaesentative component bynrelting and
removing the FLiNaK salt inside a tube
Loop (MSL).

1.3 Thesis Structure

This thesis provides the findings related to the above objecTikapter 2 provides a

literature review related to known salts, molten salt reactor design, ageing phenomena, and
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information related to decommissioning of molten salt reactors. Chppierd8s the
methodology for the experiments to manufacture salt samples, to monitor their behaviour
under different environmental conditions, and to test dismantling of a molten salt test section.
Chapter 4 describes the quantitative and qualitativeadioses made in the experiments

while Chapter 5 discusses the implications of the results in terms of the decommissioning
activities of MSRs. Chapter 6 will provide a summary of the conclusions obtained from this

work and finally Chapter 7 discusses tiatéature work.
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Chapte2

Literature Review

2.1 Introduction

This chapter intends to illustrate the implications and considerations that must be made when
a molten salteactor technology reaches its end of life, specifically, in terms of nuclear
decommissioning. To break this task into more manageable chunks, this section will outline
the current understanding of the behaviour and properties of molten salt withaetgards t

eventual removal from the reactor systenmst@ngstorage, and disposal.

It is crucial to have a hidgwvel comprehension of the workings of a molten salt reactor as
well as the significance of the design choices made in their historical ¢cositexerdiew

of the history behind the development of the first molten salt reactor technology will primarily
focus on the decommissioning challenges and activities of the Molten Salt Reactor Experiment
(MSRE) that were observed. From its military otmepotential civilian power source, the
MSRE and its findings are still the main source of inspiration for GEN IV SMR vendors

hoping to commercialize the molten salt reactor today.

A summary of current proposed GEN IV molten salt reactor modelsnsitgrtiinto the

evolution of this technology as global energy demand shifts along with relevant
decommissioning and dismantlement strategies currently used in industry. Finally, an
investigation of the fluid properties (thermophysical and physicochemited) salt
compounds and material selection issues regarding reactor structure must be included for

better overall understanding.

2.2 The Molten Salt Reactor

Molten salt reactors are a clagsuofear fission reactiorwhich the primary coolant, or the
fuel itself, is a molten salt mixture. Originally developed in the 1960s by the Oak Ridge
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National Laboratory, details of the history of the reactor will be discussed in a later section,
the components of an MSR are largely similar to that of commeetabuwlad reactor
technologies. MSRs can be burner or breeder reactorsredwisephysics have been
optimized for operation within tfest and thermal energy ranges.tihibrmal designs usually

use a graphite moderator to sitmwn neutrons and contr@mperature. The MSR is also
capable of using various fuels {@msiched uranium, thorium, and even depleted uranium) as
well as coolants; they can adopt a loop, modular, or integral configurdtisR$3¢an be
categorized into two main sclassesl he first, more basic concept, uses fuel in the form of

a eutectic molten salt mixture with fissile materials dissolved in it while the reactor core
consists of unclad graphite moderators that have been arranged to allow the flow of salt at
high temperates and low pressure.

In the second subclass, molten salt is used as the coolant to a solid, coated particle fueled core
also at low pressure. The core of this solid fuel variant is very similar to that of High
Temperature Reactors (HJRhus, this subclass is often referred to aEltloeide sailt

cooled Highemperature Reactor (FHR) [10][11]. Currently, reactor designs of the second
subclass are varyingly calletto | t en s al tin theeGemetation IV prgpssale mo
which incldles concepts such as molten salt converter reactors (MSCR) and advanced high
temperature reactors (AHTRS) [12].

In the much more common liquid fuelled MSR designs, the nuclear fuel is dissolved in the
molten fluoride salt coolant as fissile,(BEFR) ard/or fertile (ThFR) elements depending on

the intended reactor application, either as a breeder or actinidedrbtiraatore of the

reactor, fission takes place within the fuel salt, which then flows into an intermediary heat
exchanger where secondigyidsalt coolants remove the heat [1Qumerous design

variants of MSRs are being proposed. Figure 2.1 (a) and (b) illustrate the reactor schematic of

two MSR models by Canadian companies MoltEx and Terrestrial Energy.
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MSRs cafurtherbe subdivided into three main categories in terms of how the molten salt is
utilized in the system:

1) Molten &lt FuelledCirculating
2) Molten Salt Fuelle®tatic
3) Molten Salt Coolant Only

A summary of proposed MSR designs can be found in Table 2.1.
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Table 2.1: Summary of Molten Salt Reactor Designs CurrentBroposgd [6] [1318].

Name of Reactor| Subcategory Des_lgn. Coolant Moderator Outpu_t Design Status Stakeholder
Organization Capacity Country
Burnertype
Integral Molten Salt
, 400 MWth USA
Reacto#00 Molten salt Terestrial Fluoride Salt§ Graphite Under Design
fuelled Energy 194 MWe Canada
(IMSR400) circulating
Breedetype
Liquid Fluoride
; 600 MWth
Thorium Reactor Molten salt Flibe Energy | Fluoride Salty Graphite Concgptual USA
fuelled 250MWe Design
(LFTR) circulating
Mark 1 Pebbi8ed
FIu_orldeSaItCooIed Solid Fuel University of 236 MWth | Preconceptual
High-Temperature o . . )
California, Fluoride Saltg Graphite Design USA
Reactor Molten salt Berkele 100 MWe
coolant only y
(Mk1 PBFHR)
Breedetype CNRS France
Molten Salt Fast
Reactors Molten salt (The French Molten salt No 3,000 Mwih Conceptual Erance
fuelled National Cente| (unspecified)| moderator 1,500 MWe Design
(MSFR) circulating for Scientific '

Research)
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3006450
Stable Salt Reactor Chloride MWth United
Waste Burner Molten Salt MoltEX based coolan| Graphite Vendor Design Kingdom
FuelledStatic salt Unspecified| Review Phasg
(SSRW) Electrical Canada
Output
Breedetype
Molten Salt Reactot LFTR International
) 450 MWth
FUJI Thorium . : Conceptual
Molten salt MoltenSalt Fluoride Salts  Graphite 200 MW. Design Japan
(MSRFUJI) fuelled Forum €
circulating
Burnertype
Molten Salt Therma
Waste burner Molten salt Seaborg Molten salt Graphite 270 MWth Conceptual Denmark
fuelled Technologies| (unspecified) P 115 MWe Design
(MSTW) circulating
Solid Fuel (Platg
Small Fluoride Salt|  TRISO) Oak Ridgs 125 MWth
cooled High . : .
Temperature React¢  Molten salt ngg?arlilr FLiBe Carbon EIZI(/:'?;ical Under Design USA
(SMAHTR) coolant only y output
Molten salt
557 MWth .
ThorCon TMSR500 Ci‘;‘éﬁ:ﬁ’t‘i’ng ThorSon US| otten saits |~ Graphite %e;;'gend USA
' 250 MWe
Breedetype
Dualkfluid Molten Sal I\/(Iglrti(re;]arSa)th ~600 MWith Germany
Reactor Molten salt Dual Fluid y Unspecified Conceptual
fuelled Energy Inc. Lead P ~300 MWe Design Canada
(DFR) circulating (Secondary)

10
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There are several unique characteristics of the MSR that suggest a potentially safer, less
wasteful, and efficient form of nuclear power generation compared to currelphsedter
reactor technologies.

Firstly, MSRs operate at much higher temperaturaly between 760 °C, compared to
conventional Light Water Reactors (LWRSs) that operate at around 300 °C. The molten salts
are attractive coolant candidates because of their highgoaiitagypically around 1400 °C

- andvolumetric heat capacitig®]. This allows the reactor to provide greater electricity
generation efficiency; several Gen IV MSR vendors promote the possibility for energy storage,
cogeneration of medical isotopes and hydrogen, as well as variocheatsapfgications

[6][10].

MSRs also operate at or close to atmospheric pressure and are not cooled by water, eliminating
the possibility of catastrophic steam explosions thus not requiring large, expensive reactor
pressure vessels [3]. Other advantages of the MSR ingotinital to be refueled while
operating; it is capable of ordmeclear reprocessing like the CANDU design. MSRs can also
implement a closed fuel cycle, where spent fuel is reprocessed and/or partly reused, which
offers reassurance in terms of-pooliferation [20].

Despite its numerous benefits, there are still technological gaps and design challenges that
must be addressed prior to the deployment of commercial MSRs. Issues regarding power cycle
implementation, fuel inventory, storage, fuel/coolalectem, as well as eaofllife

operations are as applicable in proposed Gen IV designs as they were to the original MSRE
[21].

The requirements for all power reactors have changed in terms of safety, sustainability, and
nuclear security since thekushima Daiichi Nuclear Disaster. These changes mean that
MSRs developed for the current market will have significantly different features than those

required 40 years ago and present new opportunities for optimization and innovation.

11



Chapter 2. Literature Review

2.3 The Aircraft Reactor Experiment

The concept of a molten salt reactor took its earliest form in theAir@Eifs Reactor
Experimen{ARE). Initially studied by the US Air Force in 1946, the ARE amas
experimentaluclear reactatesigned to investigate the feasibility of usingulelich high
temperature, highowerdensity reactors for the propulsiors@bpersonic aircrafts [22]. This
project saw the design, construction, operation, and desooning of the very first reactor

to circulate molten salt fuel, from which the resulting experimental data and experience laid
the foundation for and enabled the broader development of molten salt reactors as well as
liquid metal cooled reactors-p24g.

The ARE used a fuel composed of NaF4ZaRkd Ukin 53.0940.736.18 mopercentages,
respectivelyThe designed fuel temperature was supposed to BE 8dth a 180C
temperature rise across the core. However, the peak temperature redChed €60y

operation and 88Z in transient states [2%he reactor itself was comprised of a BeO
cylinder connected to bent tubes that directed the flow of the fuel through its core in both
directions and surrounded by an Inconel shell [26]. Figure 2.pheslemis a schematic of

the design of the reactor [22]. The material selection was based upon the results of a series of
Naturalconvection corrosion test loogest up prior to the construction of the system, which

can beon the next paga Figure 2.422][25][26]

ROD
ACTUATOR

HELIUM
BLOWER

HELIUM
BLOWER

ABSORBER ROD

!

WATER

HEAT EXCHANGER

HEAT EXCHANGER

REFLECTOR COOLANT &2

Figure 2.3: Schematic of the Circuldfungl Aircraft Reactor System [22].
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Figure 2.4: Naturgbnvection Loops Constructed for Corrosion Testing [23].

About 170 litres of the NaBF,-UF, fuel flowed through the ARE per minute under a core
pressure of around 275.8 kPa. At the same time, sodium was pumped through the reactor at
a much higher rate of 570 litres per minute with 344.7 kPa of pressure [25][27]. Heat from the
fuel salt was sulmgeentlytransferredo a helium loop that in turn heated wakbe ARE

only had one neutron source, a poloraenyllium source of 15 curies (5.55'®), one

regulating rod, and three hehkoaoledboron carbidshim rods [22][28]

The ARE operated ats maximum sustained power of 2.5 MW between the dates of
November 8to the 12 in 1954 and generated a total of 96-M\ws of energy [J28] At

4:19 pm on November thé& &luring its ascent to full power, the reactor was abruptly shut
down due tdnigh airborne radioactivity measurements detected in the basement of the facility.
It was discovered that the gas fittings to the main fuel pump were leaking ddsitirgases

and vapours into the basement through defective seals in some ofita jelection panel

[29]. Similar leaks would eventually be observed in the waste salt tanks of the Molten Salt
Reactor Experiment during its storage, also the result of failed mechanical components. The
safety detectors would shut down the ARE a fewtmaae during the subsequent attempted
restarts, they were eventually withdrawn further away from the reactor as to not be triggered

13
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so easily, By the end of the day, the ARE had started back up and reached full power
[24][28][29] Operation of the ARE waemonstrated to United States Air Force and Aircraft
Nuclear Propulsion personnel who gathered at the ORNL for a quarterly information meeting.
Load followingeatures were demonstrated by turning the blowers of the reactor on and off.
Having obtained all operational objectives, the decision to cease operation was made and the

experiment was terminated [24][28][30].

2.3.1 Decommissioning of the ARE

Thedecommissioning work of the ARE began immediately after its termination. Gn the 13

of November, the fuel salt was transferred to the fuel dump tank. However, it was noted that
between the period of reactor shutdown and fuel dumping, all operatingepé&isdria

wear gas masks because of the high levels of airborne radioactivity in the facility. This was
caused by a leak in the-gdfs system, the exact location of which was never identified or
located [29][30]. A fluoride flush salt was then heaté&P@ (30FF) above the system
operating temperature and pumped through the fuel channels. The operators observed the

thermocouples throughout the ARE to ensure flush salt flowed through all channels.

Two flat lead shields, each 1.83 m by 122d0.0%n thick, were used in the heat exchanger

cell to protect any decommissioning personnel from radiation from the fuel systems [27][30].
Firstly, the water lines were cut; this was followed by the cutting of sodium lines which were
immediately sealed with tiplé layers of masking tape. It was noted in theopesttion

report of the ARE that upon the removal of the sodium pump and heat exchanger, the

radiation field in the room had increased to 6 mSv/hr and that these components were
shielding the area fraime fuel system radiation [24][30].

By February 1955, the fuel system was being dismantled. The reactor itself was cut from the
system using grinders then put into storage and later buried. Photographs of the ARE reactor
core dismantling process are featured in Figures 2.5 and 2.6. Sdieifuttle dump tanks
remained in storage as it awaited the development eddiliskebridevolatility reprocessing
techniques. Approximately 60 samples were taken from the decommissioned ARE equipment
and material for analysis; metallograabiwaon, visualstereophotographiand leak tests

were performed [30].

14
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Figure 2.6: Top of the Reactor with the Pressure Shell and Some Fuel Tubes Removed [30].
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2.4 The Molten SaReactor Experiment

Stemming from the Aircraft Reactor Experiment anoititd goal of producing an aircraft
propulsion reactor, the Molt&alt Reactor Experimamas an experimentablten salt
reactobuilt by theOak Ridge National Laboratanythe 1960s. Its construction was
complete by 1964; the reactor achieved criticality in 1965 and was operated until 1969. The
MSRE was a liquid fluoride thorium test reactor with a thermal output of 7.4 MWth which
had demonstrated the feasibility okpithermathoriumbreeder reactor [31]. The reactor
primarily used two fuels: fitdtanium235then Uraniun33. At the end of the-RB3 fuel
campaign, which was the second campaign in the seges] PuFwvas used as fuel to
demonstrate flexible réacoperations31][32]. At the design power level of 10 MW, the
reactor ran between the temperatures of 635 °C and 700 °C, which is well above the melting
temperature of FLiBe, the molten salt selected as both fuebkamd, @t 459 °C [33]. Molten

salts will be described in further detail in Section 2.5. Figure 2.7 below illustrates the plant
layout of the MSRE facility.

—

1. Reactor Vessel 2. Heat Exchanger 3. Fuel Pump

4. Freeze Flange 5. Thermal Shield 6. Coolant Pump
7. Radiator 8. Coolant Drain Tank

9. Fans 10. Fuel Drain Tanks

11. Flush Tank 12. Containment Vessel

13. Freeze Valve

Figure 2.7MSRE Plant Diagram with Key Reactor Componha#ls
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The plant diagram presented in Figure 2.7 illustrates the salt facing components within the
MSRE by highlighting them in red and yellow, which are the primary loop with fuel salt and
the secondary loop with coolant salt, respectively. By identifyingsibalmperating range

of the molten salts within a reactor system, one can begin to identify the potential areas that
would eventually need to undergo nuclear decontaminatib@canamissioningigure 2.8

presents a crosgctional view of the MSRE ifiag. In the case of the MSRE, based upon

Figures 2.7 and 2.8, would include all the named components and their immediate cells.

Crane
Cantrol

Drain Cell Shieki Blocks

Figure 2.8: Cros3ection View of the MSRE Facility [35].

The initial cost estimate for the MSRE was $4.18 millionriJBIB0, but by the time the

project reached its detailed design phase the cost estimate had doubled; this was mainly the
result of having to develop a custom correseistant structural alloy: HasteNoy The

site itself is considered a Categorydlear facilityd[L][35][36]. This implies that future MSRs

would also likely fall under this category, which, according to the licensing requirements of the
CNSC, must include a proposed plan for the decommissioning.
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2.4.1 Reactor Description and Operation

The MSRE had pyrolytic graphiteore that also served as rniaderator. Priotests
conducted during the ARE demonstrated thatlsalt nopermeate graphite given certain
desired pore structures, which were on the order of a micrometer. Thouglcattesn
whether the two materials interacted with one another in some other form. Images of the
reactor vessel and core of the MSRE can be seen in Figure 2.8 below. Aihthreg salt
components of the MSRE including piping, reactor vessel, corendvasirctural
components were made frétastelloyN.

A low chromiumpicketmolybdenunalloy,HastelloyN was the most corrosion resistant
and compatible with the fluoride salts FlaB&FLiNaK [37].

FLEXIBLE CONDUIT TO
CONTROL ROD ORIVES

ACCESS PORY COOLING JACKETS

CACTOR ACCESS PORT

[ACTOR CORE CA

REACTOR VESSEL

A ANT-SWIRL VANES
VESSEL DRAIN LIN

SCMODERATOR
SUPPORT GRID

Figure 2.9: MSRE Reactor Components (a): Reactor VeRsaeblijc Graphit€ore [34].

The MSRE used liquidF-BeR-ZrF,-UF, as fuel and FLiBe as secondary codiaetfuel

salt circulated through channels of graphite which provided geometry arationode
necessary to sustain a nuclear chain reaction in the reactor vessel [31]. The heat is then
transferred from the fuel salt to the secondary coolant salt in the primary heat exchanger. The
coolant salt is passed from the primary heat exchangeiricoatea radiator, a coolant salt

pump, and then returned to the primary heat exchanger [4][33][38].
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The reactor wawriginally fueled with approximately 218 kg of uranium (3285 dnd 70%
U-238), then later refuelled with another 37 kg or so of urdhisiime consisting of 80%
U-233 and 20% 4235, making the MSRE the first nuclear reactor to operate-2&8 U
[31][36][38].

2.4.2 Experimental Findings of the MSRE

The results produced from the MSRE, and the conclusions drawn from them reshaped the
nuclear industry in many ways and continue to be a source of inspiration fedgyesent
vendors. The primary, and perhaps most important, conclusion from the MSRE avas tha
molten salt fueled reactor concept was feasible and viable. Its maintenance was accomplished
safely and without excessive delay; no radiation detectors-efécigag these operations,

and they were completed within the allotted timeline assdisénsthe MSRE quarterly
reports [7][39]. Thadditionof uranium and plutonium batches to the salt took place in a
matter of days; the recovery of uranium by fluorination was also successful. The MSRE
confirmed expectations and predictions [7][#@].eperiment demonstrated that the fuel

salt was immune to radiation damage and did not corrode the graphite core. Similarly, the
corrosion of HastelleM was also negligible [36][38]. Prior calculations on the neutronics,
such critical loading, reactivibefficients, dynamics, and lgagnm reactivity changes, were
confirmed by the experiments. It was also noticed that by limiting oxygen in the salt, the
tendency of fission products to be dispersed from contaminated equipment during
maintenance would dease [8][31].

The experiments also provided information regarding the excessive production and
unexpected transport oitiumin a moltersalt reactor. It was recognized prior to the
operation of the reactor that the MSRE would produce significant aafdrititsn, which

is a ternary fission product of Uranium that occurred at a rate of about one atdm per 10
fissions. The tritium atoms were predominantly produced (around 80%) through thermal
neutron absorptions in Lithiué an isotope found in thgel of the reactor (FLiBe) [41].

, E 1 (A | (2.1)
Similarly, fast neutrons can also be absorbed by Ettupnoduce tritium, but this reaction
is far less pibable [41].
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0 Q & (A ( ¢ (2.2)

During the design and initial operation of the MSRE, it was expected that most, if not all, of
the tritium produced would exit the system through the stack. However, as the experiment
progressed, tritium was detected in liquid waste and the metalliestnidhe reactor, all

of which were promptly treated with newly instated health precautions [41][42]. Figure 2.10

illustrates the production and transport pathways of tritium in the MSRE.
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Figure 2.10: Tritium Production and Transport in the M&RE

Since tritium is a beta emitter, it is not dangerous externally as it is unable to penetrate clothing
or the skin. However, it becomes a health hazard if inhaled or ingested. Thus, this production
and presence of tritium in molten salt reactor témiies will also have to be addressed

duringdecommissioning2].

A surprising and unanticipated finding thasdiscovery ahtergranulacrackingn all the
saltfacing metal surfaces as a result of tellurium (a fission product produced in the fuel)
embrittlement. The crack growth observed was so rapid that it would be problematic for the

originally planned thirear operating life ofdium breeder reactors and MSRs. In the
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shortterm, the cracking can be reduced by adding small quantiiesSivofito the
HastelloyN; a longterm solution would still require further studies [43]. Recent experimental
results presented by Lei. al demonstrated that when compared to Inec666l and
HastelloyX, HastelloyC-276 exhibits the best corrosion resistance in molten FLiNaK salts at
750°C [44]. Figure 2.11 below are the esestional SEM images of Inceé@0d and
HastelloyX, HastelloyC-276 that have been corroded by FLiNaK at 750 °C for 320 hours.

(a) JREET
" SRR Mag= 100X wD= (b)

Sigeal A= inLess  EHT = 10.00%v 100Mm

L & R
Sgne A=intens  ExT=1000kv 100HmM
Mag= 100X  WO= d4mm 1

Figure 2.11: SEM images of the esessional samples after being corroded in FLiNaK
salts at 750 °C for 320 hours: (a) Inconel 600, (b) Hastelloy X and (c) Haa3Té AL

Overall, the results and experience from the MSRE imply that the decommissioning of such
a facility would be administratively complex and technically challenging in addition to being
expensive. The presence of tritiumpmase additionddealth risks to thworkers as well as

the environment. Extensive decontamination would also be required forfadingalt
components, which may or may not be repurposed while the radioactive fuel and flush salts
remain in storager indefiniteperiods of time. All of wth are processes more extensively
discussed in the following section which details the decommissioning activities performed at
the MSRE facility thus far.
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2.4.3 Shutdown and Decommissioning

The MSRE was shut down in December of 1969; its decommissiomimg fdagan almost
immediately and continues until present day due to a series of technical challenges. The
decommissioning project was originally predicted to cost upwards of 30 million USD, but by
1988, it was suggested that the true costs would Is¢ @iplesthe initial estimates [45].

The primary concerns revolve around the treatment and disposal of more than five tonnes of
solid fuel salt that contained over 30 kg of fissionable UraB8jrfission products, as well

as higher actinides were giszblematic [44]. This is further complicated by the chemistry of

the mixture; radiolysis reactions in the solid waste salt releases elemental fluorine gas and as a
countermeasure, the salt was reheated annually to°€ (BI’F) until 1989[44-46].

Various supporting and investigative studies were conducted, including:

a) a broad scope analysis of possible options for storage/disposal of the salts;

b) calculation of nuclide decay in future years;

c) technical evaluation of the containment facility and hot cell penetrations;

d) reviewand update of surveillance and maintenance procedures;

e) measurements of facility groundwater radioactiviguamgbump operation;

f) laboratory studies of the radiolysis i@acand

gl aboratory studies on determining the s

Geological and hydrologic factors of the surrounding area were also considered to analyze the
potential implications of the entombment of the fuel with condie¢eresults of this

evaluation demonstrated that the fuel salt cannot simply be left in its form and location
permanently; however, extended storage is feasible for 20 to -3@ngeatsthe time,

projected for even longer. The studies recognized that fohe o0 Saf e Storage
dismantling strategy of decommissioning, some facility modifications to the MSRE site were
necessary [43][44].

The 1988 ORNL repoR2ecommissioning of the M&Emended that for a permanent basis
of disposal, the fuaind flush salt mixture should be remelted and repackaged into smaller
containers for ease of handling. Fluorine getters should also be added to eliminate the need

for periodic reheating. These procedures alluded to a solution to final disposal yetirecogniz
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that none of them were available at the time of the publication of the document [8]. These
methods included the disposal of MSRE salts and components-eahighste repository,

in the Waste Isolation Pilot Plant, via intermediate depth dispbsaiding the salt in with

a fluoridebased higievel liquid waste from reprocessing at other Department of Energy
(DOE) sites [4817].

The lack of conclusive decommissioning actions taken for the MSRE became a bottleneck
and an obstacle for new, GBNMISR vendors as they worked towards licensing their designs.
The enthusiasm dedicated towards the technical design and operation of the MSR system is
not shared towards its inevitable decommissioning; vendors often neglect to include any
concrete plans fahe enebf-life activities of their products. This inability to provide a solid,
thorough decommissioning plan to the Canadian regulatory body, the CNSC, in many ways

further inhibits the chances at commercial application.

2.4.3.1Increased PressureTtake Decommissioning Actions

There is a need to take more permanent decommissioning actions with regards to the MSRE
facility in recent years. Even though surveillance and maintenance (S&M) activities have been
providing adequate extended storage of 8iREViand its components, the DOE, ORNL,

and other stakeholders agree that a lasting decommissioning outcome must be achieved
[35][45].

This is both to avoid interfering with ongoing ORNL research operations as well as preventing
any accidental releases e environment through mediums such as groundwater or air.
However, the costs of S&M activities are expensive; the salts required annual reheating until
1988 while physical barriers including concrete cell walls and the &tahlesss must be
constantly inspected for structural integrity to ensure the proper storage of thaliwaskes
[35][45][46]. Table 2.2 below is a summary of all the major decommissioning and

dismantlement (D&D) activities performed up until October 2021.
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Table2 . 2 : Maj or D&D Activities Perfor m

Time Frame Notable Activities

Routine maintenance and 0sa

accumulation in drain tank cell)

Positive confirmation of ou

1994 1 Failed offgas valve resulted in notable uranium depos
off-gas charcoal bed

Uranium denaturing and removal, install Reactive Gas Remc

System

20012008 Restoring salt chemistry, defueling, attempt salt transfer

19711989

19952000

2008present Reactivggas management operations, surveillance and maint

2.4.3.2Challenges in Decommissioning

The three major challenges regarding the D&D activities of the MSRE are that:

1) the MSRE is an aging facility with equally old equipment (50 years +);

2) the presence of radiological and other chemical hazards makes for a challenging
work environment. Workers would require significant personal protective equipment
(PPE), special tools, as well as portable maintenance shields (PMS); and

3) the manner imwhich waste salts will ultimately be disposed of has yet to be
determined [35].

Concerns ovdpotential breaches in the drain tanks worsened after the MSRE Remediation
Project discussed in further detail in the following section. Considered to beshkighése r

facility, a rupture in these saihtaining tanks risks the release of radiological hazards in
addition to Fand HF, which are difficult to isolate. There is a constant need to assess the
integrity and the extent of corrosion on heat exchtngdies and the walls of the waste

salt tanks. Piping and tubing containing residual salt, however, are infrequently monitored.
The site also primarily relies on the ori
significant -47]rigucet2ildbelewis a[diagsam of4he MSRE fuel salt drain
tank.
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Figure 2.12: MSRE Fi&lt Drain Tank [45].

Theworking conditions of D&D activities at the MSRE are also intensely difficult; portable
maintenance shields (PMS) are necessary to ensure adequate ventilaticasleeeraia
Figure 2.1:3whenever workers access the drain tank pit while wearirgivexBPE to
mitigate hazardous fluorine gas and radiological contamination.
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Figure 2.13: Workers Operating the Portable Maintenance Shield [35].

Figure 2.14lustrateshe position of the PMS in relation to the salt tanks.

Portable Maintenance Shield
Fuel Drain Tank #1

Fuel Drain Tank #2

Fuel Flush Tank

B e B

Figure 2.14: Location tife PMS in relation to the Fuel Drain and Flush Tanks [35].
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The work area surrounding the salt storage tanks is highly radioactive mainly due to Cesium
137, other fission products, and Urard88 progeny (7208). Exposure rates from Fuel

Drain Tank (FDT#1 and #2 exceed 1000 Roentgen and require the use of remote tools on
top of significant shielding [35][46]. Table 2.3 summarizes the radioactivityssltwaste

the fuel drain and flush tanks (FFT):

Table 2.3: Radioactivity and Volum®/aktesalt in Fuel Drain and Flush Tanks [35].

Location Volume of Sall Radloa_lctlwty Radloactlwty_ from G837
(Ci) (Ci)
Fuel Drain Tank #1 0.99 M 6800 3000
Fuel Drain Tank #2 0.88 M 5700 2500
Fuel Flush Tank 1.93 M 200 2500

Thefinal challenge lies in the inevitable generation and disposal of waste from any D&D

projecting of the MSRE. This includes:

the fuel, coolant, and flush salts;

any saltontaminated components;

the uranium laden charcoal collection canister;
residual uranium in the charcoal beds;
Asbestos;

Lead; and

Any PCBcontaminated equipment.

Since the decision for final disposal has yet to be made, propositions for sending the waste
products to the Wasteolation Pilot Plant (WIPP) have been made. However, the salts will
need to meet the fissile material content limit and require passive fluorine management.
Preliminary analysis done by United Cleanup Oak Ridge for ORNL in 2021 suggests that the
salts do m&t the legal limit as identified in Table 2.4.
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Table 2.4: Preliminary Analysis of MSRE Salt in Meeting WIPP Waste Acceptance Criteria
[35].
Regulation RH Waste Limit FDT #1 Salt FDT #2 Salt FFT Salt

LWA Sec Specific Activity
7(a)(2) <23 CilL

LWA Sec TRU Activity
2(18) Density >100 nCi/g

9.43Ci/L 9.57 CilL 0.167Ci/lL

13696 nCilg | 13711 nCilg | 275 nCilg

2.4.3.3The MSRE Remediation Project

In the years following the shut down and transition into indefinite storage of the MSRE,
indications of the migration of radioactive materials in the piping connected to the drain tank
cell and the offjas system were noted [48]. Specifically, incredseidrdevels were
detected in a service area next to the drain tank cell. Alpha activity was observed during
maintenance activities on the-gdf system while subsequent Gamma scans indicated the
presence of Thalliu®08, a decay product of UraniRB88. Consequently, the annual
reheating, referred to as oOannealingo6 by t
partly because this procedure was speculated to have aided the migration of the radioactive
materials [480].

In March 1994, positive mfirmation of uranium migration was made by the ORNL when a
sample withdrawn from the afds system serving the drain tanks was found to be
unexpectedly containing dJFurthermore, it was discovered that a faulty valve had led to the
leak of about 38y of the Ukwhich deposited onto the auxiliary charcoal bed while another

1 kg or so migrated to four other charcoal beds via tlyaffystem [E5]|[4549].

Following this revelation, the extensive MSRE Remediation Project was initiated to assess,
control, remove and recover the UrankB8, convert the recovered uranium to uranium
oxide (WOg) for long term storage, and to decommission the reactor as much as possible
[8][35][4%48]. Figure 2.15 outlines the key components of the uranium recaasy.pro
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Figure 2.15: Diagram of Major Components of the Uranium Recovery and Conversion
Process [48].

From 1998000, the primary tasks of remediation project consisted of the:

removal and denaturing of Urani@B8 in the charcoal beds;
recovery of Uranm from the piping system;

removal of Uranium from the fuel salt;

conversion to Uraniw®33 to uranium oxide; and

installation of the Reactive Gas Removal System.

Fuel recovery tasks were completed by the@0ios; the reactor wasfdelled and salt
chemistry was restored through hydrofluorination processes. Currently, the MSRE facility
continues to require reactive gas management in addisohettuledsurveilhince and
maintenance operations [35§4%. The overall costs of this cle@rproject were estimated

at about 130 million USD [51].

2.4.3.4Current Status of the MSRE

The residual fuel salt remains stored in the two fuel drain tanks (eacdh @23t today,
each having letfsan 2.5 kg of Uraniu233. Flush salts (FLiBe) which contain less than 2%
of uranium and fission products are stored in the fuel flush tank. Volatile fission products are
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treated via an offas system and not retained in fuel [35][=@rids of planned, upcoming

facility upgrades include additional sump pump systems, an electrical distribution system, fire
detection and suppression measures, process monitoring systems, as well as improved roof
and drainage. The ORNL also intends ttacepthe Reactive Gas Removal System with a
Continuous Purge System while incorporating more automation into their surveillance and

maintenance operations to lower radiological risks to facility workers [35][51].

2.5 Molten Salts

In terms ofchemistry, a salt is a chemical compound composed of ionically bonded positively
charged cations and negatively charged anions, resulting in a compound with no net
charge.Likewise, anolten salt is a salt thesolid astandard temperature and presEsif P

= 0 °C and 1 atm) but enters tlgpid phasehen heated to and beyond its melting
temperature. Molten salts are unlike ionic ligdidsh are salts thate liquid at, or close to,

room temperature [5Z[hese molten salts are highly corrosive in their hot, liquid state and
pose one of the main design challenges of the MSR. The structural alloys of the reactor must
be highly resistant to corrosion and REDOX reactions and must be carefully managed to
mitigdae any safety risks (such as ruptures and spills) [31].

The first salts developed were the molten fluoride salts used by the ORNL since fluorine only
has one stable isotope, Fluotifg100% abundance), compared to lithium or chiuaksl

salts [53]. &miliar to both aluminium and uranium industries, all the enriched uranium used
in reactors today have been converted to and from a fluoride form during the enrichment
process [31][36][52]. As Gen IV MSR designs were developed, the types of molieg salts be
proposed for use as fuel, coolant, or flushing agents have diversified as well.

The following sections will discuss the properties of the various fuel, coolant, and flush salts

historically used as well as those currently being developed and.proposed

2.5.1 Fuel Salt

As mentioned before, MSRs can use either liquid or solid fuel depending on its design.
However, there are substantial and fundamental differences between the two fuel options.

Their thermal, chemical, and physical behaviours must be sufficiently undiensig dlole
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fuel qualifying process to ensure adequate modelling under normal and accident conditions
[54].

Since a liquid fuel salt serves both as the nuclear fuel and primary source of heat transfer, it
must meet the requirements for both purposes.teuteitures of molten salts are usually
selected for their lower melting point, usually around 450 °C, while boiling temperatures are
in the range of 1400 °C [19]. It could be argued that the boiling of molten fuel salt within a
reactor could potentialhave catastrophic effects on the system, but since most MSRs are
designed to operate at temperatures arourf8DB0TLC, there is still a significant safety margin

that makes the event extremely unlikely [10]. Liquid fuel also offers the advantage@f bypass
critical heat flux considerations and risks associated with the melting of fuel elements in severe
accident conditions. Similarly, modelling challenges regardiuphaseltilow found in Light

Water Reactors also do not hold for liquid fuel salteulgi there is less flexibility in the
margins of properties such as reactivity in solid fuels, they can still be adjusted for safety using
chemistry controls. Overall, liquid fuels are more favourable and are selected for most MSR

designs. Some of the Kegtures of both types of fuels are illustrated below in Figure 2.16.

Liquid Fuel @ Solid Fuel

Chemically damageable -
may be reparable during use

Mechanically damageable

Composition may be

adjustable during use Composition set prior fo use

Properties depend on Properties depend on
composition and state fabrication process

Container breach could
release nearly all
radionuclides

Figure 2.16: Key Differences between Solid and Liquid Fuel Salt Mixtures [54].

In terms of decommissioning, one may expect solid fuel to be more compact. Fewer
components would be in direct contact with the fuel which would lower the amount of high
level radioactive waste and limit the contaminated areas. On the other hand,ltheidise o

fuel would result in the contamination of all salt facing components. The reactor structure
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would have to be decontaminated before it is either released from regulatory control, recycled,
or disposed ofHowever, the liquid fuel salts do not reweechanically determined lifetime,
unlike solid fuel, and is likely to be more consistent in property and behaviour [54].

Halide characteristics of fuel salt mixtures such as high boiling points at low pressure and
natural circulation heat transfer prapsrare applicable to all MSRs [52][54]. Elements such

as fluorine, chlorine, and lithium are typically considered for use in molten salt compounds
[56].

Some fuel salt compositions of current proposed MSR designs remain proprietary. Limited
informationis available with regards to their specific properties. However, they remain
invariably fluoridkased and a combination of LiF, BeFhF, and Uk are themost

common mixtures used for MSRs [56].

A study conducted by the ORNL which investigated theahysoperties of seven molten

salt mixtures (four fuel salt, two coolants, one flush salt), provided experimental and estimated
values on properties such as viscosity, phase transition behaviour, electrical conductivity,
density, heat of fusion, vapouregsure, and compressibility. However, the following
properties have a more direct impact on the selection of molten salt mixtures in terms of

decommissioning [57]:

Expansivity; and

Solubility of the gases He, Kr, Xe;.BF

The four fuel salt mixture samples, each containing some quantities of,LiIFhRednd

UF, were selected based on the decision of the ORNL to combine fissile and fertile material
within the same loop [16]. It is worth noting that due to the age dddhenent and the
significant margins of error the authors provide, that these numbers are an essinvatiel and

not be relied uporA much more recent ORNL report detailing fuel salt qualification
technologies highlighted the importance of other releaarheters in molten salt fuel such

as wettability, retention of radionuclides, storage stability, and interactions with various metals
[57].
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Table 2.5: Mixture Composition of the Four Fuel [5alts

Composition (mole %)
Salt Mixture LiF Bek ThF, UF,
F1 73 16 10.7 0.3
F2 72 21 6.7 0.3
F3 68 20 11.7 0.3
F4 63 25 11.7 0.3

Salts F1 and F3 were thought to be appropriate fuel for a prismatic configuration of the
graphite moderator since the lesser concentrations pamERhE might prove more
favourable with rarearth fission product removal while salt F2, with low thorium, would be
ideal for a reactor where good breeding performance is not a prime consideration. Alternately,
the high beryllium concentration of salt F4 wmnjaove breeder performance through the

greater opportunity to increase neutrons by the (n, 2n) reactions [36$2][55

The mixture that was eventually selected as the fuel salt of the MSRE and primary coolant was
LiF-BeR-ZrF,-UF; (mole ratio: 6295-1), whose basaixture, FLiBe, was also the
secondary coolant and flush salt for the syfieBe will be discussed in more detail in a

later section.

2.5.1.1Secondary Coolant Salts

The secondary coolant salt removes heat from the primary ¢@plaet, salts in an MSR.
Like fuel salts, these mixtures are largely fltmagdzl because it gives them a stable nature.
Fluoride salts are also excellent media for heat transfethahirehigh thermal conductivities

and heat capacities. The secondary coolants, unlike the fuel saltsfisatle [for.

2.5.1.2Flush Salts

Flush salts are fluoritbased molten salt mixtures used to flush out any remaining radioactive
salt deposits within the primary and secondary cooling loops whenéaengakactor
components are drained, either for maintenance or at the end efigepfithe MSR. Flush

salts usually do not contain sufficient radionuclides 4tweaehlivhen stored lotgrm but

consist of various fission products and are radioactive, though to a lesser extent compared to

the fuel salt. The flush salts and theitaitners would remain under regulatory control until
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a solution becomes available for their decommissioning, repurposing, or disposal; they would

likely require maintenance and surveillance throughout storage [58].

2.5.2 FLiBe

FLiBe is a molten s@bmposed of a mixture of lithium fluoride (LiF) and beryllium fluoride
(BeR). The mixture ratio of this stoichiometric compound is 2:34(édole %), forming

Li.BeR [55]. Both a nuclear reactor coolant and a solvent for fissile and fertile matBgals, FL
served both purposes in the 1960s MSRE in addition to being used as the flush salt [34][51].

2.5.2.Physical, Chemical, and Thermal Properties

FLiBe has a relatively low melting point of°45% boiling point of 143C, and a density

of 1.94 g/cm. It abo has a volumetric heat capacity that is slightly higher but similar to that
of water (4180kJ/fK) at 4540 kJ/MK making FLiBe more suitable for typical reactor
conditions [59]. In addition, molten FLiBe can be used as a coolant at high temperatures
without reaching high vapour pressure; unlike sodium and potassium metals, which are also

candidates for higlemperature coolants. FLiBe does not react violently with air or water.

Theeutectianixture of FLiBe contains slightly more than 50% of &eFhas a melting

point of 360°C [57]. Although a lower melting point may appear desirable at first, the eutectic
mixture of FLiBe never had any practical applications because the additipcanisBdrRan
overwhelming increase in the viscosity of tkiura. Bekon it own behaves as a glass and

is only fluid in salt mixtures with enough molar percéetvas base. Lewis basesaswenic

or molecular species with highly localized highest occupied molecular orbitdlesal&hlas
fluorides. Theseompounds will donate fluoride ions to the beryllium, breaking the glassy

bonds which increase viscosity [60].

In its solid state, FLiBe appears transparent to white, with visible crystalline grains, but upon
melting, it turns into a completelgar liquid as seen in Figure 2.17. This optimal transparency
makes FLiBe a desirable coolant salt because it allows for easy visual inspection of any
contaminants or impurities dissolved in the salt in a laboratory setting. However, soluble

fluorides sutas Uk and Nik, can dramatically change the salt's color in both solid and liquid
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state. This madsectrophotometrg viable analysis tool, and it was employed extensively
during the MSRE operations{4].

Figure 2.17 (a): FLiBe in Solid Stasviolten FLiBe: The Blugreen Tint is from
DissolvedJranium Tetrafluoride [64].

2.5.2.2Nuclear Properties

FLiBe is an effective neutron moderator because of theolowe weighand large scattering
crosssectiorof lithium, berylliumand less prominentlifuorine The atomic structure and
nuclear properties of these elements enable them to efficiently thermalize fast neutrons

through elastic collisions. Since LithGurfapproximately 7.5 % of natural lithium) tends
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to absorb neutronsthus producinglpha particlesandtritium, nearlypureLithium-7
(99.993%is used instead for the MSRE. Figure 2.18 illustrates the fEkeiBsmaltvith

Uranium 233 tetrafluoridef the MSRE in both solid and liquid state. In its solid form, the

fuel salt takes the appeme of irregular, opaque, turquoise crystals which, when molten,
becomes a transparent, light {gresen fluid. LithiurA7 in the compound gave the FLiBe
mixture a smatleutron absorptio crosssectionand assisted in breeding purposes. When
Lithium-7 does absorb a neutron, it instantaneously decays via sutessnethen alpha

decay into a beta particle and two alpha particles [62]. Beryllium will occasionally disintegrate
into two alpha partideand two neutrons when hit bfast neutronFluorine has a nen
negligible cross section for (a, n) react.i
calcuhatingneutronicg66][67].

A
o]
<
B
Figure 2.18 Samples of FLiBe witAnium233Tetrafluoride [67]
(a): Top Solidified Crystals (b): Bottemolten Liquid.
2.5.3 FLiNaK

FLiNaK is a ternary eutectic alkaline metal fluoride salt mixtureNdEicF (46.511.542

mol%). It was heavily researched by the ORNL in the late 1950s as a potential coolant
candidate for the MSRE because of its low melting point, higlapeeity; and chemical
stability at high temperatures [68][69]. In the end, FLiBe was selected for use in the MSRE
instead of FLiNaK because of its more desirable neutrorseotiss. However, Gen IV

reactor vendors are now contemplating the use of FliiNatire molten salt SMR designs
[6][21].
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FLiNaK is the salt mixture used in all experiments that will be discussed in this work. In
addition to being a potentially promising fuel and coolant salt for Gen IV MSRs [6][10], this
mixture was selected maingcause it is a nqmoprietary salt that can be synthesized and
prepared with readily available compounds. Similarly, paddedgible literature resources
can also provide a baseline with regards to the behaviour of FLiNaK throughout the

experimentsonducted in later chapters.

2.5.3.1Physical, Chemical, and Thermal Properties

A O0sister saltodéo of FLi BeQCandaboilgpkintbfas§0 a me | t
[19]. It is worthy to note that the widabicepted melting temperature of 454sbased on

phaseule type cooling curves; thus, some sources recommend that 462 °C, determined using
heat of fusion, be used instead for conservative operation [70][71]. The density of FLiNaK
has also been investigated extensively by numerous source$rodatihe 1960s until

present day. It was determined that within the temperature range of 940 to 1170 K, the density
of FLiNaK is best represented by the following four correlations presented in Table 2.6 and
plotted in Figure 2.19, though a densityG# 8/cnt has been suggested for use in general

reactor calculations [19].

Table 2.6: Density Correlations of FLiNaK between 940 to 1170 K-JB][72

Density Correlation (kg/fn Uncertainty (%)
2579.30 0.624 x T [K] 2
2603.00 0.669 x T [K] 3
2655.64 0.680 x T [K] 2-4
2729.29 0.730 x T [K] 5
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Figure 2.19: FLiNaK Density vs. Temperature [19].

FLiNaK has a thermal conductivity of O/@2n-K and a volumetric heat capacity of 3807.4
kJ/m3K [58]. This implies that the salt is also suitable for typical MSR operating conditions
[57]. Furthermore, molten FLiNaK has a low vapour pressure of about 0.7 mm Hg compared
to that of FLiBe, which is about 1.2 mm Hg at a temperature of 900 YaeBpressure

is a concern because in these-tagiperature salt systems, a purged cover gas is necessary.
The transport of large amounts of salt vapour into the cover gas system can cause
contamination problems. The vapour pressure of a salt mixture senatiye to its
composition, certain compounds such as afréF BekFwould increase the risk of salt vapour

leaks which can lead to system instgbilit7 7].

Early ORNL studies of FLiNaK also confirmed that the mixture is capable ofirgdjssol
ouseful quantitiesdé6 of fissile and fertile
[76][77]The fluid transport properties of FLiNaK were alspamwith FLiBe, though it was

noted byS. Cantor et. al. that molten FLiNaK was signific less viscous (2.9 vs. 5.6
centipoise) [57].
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SinceMolten salts exhibit normal fluid behaviour and are Newtonian fluids, their densities
woul d also exhibit the typical exponenti a
temperature [60]. Conseqtly, correlations are often used to calculate the viscosity of
FLiNaK at specific temperatures [19]. Figure 2.20 presents a plot of common correlations

used for viscosity calculations between the temperatures of 770 to 1270 K.

14
— -0.0249*10~(1944/T[K])
12 N\ — - 0.025*exp(4790/T[K])
N - ~-0.04*exp(4170/T[K])
\ ——0.0623*exp(3921.4/T[K])
10 A — 0.1113*exp(3379/T[K])
NN e exp(-3.0489)*exp(3847/T(K])
T 1.633*exp(-2762.9/T[K]+3.1095E6/TA2(K])
b T, Cohen 1956/1957

Viscosity [cP]

773 823 873 923 973 1023 1073 1123 1173 1223 1273
Temperature [K]

Figure 2.20: FLiNaK Viesity vs. Temperature [19].

Visually, FLiNaK appears white and is opaque in its solid form. Taking the shape of its
synthesis container, the resulting FLiNaK ingot has smooth exterior surfaces with slight
granularity along its edges [8][66]. Once miltesbomes a colourless, transparent liquid.
Similar to FLiBe, this optical transparency of FLiNaK also allowed for the visual inspection
for contaminants or impurities dissolved in the molten salt when in a laboratory setting and
was considered to be alvantage. It is expected that the inclusion of soluble fluorides would
also change the colour of the salt in both its solid and liquid state, making
spectrophotometrgnalysis viable as well [10]. Figure 2.21 shows a photograph of
commercially sold FLiNakgots by Copenhagen Atomics Inc. while Figure 2.22 presents

images of a FLiNaK sample synthesized in this work in both solid and liquid states.
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Figure 2.21: Loop Grade FLiNaK Ingot as Sold by Copenhagen Atomics Inc. [79].

isatransparent

Molten FLiNaK Solidified FLiNaK

liquid

Figure 2.22 (a): LiguMolten FLiNaK (b): Solid FLiNaK [79].

Even though the exact chemical structure of FLiNaK has not been determined and is not
entirely well understoo80], it is generally recognized that FLiNaK is the main alternative to

FLiBe due to its similar physiceemical and thermal properties as well as low toxicity.

2.5.3.2 Nuclear Properties

The nuclear properties of FLiNaK are less favourable than those of FLiBe, which ultimately
led to the latter salt being selected for use in the MSRE despite their very similar
physiochemical and thermal properties. The ORNL has conducted humerous seéssmen
the neutronics properties of potential coedaits, including FLiNaK, and examined their
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effects given standard operating conditions of an AHTR. Thaihehghorterm effects of

neutron activation on the salts were also investigated [60].

Two man nuclear properties, the parasitatroncapture rate and moderation ratio, are
especially crucial in determining the suitability of a candidate salt for use iapgbetmmal

Advanced HigiTemperature Reactors (AHTR)[60]. This is because suchreoussially
composed of the following three main components: the fuel, the moderator, and the coolant.
The moderator material is almost always graphite because it has a very small probability of
capturing neutrons and is exceedingly efficient in rechingrtergy for subsequent fission
reactions. Since any neutrons that are captured and fail to generate a fission reaction are
considered parasitic to the critical chain reaction in the core, it is then evident that the major

source of parasitic neutrompttae would be the liquihlt coolant [60][66].

Consequently, the parasiteutroncapture rate is directly related to the efficiency of fuel
utilization in MSRs. In the case of FLiNaK, the total neutron capture (per unit volume) relative
to graphite i90 while the same property for FLiBe is 8. Similarly, if the coolant can also
moderate neutrons, this benefit can offset the parasitic capture. However, the moderating ratio
of FLiNaK is 2, while that of FLiBe is 60 [60][72].

Table 2.7 compares the nenic efficiency of FLiNaK to other candidate salts and materials.

As seen in the tablihe Bek salts (FLiBe) have the best neutronics properties with large
moderating ratios and small parasitic capture rates, while the alkali fluorides (FLiNaK) have
theworst [60].

Similarly of concern are the effects of stuodtlongterm activation of candidate coolant salts

and their associated hazards regarding maintenance and decommissiorAiegn Short
activation, defined in the case of this study to be withdajes, observes the activation of
coolant materials as a result of the parasitic neutron captures in the salt [60]. Since the alpha
and beta radiation will not penetrate the coolant pipes, the activation products of significant
interest are thus the highergy gamma emitters [72]. Figures 2.23 and 2.24 show the
activation levels of the coolant salts studied and their constituent components, respectively, at
three different time intervals after the irradiation stejtker because the coolant left the

core or because the reactor was shut down [60].
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Table 2.7: Neutronic Efficiencies of Various Materials and Coolant Salts [61].

Material Total Neutron Qapture (per yni Moderating Ratio
volume) Relative to Graphite (avg. over 0dl0 eV)
Heavy water 0.2 11449
Light water 75 246
Graphite 1 863
Sodium a7 2
UcoO 285 2
uo2 3583 0.1
LiF-Bek 8 60
LiF-BeR-ZrF, 8 54
NaFBek 28 15
LiF-BeR-NaF 20 22
LiF-KF 97 2
LiF-RbF 19 9
LiF-NaFKF 90 2
LiF-NaFRbF 20 8

Like in sodiuntooled reactorsalts with a sodium component such as FLiNaK have a
significant concentration of Sodi@¢h (t1/2 = 15 h) when irradiated. As a result, refueling or

any maintenance operations will be impeded because the exposure levels will still be dangerous
after a few ays of decay [60]. Furthermore, another component of FLiNaK, Potassium, is
naturally radioactive due to Potassl@mHowever, with activation, a substantial amount of
Potassiund2 (t1/2 = 12 h) is produced along with several other isotopes, whichdken lea

to very large activation levels for several days after irradiation ceases [60][66]. The effects of
these two constituents combined suggest that the immediate investigation of FLiNaK coolant
should irregularities be observed during reactor operatiahnebible possible and that it

would be hazardous for workers to examine the system for at least ten or more days, during

which the situation may have aggravated.
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Figure 2.23: Activity levels for Candidate Coolant Salt Compared tol&#neis [60].
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Figure 2.24: Activity Levels for Constituents in Various Coolant Salt Options [60].
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2.6 Nuclear Decommissioning

Nuclear decommissioning is the process of retiring and removing a nuclear facility from its
site through technical and adstimative actions. This process includes several stages that
easily span over decades: starting with the cessation of licensed activities, then the removal of
fuel, dewatering, or in the case of MSRssaleéng of systems, decontamination of
componentsdlismantling of systems, and removal of material from the sigmal béthese

activities being the release of the nuclear facility from regulatory control, with or without
restrictions on its future use and the disposal of radioactive material in a manner that is safe

to the environment and that is approved of by the public [81].

The International Atomic Energy Agency (IAEA) has defined three options for

decommissioning, namely:

1) Immediate Dismantling (DECON);
2) Deferred Dismantling (Safe Enclosure/ SAFSTOR); and

3) Entombment.

These options and their definitions have been widely adopted by the IAEA member states
and are applicable to all nuclear facilitie83BFigure 2.25 below illustrates the three options
during nuclear facility phasat and decommissioning.

Decontamination
and
Dismantlement

v

™\ s
End of Licensed _| shutdown Phase surveillance and Decontamination End State
Activities (Post-Operational) Maintenence ~ and (Release from
) Dismantlement Regulatory Control)
A

[y

=|| Entombment |

Figure 25: Decommissioning Options of Nuclear Facilities abEhife [82].

Y
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Nuclear decommissioning is also an expensive undertakingeptioj@tes at completion

can reach billions of dollars and in the case of many European decommissioning reactors, the
costs continue to increase throughout operations causing the programmeseothair

initial budget§B4]. It can be challenging to optimize the scope and costs of decommissioning
activities despite the fact that most of these retiring facilitiesluselerstood, watdrased

reactor technologies and have been in use for many years. There is uncertainty in terms of
contamination type and lexbk potential for contaminants to spread, and the generation of
secondary wastes [85][86].

Although immedia dismantling is often the most popular and preferred option for the
decommissioning of a nuclear facility, the specific path forward regardingafdé&eend
operations of a reactor can often be uncertain, especially for novel technologies such as the
molten salt reactor. In such cases, deferred dismantling,-ariorsgfe storage, is usually

the strategy implemented.

Deferred dismantling is where the dismantlement of a nuclear facility is delayed; this can range
from a few years to over 50 yeatsy afhich decommissioning process will take place and

the facility can be released from regulatory control. As mentioned before, this is the option
chosen for the MSRE due to the lack of fuel salt processing or disposal options. The safety of
the MSRE fatity is then ensured through the continuous performing of surveillance and
maintenance activities which has been taking place since the 1960s until present. This method
usually involves some initial decontamination or dismantling; the used fudlisagpead

from the reactor vessel along with any other radioactive liquids so that the facility is in stable

condition.

The option of entombment was also briefly contemplated by the ORNL. This would involve
encasing contaminated parts of the facility structurally longsting material until the
radioactivity decays to a level that permits release of the facility from regulatory control [35].
However, this strategy was ultimately not selected because it would be extremely difficult to
keep the groundater from penetrating the facility and subsequently leaking out. It was also

too challenging to permanently isolate contamination from the environment [82][83].

Based upon the current status of the technology, an MSR is likely to have some amount of salt

remaining within its system for long periods of time after its shutdown. Through exploring
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the decommissioning considerations of an MSR, some technical clarity can be outlined for the
selection of its appropriate evfdife strategies, which would imtie critical in the pursuit

of commercializing molten salt reactor technology.

2.6.1 Decontamination

In nuclear decommissioning programmes, some form of decontamination is always necessary
in reducing the level of radioactivity in systmponents, waste, or in the environment [87].
Defined as othe removal of contamination fr
heati ng, chemical or electrochemical actio
the key objectives décontamination are:

to reduce radiation exposure for public health and safety;

to salvage facility equipment and materials;

to reduce the volume of equipment and materials that require storage and disposal in

licensed disposal facilities;

to restore theite and facility, or any parts thereof, to unconditional release status;

to remove loose radioactive contaminants and fix any remaining contamination in

place for protective storage or permanent disposal work activities; and

to minimise longerm monitorig and surveillance requirements [88].

For an MSR, it would be expected that the floor, walls, as well as any internal and external
structural surfaces of the reactor facility would be cleaned of loose contaresiaicially

if there had been a spills#lt. However, the question as to how to decontaminate the salt
facing, radioactive piping systems, tanks, and components has not been addressed. An
overview of current decontamination technigues (which may apply to MSR systems as well as

waterbased rador facilities) is presented in the following section.

The same techniques that were developed for supporting maintenance work in nuclear
installations have been adopted for the decommissioning of nuclear installations and
components with relative sucd883[89]. Figure 2.26 is a logic map that guides the selection

of appropriate decontamination techniques given the circumstance.

46



Chapter 2. Literature Review

Pipe Line System ———|: Chemical Method
Decontamination Mechanical Method

° Decontamination before Dismantling —_—

 Reduction of Occupational Exposure — Hydro Jet Method
Pool, Tank — 1 Blast Method
| Strippable Coating Method, etc.
— Electropolishing Method
—— Chemical Immersion Method
° Decontamination after Dismantling Pipes, Components —————  Blast Method
¢ Recycle of Contaminated Metal ——  Ultrasonic Wave Method
» Reduction of Radicactive Waste ——  Gel Method
. Mechanical Method
* Scabbler
° Decontamination of Building Concrete Surface —— | # Shaver
» Unconditional Release of Building # Drill & Spawling
* Reduction of Radioactive Concrete Waste * Steel Grit Blast

— Thermal Stress Method
* Microwave Irradiation
* Flame Scarfing

Figure 2.26: Decontamination Techniques for Decommissioning [88].

2.6.1.10verview of Decontamination Techniques

Presently, decontamination processes for the purpose of nuclear decommissioning are carried
out in several different stages, all of which aim to reach unconckteass criteria.
Nevertheless, certain requirements, such as safety, efficiereffectioshess, waste
minimization, and the feasibility of industrialization should be considered when selecting a
specific technique for decontamination [87][90].

Table 2.8 below categorizes the applicability of decontamination techniques based on the type
of system being worked on (open vs. closed) and the material of the components and/ or
equipment (metals vs. concrete).

Experience from the MSRE demonstrated thattemng storage without decisive plans for
decontamination can be costly as the facilityitearejuipment ages. Maintenance and
surveillance operations become increasingly challenging due to the radiological hazards still
present in the undisposed salts; extra precaution has been dedicated to the prevention of
breaches in the salt drain tank$ [Bice a permanent waste disposal solution has yet to be
determined for the salts, the MSRE facility is still unable to decontaminate large portions of
its original reactor system [35][45].
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Table 2.8: Overview of Decontamination Processes for Decammgs§38].

METAL Closed | Open METAL Closed | Open
DECONTAMINATION systems (systems DECONTAMINATION systems | systems
Chemical processes Physical processes
» Oxidation processes » Ultrasonic cleaning x
— ODP/SODP X = High pressure water x
— Cerium/Sulphuric acid x * CO; ice blasting x
— Cerium/Nitric acid X * Ice waler X
+ Oxidation-reduction processes * Frcon substitutes X
— APCE/NPOX X x » Abrasives wet X x
— TURCO X x = Abrasives dry X
— CORD P X + Grinding/Planing x
— CANDEREM, x
CANDECON
— CONAP x Combined mechanical/Chemical processes
— AP/NP + LOMI for PWR X = Pastes + HP cleaning X
- EMMA X *» Foams/Gels/HP cleaning X
= LOMI for BWR X = Vacuum cleaning (Dry/Wel) X
* Phosphoric-acid-based processes x
* Foams X
+ Various rcagents CONCRETE Surface | Concr.
— HNO; X DECONTAMINATION decont. | demol.
— HNO; + HF X X + Kelly process X
— HNO;/NaF x X » Scabbling x
— HCl X x = Sand blasting X
— DECOHA X + Wet abrasives x
= Milling X
Electrochemical processes * Explosives x
+ Phosphoric acid X » Microwaves X
» Nitric acid X * Drill/Spalling X
« Nitric acid - Electrodeplating X * Drill/Lime expansion X
» Sodium sulphate - ELDECON X « Jackhammer X
Proc.
* Oxalic acid x
+ Citric acid X x : decontamination technique applied for open
* Sulphuric acid x or closed systems.
* Other electrolytes x
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2.6.2 Nuclear Dismantlement

The dismantlement process is the physical removal and deconstruction of a nuclear site using
mechanical, thermal, and/or electrical methods in a safe, controlled, and planned manner. It
is one of the many stejpsthe nuclear decommissioning process and can continue until the
site is released from regulatory control. In some cases, no dismantling is required; it all depends
on the desired erstate [90][91].

Oftentimes, the equipment, components, and theyfatilicture itself are composites of
multiple material types, such as metals, cement, and [iduids depending on the
dismantling techniques, which are discussed in the next section, the characteristics of the waste

can differ and must be stored anddsposed of appropriately.

The original MSRE facility has not been dismantled due to the various reasons mentioned in
previous sections. However, risks of radioactive leaks continue to increase as the facility ages,
especially after the positive cordirmi on of oOourani um migr-ationo
gas valve led to uranium deposits in thgasffcharcoal bed. This further complicates the
siteds eventual di smantling as the buildin
[35][91].

26.2.1 Overview of Dismantlement Techniques

There is a wide array of dismantlement technologies available; the three main categories being
mechanical, thermal, and electrical dismantlement techniques. Table 2.9 below summarizes

these methods atildeir suitable applications.

Some processes have advantages over others depending on their dismantlement rates, costs,
and the volume of secondary waste produced. It is expected that secondary wastes would be
generated in the form of sludges, dusts, ard@ntaminated water, which is one of the

major sources of D&D costs [91]. As discuss&kuelopment of a Selection Tool for Choosing
Decontamination Technology for Canadian BypMibationst. al. such techniques and
processes exist ahdve been proven effective on light water reactors [92]. Yet, for MSRs,

scarcely any methodologies, let alone a complete set, have been demonstrated.
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Table 2.9: Overview of Dismantlement Technologies for Decommissioning [90]

Metal Cutting Technologies

Concrete Cutting Technologies

Mechanical Processes

Mechanical Processes

« Nibblers

e Nibblers

e Shears

s Shears

«  Saws (Circular, Reciprocating, Band)

s Saws (Circular, Reciprocating, Band)

« Pipe Cutter (High-speed Clamshell,
Plunging)

e Pipe Cutter (High-speed Clamshell,
Plunging)

« Abrasive Wheels

o Abrasive Wheels

« Circular Cutter
e Diamond Wire
s Pipe Crimper
« Controlled Explosives
e Guillotine Saws
Thermal Processes
« Plasma Arc (Electrical/Gas) Torch
« Oxy-fuel Torch
« Metal Powder Injection Cutting (Iron
Powder Torch)
« Thermite Reaction Lance
Other Technologies
« Abrasive Water Jet (AWJ) Cutting
« Laser Cutting

« Circular Cutter
« Diamond Wire
» Pipe Crimper
« Controlled Explosives
» Guillotine Saws
Electrical Processes
« Arc Saw
« Metal Disintegration Machining (MDM)
« Electrical Discharge Machining (EDM)
« Electric Arc Gouging
Thermal Processes
« Plasma Arc (Electrical/Gas) Torch
«  Oxy-fuel Torch
« Metal Powder Injection Cutting (Iron
Powder Torch)
+ Thermite Reaction Lance
Other Technologies
» Abrasive Water Jet (AW)) Cutting
« Laser Cutting

2.7 Potential DecommissioigriEnvironments

Since the purpose of this work is to investigate the decommissioning considerations of an
MSR, it is therefore important to identify and discuss the potential plant environments and
conditions of such facilities at its -@fdife. This ca include premature reactor shutdowns

due to accident scenarios or planned retirement of aged reactors. This section highlights some
of the possible environments or risks that decommissioning workers may eventually face when
working with MSRs and sets ¢femeral scope for the context in which the experiments in the
following chapters are conducted.

One may expect, should nothing go awry during the operation and initial shut down of the
MSRs, to find the reactor vessel and anfasalty components angjig to be drained of
molten salt. Similarly, the fuel, coolant, and flush salts should have cooled and be stored in
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their respective tanks, awaiting final disposition ortdomg storage. However, for
components that are unsuitable for theylel, deepepository disposal and if maximum
equipment/material salvage is the intention, then more scenarios should be examined, such

as:

Residual salt bridges stuck within the reactor piping system;

Potential uranium and fluorine migration through thgasffsystem;

Corrosion of fuel drain and flush tanks;

Potential need for wastalt reheating and the associated operations and risks; and

Fully vs. partially filled drain tanks.

Moreover, accidentart happenas they have in the past. Spills, ruptures, and other forms of
failureincluding meltdownsan catastrophically complicate the decommissioning process
since anything in contact with the waste salt would become highly radioactive and
contaminated.iterature sources such as Beggsand Tothet. alemphasize the importance

of salt purity for the proper operation of an MSR, which would no longer be the case in
accident conditions. It would thus be worthwhile to investigate the followingesosies

for remediation cleaup activities:

Spills of fuel and/or flush salt during operation vs. post shut down;

Leaks, breaches, or ruptures in the waste salt storage tanks;

Leaks in the offlassing of elemental fluorine becaussdadlysis in the wastalt;
Unexpected uranium depositssurfaces or in components; and

Component (valves, fitting, pipes) failures.

Other environmental factors, such as pressure, temperature, and humidity can also vary
depending on the location of SR plant. Their impact on the behaviour of the molten
salts, and by extension the decommissioning operations of the facility, is another equally

important aspect studied in this work.

2.8 Molten Salt Reactor Technology Decommissioning

Based on the expearee of current decommissioning programs, it would be beneficial

technically, economically, and regulatisg for new, Gen IV reactor technology vendors to
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devise a detailed outline of the decommissioning plan of their designs. In the case of the MSR,
very few sources discuss the decommissioning and decontamination aspects besides the
ORNLOGs publicati ons afteemgth passhutdgwndf the MSRE.0o b | € m:
There is little to no information available regarding the necessary consideratidfiSRor an

facility to reach required clearance levels according to Canadian regulation.

It is unclear whether the existigcommissioning and decontamination techniques are
suitable for MSR applications, and it is doubtful that they are adequgitdie for the salt

based systems. If, when, and how various components are decontaminated during the
dismantlement process can be a complicated opefdiightreatmenfprocesses, such as
electrochemical washes, acid baths, ultrasonic cleaning, and mechanical removal, have been
developed for laregrale light water reactorence, this work seeks to investigate and
provide a preliminary understanding of the decomnimgsmncerns of MSR technologies.

Figure 2.27 below visualizes the potentiabklifé conditions of an MSR as well as some

possible areas of concern for decontamination.
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Figure 2.2Wisualization of Potenti@hallenges in Molten Salt Reab@commissioning
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2.9 Theoretical Framework

This section provides a foundational review of the existing theories and methodologies that
support and contextualize the research conducted in this work. Any preceding experiments
and/or research performed by the Nuclear Design Laboratory (NDL) on the topic of molten

salts, whickubsequently motivated and informed this thesis project, are also discussed.

Section 2.9.1 discusses the theory of FLiNaK salt behaviour with w&ectam 2.9.2
describes the theory for using ultrasonic-destructive evaluation methods for salt

diagnostics.

2.9.1 Antecedent FLiNaK Experimentation

In 2018, prior to the commencement of this work, asio@én sample of FLiNaK was
synthesized bygaoup of undergraduate Capstone students DWIgGAN D-1750 furnace.

This samplevas not produced by the author of this thesis projgesample was synthesized

in a ceramic crucible with a graphite base as seen in Figure 2.28sblmhficegionand
coolingdown, the sample was removed from its synthesis vessel and subsequently placed into
storage in a lidded plastic pdish.

Figure 2.29 is a photograph of the initial conditions of this saimpleample was a solid
white disc similar in pparance to samples produced by other researchers discussed earlier in
this chapter (seection 2.5.Fjgures 2.21 and 2.22).

The top slide of the salt, as seen in Figure 2.28, had a porous look as the gases that had been
trapped in the ground saigredients escaped leaving minor pits. The sides and bottom of

the salt as shown in Figure 2.9. The sides are smooth from contact with the ceramic tube. The
bottom has a layer of carbon dust that was present to prevent sticking to the bottom of the

graphite plate. The salt puck had a hard cesdmistructure.
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Figure 2.28: Synthesized FLiNaK in Ceramic and Graphite Container.
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Figure 2.29: Initial Conditions of Furnace Synthesized FLiNaK Sample.

2.9.1.1 Observations and Limitations

The FLiNaK samplevas manufactured in January in a basement lab that had very low
moisture in the air. The sample was placed in a plastic petri dish, with cover and then enclosed
in a Ziploc sealed bagpdrevent contamination and was left on the lab bench for observation.
After beingin storage for approximately six mongitg/sical changes suchsalt crystal
migration, disintegration, and water retentiene first observed’he diameter would
decreasand the height would increase with filaments forming near the top. This occurred for

several months. Then during the summer, when the lab had relatively normal humidity levels,
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the sampleéhen appeared slightly damp or weEhe sample began to disintegiaister
formingsalt granules and smaller crysthish therseparatdand latckdonto the surfaces

of its storage vessel away from the maiffB&tprocess is documented in Figure 2.30 below.
Finally, the FLiNaK puck fragmented and was immersesointen hypothesized to be
atmospheric moisture absorbed by theFglire 2.8 is a photo of the sample two years
after its preparation.

Figure2.30 Physical changes observeLiNaK Salt(a@: Photo Taken August 202). (
Photo TakerOctober 2021

Figure 21: The conductivity of the aqueous solution foraseal result dfiLiNaK
deliquescende % IACS
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By that time the sampllead absorbed sufficient moisture that the salt fragments became
partially or fully submerged in small pools of clear aqueous solution. The conductivity of this
solution was measured to verify whether the ions that comprise FLiNaK are indeed dissolved
within it. The resulting reading was betweel®X8International Annealed Copper Standard

(IACS); for a sense of scale, pure water is 0% IACS

The above observations demonstrated the hydroscopic nature of FLiNaK, a property which
makes the salt suspectable to contamination by water [93]. Furthdeligorescence, a
property characterized by the ability of a material to ahstidient moisture from its

environment to form an aqueous solutizas also evident in this sample [94].

Discussed in literature sources such asePealgndSohalet. al.both FLiBe and FLiNaK

readily absorb atmospheric moisture; freshly padflaitak can contain as much as 16 wt%
moisture according to Konao al[93][95]. Hence, Zhaery a).whose work focuses on the
preparation of higpurity FLINaK, note the importance of chemical purity and stringent
water removal processes requireddmtain the physiochemical properties of FLiNaK salt
ingots [9P7] The results and descriptions from these sources are validated through and
rationalized some of physical changes and phenomena that thissyuthaes&zed
underwent since it was pregghwithout any water removal processes.

Although the hygroscopicity of FLiNaK can explain how the salt became damp over time and
its deliquescence, it is not able to explain the breakdown of smaller salt crystals around the
sampl eds edg esawayrram themain salt mass @long its storage vessel. This

is a phenomenon which had not been previous described in literature and will henceforth be
referred to as salt migration in this work. Salt migration, and its implications for the

decommissiang of an MSR, is a major topic to be explored in this thesis project.

2.9.2FLiNaK Salt Migration

The phenomenon of salt migratiomolves molecular interactions in a series of processes for
which the effects are not observable with the naked human eye and spaterled

periods of timewhich can range from a few weeks to .years

FLiNaK, being hygroscopiattracts and holds veatmolecule®y absorbing them from the

surroundingenvironment, which is usually and the case for this work, at standard temperature
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and pressure. This hygroscopy is the result of cations in the FLilin, Sodium, and
Potassiumbeing attracte@the slight negative charge of the oxygen atom in water molecules
[98]. Given fluctuations in pressure and humidity levels, the water absorbed may evaporate
once morgbringing with it FLiNaK particles and granules; the water vapour that condenses
along he inner surfaces of the storage container causes the salt to be deposited and
recrystallize away from its originally synthesized main etgstater, it is hypothesized that

the force of attraction between FLiNaK cations and the oxygen atoms ofoletates in

vapour form is weaker than that of the force required for the same reaction to occur with the

oxygen atom in water molecules when in liquid form.

This may explain wionce immersed imater the physical changes in the appearance of the
FLiNaK subsidedThisrelative stability may also have been the result of instatit-solid
hydration of the FLiNaK salt specimen, a process describédiltgglet. ain Understanding
the Hydrati®mnocess of Salts: The Impact of a Nuclealioa Barpathways of salt hydration
are illustrated in Figure 2[99].

dissolution recrystallization
® 0
°® ()

oL ~ Q90
direct solid-solid transition O.Q
0 @..

a+ H,0

Figure 2.2 The two possible pathways of hydration: (I) a dire&t_s@lhﬂtransitioq and
(I asolutionme di at ed t r aapreserit difierent crystad stractuiks while water
molecules are representsthgthe blue solid circles9|9

The paper also discusses the manner in which the nucleus of hydrated salt grows, some of
which reflectethe way in which FLiNaK absorbed and retained water throughout its storage,
leading to salt migration. Figure8d&ow is a schematic of hydrated salt nuclea®jon [9
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Figure23 Schematic of the side view of nucl el
through absorbing gaseous water in the air. Fdin@eRsional nucleus, growth occurs layer
by layer, whereas a 3D nucleus grows as an expanding sphere. The dotteskhiethepre
interface between the nucleus and its surrouné]ng [9

Thus,in the context of nuclear decontamination and decommisiorsrigpothesized that
the removal of wateas well as proper, -fight storage of FLiNaK salt should be able to
mitigate, to a significant extent, its extent of salt migration through limiting moisture

absorption.

2.9.3 Ultrasonic Testing for Nuclear Applications

Non-destructive testing (NDTjethods are used in the nuclear industry to evaluate the
integrity and properties of reactor material or components without causing damage to the
tested objectiDdJ. NDT methods are often used for the quality control, maintenance, safety
and reliabilityas well as decommisoning of nuclear power sy$tmhs there are hundreds

of methods available, one of the most common nme&tholirasonic testi@yT), whichuses

the propagation ofltmasonic pulsevaves transmitted into materials throughresducer to

detect internal flaws or to characterize matei@]s [

Similarly, for the decommisoning of an MSR, UT may be an option for identifying residual

radioactive molten salt deposits within the reactor system once the fuel and flush salt have
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been drained in addition to detecting flaws in the structure. Thus, this work includes
experiments that explore the possibility appinting areas with residual salt within an MSR

by using ultrasonic methods in the form of a ptéseiver and an osciémpe.

2.9.3.1 Signal Identification

This section focuses on the identification of signals generated by the oscilloscope in
correspondence to the object being analy®&uce UT can be used dbaracterize the
thickness of a test piece, a series of objects with simple geocaretreegaminedirst as a

means oYalidaingthe equipment configuration.

The basic operating principle of the system is presented below iR ¥glihe trasducer,

in pulseecho mode, both sends and receives the pulsed sound waves. It is placed on the test
subject, through which the hifjaquency sound waves pass through, bouncing back each
timethey encountean interface or a defect in the matertas. risults would be in the form

of an oscilloscope signal; itBpdituderepresents the intensity of the reflection while the
arrival time of the reflection and distance can be interpreted based on the oscilloscope setting.
It is also important to note that thestance is twice that of the thickness of the material
because the pulsed waves have to first go through it and then be reflected back.

T S 1 )‘/ acelver " 4
I'ransmitter/Receiver Ultrasonic

ll.llllul + Transducer
‘\‘yslgnal Back surface
! | signal
Crack /‘
Echo | \ Object Examined
\ ‘ |
-, .
| At
— } { e e e | e / | )| |
0123 456178 Flaw | ‘YI: H
|
Testing Display Screen \/*‘ |
| \
[
\

Figure2.34: Schematic Diagram of the Ultrasonic TestingpSeith a Depiction of the
Corresponding Test Screen Sifjri].
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As a preliminary experimeatsolid, rectangular block of steel with a thickness of one inch
was examined using the puteeeiver and osloscope; the results of which are featured in
Figure 2.8

W Trig’d M Pos: 11,10,us CH2

Back surface signal Coupling

Signal amplitude attenuates with
each pulse-echo cycle

2 . i W M 250 us CET 7 ORLUITE
Initial system signal (ringing) e st el
S i ‘ o 19 g MOV

Figure2.3®b: Ultrasonic Scan &teel Block.

The numerous and intense peaks observed at
ringdé of the transducer and does not actua
The subsequent peaks are the ones that reflect the intebatti@es the sound waves and

the test object. Small fluctuations, attributed to noise in the system, were observed in between
the larger back surface signals.

2.9.3.2 Signal Verification

This section describes the validation process of signals generatestiyptoepd.o verify

the signals, calculations were performed to determine the speed of sound through the object
being examinemt room temperaturthen comparing the results to standard tabulated values

for that specific material.
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Knowing the comgsition and thickness of the object being analyzed, the following, simple

equation was used:
Velocity (m/s) Time (s) = Distance (m) (2.3)

Where the velocity is the speed of sound through a specific material and theMdissance
twice the thickness of the examined object since the signal must first travel through it and
bounce back the far surface. From the vetiage plot generated by the oscilloscope,
information such as seconds per divisions and the nundieisminsbetveen each local
maximum can be extracted; multiplying the two values would yield the time it takes for the
pulsed signal from the transducer to travel the distance mentioned above:

Time (s) = 06 a0LIQL QI Q¢ & i (2.9

Combining the two equations to solve for the veloeitgpeed of sound gives:

Velocity (M/s) =———  § 6 & GRQL Qi (k) | (2.5)

This method was first used to verify the signals generated from ultrasonic scans of the steel
block, once again due to its geometric simplicity and was proven effective. Cgngequentl
was also used to verify signals from the scans of the flanges and middle tube section of the
MSL Tube Segment.

It is important to note that the tabulated speed of sound through common metals are given in
both transverse or longitudinal directiorsthase values can often differ significantly. Thus,

to avoid errors when making comparisons to calculated values, visual inspections for the grain
directionof the metalvere performed before each ultrasonic scan. This involved observing
the surface of thmetal blocks to see the microstructure with the help of a magnifying glass.
Table2.10 on the next paggs used to validate the signals generated using ultrasonic methods
in this work.
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Table2.10Summary of Ultrasonic Signal Verification Calcidftic).

, : . Seconds / Number Calculateg Tab_ulatgd
Object Thickness | Distance Divisi of Velocit Longitudinal
Examined (m) (m) WISION 1 pivision elocity Velocity
(Hs) (m/s)
s (m/s)
Solid
StainlesSteel| 0.0254 0.0508 2.5 3.6 5644.45 | 56135740
Block
Stepped 0.0508 | 0.1016 10 2.8 | 2705.65| 26672769
Acrylic Block
Flange of
MSL 0.01 0.0204 2.5 14 5828 5842
Segment
Tube of MSL
Segment 0.00325 0.0065 2.5 0.45 5777 5842

Overall, the calculated velocity corresponded to and was within the range of tabulated
longitudinal velocities for the various materials examined. The margin of error was likely the
result of issues in signal resolution and noise in the Ultrasonic D&sstam. However,

since there is no tabulated value for the speed of sound through FLiNaK, the recorded
oscilloscope data require numerical analysis to try identifying residual FLiNaK once the

HastelloyC signals were verified.

2.9.3.3 Signal Processing

This ®ction describes the two signal processing techniques applied in this work: Fast Fourier
Transform (FFT) and Zequadding.

One of the most commonly used techniques for signal analysis across all industries, the FFT
method transforms signals from the time domain to the frequency domain. In the case of this
work, the recorded voltages corresponding to a series of samplinguich¢han be
transformed into an amplitude. In the frequency domain, signal characteristics are described
by independent frequency components, whereas in the time domain, a singular waveform
would represent the sum of all these characteristics. Hgreréoioging FFT analysis, signal

characteristics that correspond to specific materials should be able to be investigated
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individually and in greater detail compared to inspecting the same information in the time

domain.

Another signal processing techni@iggp-padding, is used to ensure that all data sets have

the same diension Zero-padding makes the size of the input data equal to a power of two

by adding zeros at the end of the input signal, was applied to each transformed data set to
minimize any disttion of dimensions after applying filters. Since adding zeros in a signal does
not add any extra information, the characteristics and response of the signal thus will remain
constantaindwill increase the frequency resolution of the signal in Fourstotna
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Chapter3

Experimental Materials and Methods

This chapter will provide the methodologies used to achieve the objectives. The general
approach to the problem is provided first, followed by the sps@é&oments to identify
certain phenomena. Several experiments were conducted and the experimental methods and

associated materials are described.

3.1 Description of Approach

The approach of this work is to emulate the potential physical and enviraondittahs
of a molten salt reactor at the time of t
available representative components, characterization studies and experiments can be

performed to offer insight regarding the decommissioning acthdties18R.

Literature described in Chapter 2 suggested that physical conditions of metallic reactor
components once the molten salts are drained can be difficult to gauge. Itis likely that residual
radioactive contamination can render the entire systemyalable due to the remaining
hazards. The residual salt deposits may be released into the environment during dismantling
processes. It can also be challenging to safely conduct remediation work in the case of shut
downs due to accident scenarios Igspilipturesetg. without first understanding the
behaviour of molten salts under various environmental factors. Overall, there is significant
uncertainty in the appropriate decommissioning procedures and processes of molten salt

reactors.

It is in theinterest of this work to examine the behaviour of molten salt in the scenarios
discussed in later sections and assess their implications on decommissioning operations.
Publicly available information on the specific design details (fuel salt mixture, plant
configuration, reactor system mateztglpof Gen IV MSRs is limited and often proprietary;

designconcepts also vary depending on the vendor. Consequently, precise, accurate
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simulations of an MSR in the decommissioning phase is difficult. A preliminary understanding

of the overall decommissioning considerations is achievable.

As discussed in Chapter 2, there is a variety of different salts considered for different loops
within a molten salt reactor. To date, the next generation salt has not been finalized. As such,
it is not possible to choose one of the proposed salts. Instead, FLiINaK was chosen as a
representative salt for the purpose of this work based in part updorthation obtained

during the literature review. Furthermore, FLiNaK could be manufactured in our laboratory
facilities from already available constituent components since the procuremenaas lab

salt ingots would be difficult to achieve. Eithertyijpe of salt is controlled or the
manufacturer will only sell in quantities of one tonne or more. While it is true that properties
will vary from one salt to the next, from a decommissioning perspective, the results obtained

from FLiNaK should be repredative. This general approach is given in Figure 3.1.

While some samples of FLiNaK were previously available, they were in very small quantities,
unstable, and deviated from their original state. Thus, they were unsuitable for further
experimentation. Mvas noticed in these samples that the salt pucks migrated within their
vessels and appeared to be hygroscopic. It was therefore important, for the purpose of this
work, to devise a method for synthesizing consistent samples of FLiNaK under controlled
paraneters, and the samples could be observed and diagnosed (as in the case of the salt bridge
stuck within the MSL Tube Segment). Finally, heat experiments could then be conducted to
simulate salt drainage in an MSR while noting phenomena that may betadiesant

decommissioning aspects of this technology.

As mentioned, consistent, controlled, and repeatable samples of laboratory FLiNaK salt

need to be created. One set of experiments used test tube scale apparatus for the production
of salt samples under controlled conditions as discussed in Sedt@neX@loratory

nature of this work meant that there was a need for a method to detect and locate potential
salt deposits, and by extension, contamination, in a representative component of a molten
salt loop before further D&D activities can take place.
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[ Literature Review l
l Relevant Thesis Objectives:

. . I Objectivel
FLiNaK Selected as Representative Salt for MSR
Decommisoning Study I Objective2
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Results in the Context of Nuclear Decommisoning of MSRs

Figure 3.1: Approach of Thesis in Relation to the Three Main Objective
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An ultrasonic pulseeceiver system paired with an oscilloscope was effective in confirming
the presence of salt stuck in a tube segment; this may offer som®pyrepadalines to
decommissioning work. The data recorded were analysed to ensure the signals corresponded

to the speed of sound of the material being examined.

After producing the first set of four controlled FLiNaK samples, the salt pucks were sealed in
their respective test tubes then stored; this was done to simulzeriatgrage conditions.
Through a period of six to eight months, salt migration was observed in all samples with
varying extensiveness (the amount of salt granules that migratexhati@ymain crystal).
Moisture was hypothesised as the key driver in this reaction; from the literature review, it is

inferred that moisture removal was critical to preserving the purity and properties of FLiNaK.

Since it was not possible to add Hydosination processes to salt purification for the
purpose of this work, the vacuum pump acts as a substitute. A second set of five FLiNaK
samples were made to quantify and observe the correlation between salt migration and
moisture content within the tésbe. Additional water in different quantities were introduced

to the samples to simulate accident conditions in addition to normal operating conditions. The
height of the crystal growth was recorded and analysed to identify a relationship; this may help
identify the possibility of contaminants spreading withifacalj components as well as
narrowdown the types of technologies that can be used to dismantle and decontaminate the

reactor structure.

A HastelloyC Test Chamber was used to simulate tieadye of salt and the removal of
remaining salt deposits in decommissioning operations using electric heat tapes. An adaptor
was designed to measure the temperature and pressure within the system while it was heated
and the air within removed using a uatpump. The chamber consisted of a tube segment

of the molten salt loop (MSL). This segment had been previously subjected to salt melting
experiments and as a result had a salt bridge/deposit lodged within the tube. The test chamber
acted as a represemnaicomponent from which molten salt will be drained at thd®hat

of an MSR; it offered insight into the challenges of multiple melting, remelting, and draining

procedures.

68



Chapte. Experimental Materials and Methods

3.2 Furnace Performance Testing

A VULCAN D -1750 manufactured by NeyTech, shown in Figure 3.2, was initially selected
for the synthesis of FLiNaK samples for this work based on the procedures used to prepare
the FLiNaK sample discussed in Section 2.9.1. A preliminary experiment wiesiduoeskd

on the 00One Hour Plandé outlined in Appendi
the furnace. However, the furnace was ultimately not selected for FLiNaK synthesis in this

work because:

The heating rate was slow compared to other heat sources such as Bunsen burners;
It is not possible to visually verify whether all the salt had liquefied/melted,;

This method required the use of ceramic crucibles with graphite bases to hold the
FLiNaK, whch previously yielded a porous sample that was difficult to remove once

it solidified;

A second layer of containment would be needed to prevent leaks; and

Components would be at temperatures well above 450 °C, which can be dangerous to

maneuver.

Furnace cover handle

%

-
Internal wire
thermocouple

Temperature and heating On-Off Switch

time adjustment dial

Figure3.2 Photo of Furnace with Internal Wire Thermocouple.
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3.3 Preparing Controlled FLINaK Salt Samples

The FLiNaK samples produced in this work must be repeatable and consistent because they
were the baseline for all subsequent salt behals®rmvations and experimentations. Two
batches of FLiNaK salts, Cyélend Cycl, were produced for analysis. Ciatensisted

of four samples while Cy@econsisted of five; the test matrices for each cycle are featured

in Section 5.8.1. The quailitatand quantitative characterization of these samples were
intended to shed light on the hygroscopic properties of FLiNaK and the environmental factors

that may affect the salt during nuclear decommissioning.

3.3.1 Vacuum FLiNaK Salt Melting System

The FLiNaK salt samples analyzed in this work were prepared using the Vacuum FLiNaK Salt
Melting System; it produced consistent samples of synthesized FLiNaK up to 3.5 g and
consisted of a vacuum pump, a Bunsen burner, as well as a test tube helddyeaagctew

clamp on a retort stand. The system was used to synthesizeegrELiNaK powder that
consisted of NaF, KF, and LiF in ratiogl6f511.542 mol % respectively.

Firstly, the FLiNaK powder was weighed; the samples ranged between 1.5 g to 3.5 g. Then,
the FLiNaK was placed inside a glass test tube and fastened to a retort stand via the test tube
clamp. A tweholed rubber stopper was used to seal the test tube opening. In one hole, a thin
metal tube connected to the vacuum pump was inserted whileethieote holds the K

Type thermocouple probe. Finally, the Bunsen burner was ignited and paced underneath the
bottom of the test tube to melt the FLiNaK salt.

The system performed two distinct stages of salt melting through adjusting the configuration
of subcomponents. One configuration was for the removal of moisture in & gde

powdered FLiNaK, and the other was for the synthesis of the salt sample.

Schematics of the two melting configurations are featured in Figures 3.3 and 3.4. The main
difference between each stage is the temperature of the flame from the Bunsen burner, which
was controlled through the air hole (see Appendix3) [[i@ddition, the use of a vacuum

pump for the later stage also marks a distinction.
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Figure 3.3: SchemaditVacuum FLiNaK Salt Melting System during Moisture Removal.
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Figure 3.4: Schematic of Vacuum FLiNaK Salt Melting System during Salt Synthesis.
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The moisture removal stage used a yellow flam80@0QC) to boil off water; firstly, without

the use of a vacuum pump. Then, the pump was turned on to remove any water droplets that
gathered along the test tube walls. The melting configuration otedtdue flame (up to
1200°C) with the vacuum pump on to melt the FLiNaK. A photograph of the assembled
vacuumed test tube FLiNaK salt melting system is shown in Figure 3.5.

Test Tube with Molten
FLiNaK

One-hole Rubber Stopper
Vacuum Pump Connector

Ventilation Tube,
Connected to Vacuum
Pump

5. Bunsen Burner with Blue
Flame

PN P

Figure 3.5: Photo of Vacuum FLiNaK Melting Sysétdra Salt is Fully Melted Using the
Blue Flame

3.3.1.1 Vacuum Pump

The vacuum pump used in the experiments in this work was ¢dé/apdHigh Vacuum
Pump manufactured by Edwards Ltd. By incorporating vacuum pumping into the FLiNaK
synthesis process, samples were prepared more consistently and in less time. Since the vacuurn

pump continuouslgrawsgasmolecules from the sealed te$etleaving behind a partial
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vacuum, it removes water vapour and any contaminants trapped in the powered FLiNaK
mixture and prevents external contaminants from entering the system. The absence of
impurities within the test tube allows the heat from theeBumgner to transfer to the
FLiINaK more effectively, shortening the melting time. The SpeediVac vacuum pump could
run continuously for twenfive minutes, after which the pump must be turned off to allow

the system to cool down.

3.3.1.2 Supporting Components and Equipment

The following components and equipment were also used for FLINaK preparation in this
work:

Analytical balance;

Weighing paper;

Retort stand,;

One and tweholed rubber stoppers;
Thin metal tube;

Plastic tubing; and

Testtube rack.

3.3.2 Instruments for Temperature Measurement

Throughout the FLiNaK synthesis process and all other experiments in this work, many
components of the vacuum melting system required temperature readings to verify that they
remained within safe, operating conditions. Similarly, temperature measuezen&aksnv

of FLiNaK salt samples throughout preparation to ensure thorough melting as well as explore
and record temperatures that correlate with certain salt phenomena (onset of melting,
solidificationetq.

Three types of instruments for temperatiegasurements were used to achieve the purposes
outlined above in this work: an infrared temperature gun thermometer, a thermal infrared
camera, and ¥pe thermocouples. The three instruments were calibrated using ANSI
standards included in their operatienuals and used simultaneously as they complement

one another in accuracy and rated temperature range.
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Infrared Laser Thermometer

A handheld infrared laser thermometer of the model 62 Max by Fluke Corporation was used
for various temperature measurenapptications in this work. Infrared laser thermometers
deduce the temperature of the object being measured by detecting thermal radiation
(blackbody radiation) and use a laser to help aim the thermometer-ddrgacirapproach

of the handheld thermomee reduces safety risks associated with the high temperatures
required to melt FLiNaK. In addition, the device is easy to use, clean, and decontaminate; it is

capable of rapidly measuring temperature and displaying a reading.

Unlike contact thermometers, the infrared laser thermometer had the ability of retaking a
temperature quickly. The 62 Max has a temperature raB@¥Cofo 650°C and accurate to

+1.0°C of a given reading which is sufficient for FLiNaK salt meltingesfimase time is <

500 ms for 95% of readings, thus the device was often repeatedly used in short time frames
for multiple readings [40

Thermal Infrared Camera

The thermal infrared camera used was the Til05 Thermal Camera manufactured by Fluke
Corporation. The camera, another-nontact temperature sensor, operates by creating a
monochrome image using infrared radiation by detecting wavdlengthem about 9 O
about 140 m 4. Imdges generated by the thermal camera were captured for thermographic
analysis. The Til05 has a fixed focus system with an infrared resolution of 320 x 240 (76,800
pixels) and requires a minimum focus distance of 46 cm. Its temperature range spans from
20 AC to 275 AC with an accuracy of 2%, w
sensitivityi® 0. 045 AC at 30 AC [106].

3.3.2.1 Thermocouples

The main method of conducting temperature measurement in this work was using
thermocouples. Thermocouples csingif two dissimilar electrical conducts that are

connected to form an electrical junction. To measure temperature at any given point, the
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thermal junction makes direct contact at the desired measurement location and develops a

temperaturglependent voltag this voltage is then interpreted to measure temperafjire [10

Commercial thermocouplesn measure a wide range of temperatures; they are inexpensive,
easyto-use, replaceable, and use stamdankectors.Unlike noncontact temperature
sensors, thermcouples can be and were inserted into melting chambers containing FLiNaK
to provide a more accurate temperature measurement of the interior environment while
confirming the state of synthesis of the salt when visual observation was nottpwasible.
determined that nickdélased, TypK thermocouples were the most appropriate for high
temperature FLiNaK synthesis and melting environments and thus the experiments
conducted in this work uses Typ#hermocouples.

TypeK Thermocouple

TypeK thermocouples (chomalumel) are the most common geraugbose
thermocouples with an approximate sensitivity VAL [108]. They have a wide
temperature range, high accuracy, and an abundant variety of standard connecting
components available. Tyethermocouples are inexpensive compared to other
thermocouple types with similar temperature ranges and propertieN)(Thaide 3.1
summarizes the properties and costs of-Kythermocouples.

Table 3.1: TypK Thermocouple Properties 8 0)].

Positive Leg| Negative Leg Temperature Range (°C) Unsheatheq Accuracy
Composition| Composition Cost
90% Nickel | 95% Nickel Continuous Shortterm | $160 CAD/| +0.75%
200 feet for
0 . .
2% Low High | Low | High unsheathed
Aluminum .
wire
10% 2%
Chromium Manganese 0 +1100 | -180 | +1370
1% Silicon
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These thermocouples operate accurately in oxidizing atmospheres, makuntatierfor

corrosive molten salt applications, especially if fluorine gas is released. However, preferential
oxidation or oOgreen rot o, usually caused |
thermocouple wires are exposed; the chromium in the thattopexidizes which reduces

the emf output causing the thermocouple to read I8110D

For this work, Typ& t her mocoupl e probes with 0.1876
experiments that required taking temperature measurementsramments containing
heated FLiNaK salt [8D Figure 3.6 below compares a wired and probe-KType

thermocouple.

Figure 3.6 (a): Typfe Thermocouple Probe (b): Wired Tyo&hermocouple.

Thermowell

Thermowells 66 in |l ength and 3/166 in inr
possibility of direct contact between the thermocouple probe and molten FLiNaK. This was
done to protect the Rype thermocouple probes from corrosion as well as avoid
contaninating the molten salt with metal oxides.

DualProbe Digital Thermometer

The Fluke 52 Il duahput digital thermometer was used to deliver temperature readings from
thermocouples, both probe and wire. The thermometer can measure two contact &emperatur
inputs simultaneously and display the calculated temperature difference; it is capable of
temperature measurements up to 900°C. Reading results can be displayed in °C, °F or Kelvin
(K). The Fluke 52 Il was the most suitable thermometer for various FinidlaKg and
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synthesis experiments in this work because it was compatible with standard thermocouples
including the Kype. Table 3.2 shows the specification of the Fluke 52 P Digital

Thermometer [11].

Table 3.2: Fluke 52 Il DuBlobe Digial Thermometer Specificationslj11

) R J, K, T, EType: + [0.05%+
Above-100 °C 0.3°C]
Temperature Accuracy J, K, EType: £ [0.20%+ 0.3°C
Below-100°C
T-Type: £ [0.50%+ 0.3°C]
K-Type -200°C to 1372°C
JType -210 °C tal200°C
Temperature Range
T-Type -250°C to 400°C
E-Type -150°C to 1000°C

3.4 Methods of Salt Migration Analysis

Several setfevised methods were used as modes of analysis due to the unavailability of
literature information or known methods for observing, recording, and evaluating the
migration behaviour of FLiNaK salt in the nuclear decommissioning context. yrThe onl
precedent being the decommissioning reports on the MSRE that confirmed the migration of
radioactive material, primarily uranium, in piping connected to the drain tank cells. However,
the role and behaviour of the molten FLiBe waste salts in the pfooassrial migration

was not discussed in the associated publicly available reports.

In this work, a series of simple techniques were used to explore and quantify the hygroscopic
nature of FLiNaK salt and its subsequent migration within a vessel, nk@asluring tape

stickers were stuck onto the exterior of the test tube walls to observe and record the physical
changes in the sample salts within. Since the movement of FLiNaK can occur over the span
of months, the transparency of the test tube allsalé migration to be noted immediately

and photographed. The measuring tape sticker acted at a static reference for photograph

comparisons. For opaque components containing FLiNaK, namely the MSL Tube Segment,
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a thin, 3D Printed Column Ruler was desijiand used with a borescope for the observing

and recording of FLiNaK salt behaviour.

For FLiNaK samples melted in test tubes, an action camera on a tripod was set up to record
timelapse videos. This type of recording allowed movements to progrefsstautian in
reality and is a passfeem of observation, which can facilitate the analysis of any changes

within the test tube through video evidence.

3.4.1 Observation and Evaluation Methods for Extent of Salt Migration

There are three methods to observe and evaluate the extent of salt migration of a sample
within its container. Primarily, this was done through determining the distance between the
site of new sattrystal growth from the location of the original syn#esailt puck. These
methods are similar to one another because they all attempt to describe, in a quantitative
manner, the changes in the physical condition of FLiNaK salt under standard temperature and
pressure. The measuring tape sticker monitoredsalidiur in a transparent test tube while

the column ruler did the same in the MSL Tube Segment where direct visual observation was
not possible. The recording of time lapse videos provided a means of capturing the process
of salt migration which was nary obvious to the human eye. These methods may offer
insight into the potential challenges that can arise from the indefinite storage of molten salts

given delayed decommissioning of an MSR.

Measuring Tape Sticker

An economic and simple means ohitwwing FLiNaK salt behaviour, measuring tape stickers

were applied to synthesized salt samples that were stored in test tubes. In an effort to correlate
humidity with the extent of salt migration, this method was devised to evaluate and record, in
a morequantitative manner, the visually observed changes in FLiNaK salt appearance
overtime. The strips of measuring tape were cut individually, each betsean ttength;

the Ocm mark being aligned with the initial height of the FLiNaK sample ne¢totheobo

the test tube (see Figure 3.7).

Since the FLiNaK samples varied slightly in mass, there was no uniform height baseline; the

tape allowed the 00 cmé to be set where ap

78



Chapte. Experimental Materials and Methods

initial reference point betwe¢he samples. The measuring tape sticker was efficient in
providing a static reference of starting locations of newly synthesized salt samples from which
any subsequent signs of salt migration can be observed and recorded. In addition, the
measuring tapsticker was trimmed to only have measurements in centimetres (it originally
had both inches and cm) to minimize the surface area that it occupied on the exterior of the
test tube so as to not obstruct the view of the FLiNaK salt within.

Figure3.7a): Selad hesi ve Measuring Tape Sticker (b’
FLiNaK Sample in Test Tube

Borescope

The YINAMA DuatLens Digital Borescope was used alongside@hBriited Column
Ruler to observe, record, and analyze the corafittem FLiNaK salt plug and residue within

the MSL Tube Segment throughout the series of remelting experiments performed.

This borescope model had a flexible cable that was 5 m in length, adjustable LED light, and
both front and sidéacing cameras; it was used to hagedefinition photos and record

videos of the salt over the course of this Wirise features combinatipwed for the visual
inspection of the narrow, dark, and Harteach interiors of the MSL Tube Segment.
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Figure 3.8: YINAMA Duadlens Digital Borescope.

3D-Printed Column Ruler

To quantify the extent of salt migration within the MSL Tube Segmmrghtbut the
remelting experiments, @3Jprinted column ruler was designed and fabricated. Unlike the
test tube, the MSL Tube Segment is opaque and made of HasiEtleyube section has a
narrow opening, 25 cm in length, dark, and difficult to &ecessasurements using calipers.

Thus, the column ruler was designed to be shaped like a straw; the hollow middle comfortably
fits the borescope camera to enable measurements and photographs to be taken in well

environments and high resolution.

Thecolumn ruler wasB printed using PLA filament; it was 1.45 cm in outer diameter, 1 cm
in inner diameter, and 18 cm in length. It featured 2spared slots on the side as a means
to reference salt particulate migration distances within the MSL TmbetSeg

The 3D printed column ruler served the same function as the measuring tape sticker, but for
a different vessel material. The slot spacing in the column ruler was initially designed for gaps
to be in centimetre increments; however, test prints delign repeatedly collapsed due to

the numerous amounts of hollowsd spaces in close proximity. As a result, slot spaces in

inches were adapted.
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Figure 3.9: 3Printed Column Ruler.

Timelapse Video Recording

The final method of observation applied in this work was the use-lajps@@hotography.

The salt migration process takes extensive periods of time, is unpredictable, and often too
minute for the human eye to observe. Tapse video recording was dbladdress such

issues because the frequency of the frame rate is significantly slower than the one used to view
the sequence. When the recorded video was played at normal spggEbansieo movar

ol apseod -apssphaagraphylis oftendise display processes that are very subtle,

slow to the human eye, and hard to capture, such as the motion of celestial bodies in the night
sky or plant growth. The same idea was applied to the experiments in this wapsetime

video recording was usked documenting the changes in FLiNaK salt stored in test tubes
because it facilitated the direct visual observation of salt crystal growth away from the original

salt mass.

A 4K 20 MP Action Cameraanufacturedhy ACTMAN was purchased for this purpose.

The action camera was mounted on a tripod using the included accessories and together the
setup was then placed in front of a retort stand with a clamp holding a FLiNaK containing
test tube. The camera recorded in increments of 36 hours, which wagribenraenount

of time possible given the battery life. Cycles ofdpse video recording were necessary to
observe physical changes.
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3.5 Ultrasonic Detection System

To simulate the MSR decommissioning process that was studied in this viestrnctive
evaluation (NDE) was conducted using an ultrasonic-pedserer system connected to an
oscilloscope. This is referred to as the Ultrasonic Detection Systempalke peing to

locate any remaining salt bridges and deposits withifaaisgltomponent.

A HastelloyC256 tube segment belonging to a larger Molten Salt Loop (MSL) had previously
molten FLiNaK stuck within it and is an ideal component for repngsdatiommissioning
operations of MSRs on a very small scale. Detecting, identifying, and locating remnant salts
within MSRs using NDE prior to any D&D activities can minimize contamination from
spreading or being released into the environment. Figuraee3ph0tographs of the MSL

and the salt plug within the contaminated tube segment.

- - .

. S

MSL Tube Segment

N .F

L — “

“)0'- .
’ I
Cold Leg / &

Figure 3.10 (a): Photo of Assembled Molten Salt Loop (b): Photo of Salt Plug in
Contaminated MSL Tube Segment.

The pulsereceiver system is a model UT340 manufactured by UTEX Scientific Instruments
Inc. Both the pulse width and voltage of the pulser are adjustable so that it can more precisely
match the characteristics of a transducer given the applic&jiorhjd pulsereceiver was
connected to an oscilloscdpebserve wtasonic waves for salt detection through material
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characterization, two models of oscilloscope&2®& 50mHz Oscilloscope and the TDS
2012B 2 Channel Digital Oscilloscope produced ltsomed were used for this workhe
schematic of the oscilloscope connection to the ultrasonierpaéseer on pulsecho mode

is featured in Figure 3.11 in the following page.

As seen in Figure 3.11, the ultrasonic transducer was connected td $REC
connector on the UT 340 while the RF OUT on the instrument was connected to the input
on the oscilloscope. The input | mEleThea nc e
user manual of the UT 340 also notes that the PULSE/REC output sbbbkl directly

connected to the oscilloscope as this could destroy the input circuitry of the oscilloscope.

uT320 - Oscilloscope E——
Oscilloscope ' 2 B
Scope settings
H . } Input Input - Inputs are DC coupled
ConneCtlonS fOl'. ; - Input Impedance - 50 ohms
x . - Trigger source set to external
Pulse Echo Mode : :
Before proceeding, read “Warnings” =] 0 oh i
section in the Users Manual I €4—Ifl :;'ssi gpeoin’:t::::pne;:::r:ce
Always stop the pulser before connecting or cannot be set to 50 ohm
disconnecting transducer cables
Never connect the pulser output (PULSE/REC) UTEX ==vin n"fw’n RECENTR
directly to the input of other instruments ,
(NGO © © @
© © © © g
i E Instrument settings (set via Windows Interface)
= =

- Select appropriate trigger source (Internal or External)
- Select Pulse/Echo Mode
- Adjust P/E Gain

Transducer

Trigger Source

NG

Used only if triggering UT instrument externally

Figure 3.11: Oscilloscope connections for: Pulse Echo Mode fio32@/340
Operations Manual [2]1

3.5.1 UTEX UT340 PulseReceiver

The main component of the ultrasonic detection system is the ultrasonieqerilgar The
pulser section of the instrument generates shortatapieude, controlled electric pulses

that are converted into shaitrasonic waves when applied tailésonic transducer.

83



ChapteB. Experimental Materials and Methods

Suitable for smadicale nowlestructive testing and evaluation within a laboratory setting, the
UEX UT 340can pulse and amplify centre frequencies from 1 MHz to 150 MHz using
ultrasonic transducers 2. During nuclear decommissiagimiltrasonic testing can be used

for flaw detection and thickness gauging. In the case of this work, the additional purpose of
salt residue detection is added to th& hstpulsereceiver has two main operating modes:
pitch-catch and pulsecho; the ltrasonic testing in this work was done using-palse

mode. The settings of the pulssreiver are shown in Figure 3.12.

¥
¥

2

-
&

Figure 3.12: Pulsezceiver Setting for Detecting FLiNaK in MSL Tube Segment.

1. The ultrasonic transducer was attached to the PULSE/REC connector on the pulser
receiver,

2. The pulsereceiver (EXT/TRIG) was set up to be triggered by the oscilloscope and
the receive mode was set to Pulse/Echo (highlighted in red). No digitizer eards wer
used; and

3. The RF OUT on the instrument was connected to the CH2 input on the

oscilloscope.

The pulsereceiver must be appropriately triggered for the oscilloscope to display the correct
signal. The instrument wasgeto use the oscilloscope as an external trigger source and the
receive mode was set to Pulse/Echo. The RF signal receivdx @uulified using the gain

controls on the instrument and the pulse shape can be fine tuned using the voltage and width
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controls.Table 3.3 below summarized the pulssgived setting used in this work as a
ostarting point 0 naldortselMSIlcTailsesSégmént. y t ri gger a

Table 3.3: Initial Settings of UT340 PtReeiver System.

Control System Key Setting
Instrument Mode Key Pulser Mode PulseEcho
Voltage 320V
PulseWidth 60.00 ns
RepRate 900 Hz
Display Menu Key
Source Internal
P/E Gain 3dB
P/C Gain 2dB

The pulsewidth, voltage, and repte were often fireined during experimentation
depending on the objects examined. Once the system was triggered and the oscilloscope
displayed the input signal, then adjusting the settings to focus on the rebiddigé salthe

MSL Segment was possible.

3.5.2 Piezoelectric Transducers

This work used piezoelectric transducers along with therpoéseer system to transmit

(pulse) and receive ultrasonic waves with the help of sonofluids. These transducers use the
piezoelectric effect, which is the accumulation of electric charge in certain solids (piezoelectric
crystal) in response to applied mechanical stresavert the ultrasonic waves into electrical
signals for the oscilloscope to displdne transducers house the piezoelectric crystal with

damping materials, an acoustic lens, and an electrical 8hable [11

3.5.3 Tektronix TDS 2012B 2 Channel Digital Oscilloscope

An oscilloscope was used to graphically display the converted ultrasonic eaeesinfth
electrical voltages as a-thimensional plot of one signal as a function of time. The model

used was the TDS 2012B 2 Channel Digital Oscilloscope produced by Tektronix, see Figure
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3.13. The waveform was positioned at the centre both horizamallgrtically as much as

possible to allow for the most complete view of the signal.

Y-Axis: Voltage ||| Tria’d M Pos: 2.5600s SAVE/REC
*:_ y
Action

‘ | Time Division Between Peaks PRINT
Button
: S Saves Al
To Files
Jﬂ% Select
Folder
Signal Amplitude Decreases with
: eachpPulse—Echo Cycle gbul‘”
— | Save All
nitial System Ringing
__ _ K-Axis: Time
CHZ 184mY M S00ns Ext ./ 5

Figure 3.13: Labelled Oscilloscope Waveform of MSL Tube Segment Containing the Salt
Bridge.
Likethepulser ecei ver , t hgaoientw@ ss atcilosoom astwelmitgt he o
summarized in Table 3.4 on the next page. This setting was experimentally determined to be
the most suitable for generating relatively clean signals from the MSL Tube Segment with

enough visual detail.

From the displayed waveform, the following information was extracted and documented for
analysis: time interval, number of divisions, time per division, frequency, and any visible signal
distortion. Signal data were also recorded since irregularieewanehthat are invisible to

the human eye can be detected using analysis methods discussed in Chapter 4. They may

correspond to larger salt deposits or flaws within the MSL tube structure.
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Table 3.4: Initial Setting of the Tektronix TDS 2012B 2 CHhaigital Oscilloscope.

Channel/Controls Setting

Type Edge
Source External

Trigger Menu Slope Rising
Mode Auto
Coupling A/C

Horizontal Sensitivity Sec/div 2.50 ps
Voltage 150 mV
BW Limit 100 MHz/Off

Channel 2
Volts/div Fine
Invert Invert Off

3.6 Molten Salt Loop (MSL) Tube Segment Remelting System

The MSL Segment Remelting System was designed, constructed, and used for the purpose of
emulating molten salt removal at the end of operating life of an MSR by remelting and drainage
of FLiNaK Salt from a representative Hastélldy6 component. A test matfor thesalt

drainagexperimers is in Section 5.8.1.

The MSL Remelt System consisted of a MSL segment containing residue FLiNaK salt; it was
capped at the bottom and connected to the Melting Chamber Monitoring Attachment
(MCMA) at the top flange. EiMCMA measured the internal pressure and temperature of
the tube segment during the FLiNaK remelting process. Heating was achieved by wrapping
the MSL Tube Segment in fibreglass heating tapes controlled by an electric heater. The
FLiNaK within was meltedd a similar fashion to that of the Salt Synthesis System where a
vacuum pump was used for the removal of moisture and contaminants. Thus, the MCMA also

consisted of a valve that when opened, provided a connection to the vacuum pump, and when
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closed, sealghe entire system into a vacuum melting chamber. Figure 3.14 illustrates the
MSL Segment Remelting System. This MSL Tube Segment Remelting System facilitated the
observation of physical conditions of drained waste salts apidindakfacing metét
components to offer insights into the decommissioning challenges of MSRs as well as any

associated implications for reactor component decontamination.

MSL Tube Segment
2. K-type Thermocouple
Probe
3. Pressure Gauge
4. Flow-adjustment Valve
5. Plastic Ventilation Tube
6. Electric Heater
7. Dual-input Thermometer
8. Vacuum Pump

3 4

Figure 3.14a): Photo of the MSL Segment Remelting System with the Vacuum Pump
Attached (b): Loose Wool Insulation usegixith Trial of the MSL Tube Segment Salt
Remelting Experiment.

3.6.1 Molten Salt Loop Segment

The Hastelloy276 MSL tube segment used for thikuga subcomponent of the Molten

Salt Loop belonging to the laboratory of the same maaridEME and TSSA qualified

metal fabricator with supalloy manufacturing experience, GENFABCO was chosen
because of their availability of Hastelldhat fitthe design requirements and dimensions.
Selecting a vendor based in Ontario also reduced shipping costs and manufacturing lead time.
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The vendor drawing of the Molten Salt Loop, presented in Figure 3.15, describes the overall
dimension of the assemblyeTtube segment itself was a welde@dssgmbly that consisted

of a tube 250 mm in length, 25 mm in width, and 1.75 mm in thickness that was joined at each
end to slippedn flanges (SORF) 85 mm in width and 15 mm in thickness featuring four
holes for M2Gized bolts.

PARTS LIST
ITEM | QTY | PART NUMEER DESCRIPTION
1 2 |ELBOW 1/2° 5CH BO 507 LR BW
2 1 |ENDCAP 5.91° 0D X 316" THK
3 1 |[ENDCAPCD |5.91" 0D X 3/16" THK
4 11 |FLANGE 1/2° 1504 RF SLIP-ON
5 2 |FLANGE 1/2* 1504 RF BLIND
& 1 _|PIPE 5.91° 0D X 5.53" LG X 3/16" WALL, REW
7 1 |PIPE 12" SCH BD HASTELLOY C376

1m0
3937

b
[2756]

O | NOTES:
F it 1.- PIPING TO BE BUILT IN FOUR (4) SPOOLS PLUS CONTAINER.
SECTION A-A 2.- PIPE IS NOT REGISTERED BY GENFABCD LTD.
s ] “ .
| e 3.- BULT AS PER ASME B313.
4.- FLANGES TO STRADDLE MAYOR CENTER LINES.
! i GENFABCO
' i s

MOLTEN SALT TEST LOOP & CONTAINER

SIZE

™ 15200001 |

Jpa._roossiss [== ] |50»£E|" 106l

150
L LT

Figure 3.15: Vendor Drawing of Molten Salt Test Loop and Salt Storage Container.

This specific section was selected because it contained a FLiNaK salt plug near one of its
flanges and contained smaller crystals of FLiNaK residue throughout its interior from previous
salt synthesis experiments conducted prior to the commencoéthiework. Thescenario
represented in this case is deferred decommissioning where the component was mostly

drained of salt, but some residual salt remained.
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Figure 3.16: Engineering Drawing of MSL Tube Segment.

3.6.1.1 Hastelloy

Based on the desigonsiderations presented in Appendix C, the material selected for the
fabrication of the MSL was HastelE®67, which is a subclass of the nloksdd, corrosien

resistant supelloy Hastelloy from Haynes International, Incd].[JHastelloy contains

chemical elements such as chromium and molybdenum whose proportions change depending
on the variety; it is resistant to many aggressive chemicals and tolerates high temperatures.
These alloys are also ductile, easily fabricated and formed with highynj@®bili

HastelloyN

Another variety of this material, HasteMoyvas invented at the ORNL and historically used

for molten salt applicationShe reactor structure, as well as anycaalacting metal
components of the MSRE, werecalhstructed from Hastelldy [116]. The metal proved
compatible with fluoride salts including FLiBe and FLiNaK; previous data from the Aircraft
Reactor Experiment showed that irradiation did not have a significant effect on the creep rate
and strength of astelloyN. However, it was later discovered that the strpgse life and

fracture strain were severely reduced because of thermal neutron irradjationtfh

pile corrosion test programs were conducted for Hastelog found minimal corrosio
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under MSRE conditions. Properties of Hastéllaman be found in Appendix D @1

Seemingly ideal for the construction of the MSL featured in this work, Hilstedsy
ultimately not selected due to its lack of commercial availability and sigmifcardgmium
compared to Hastellgy276.

3.6.1.2 HastelloyC276

As mentioned in the previous section, the Molten Salt Loop is fabricated by GENRABCO
HastelloyC276. Hastellog276 is a wrought, nicladromium molybdenum alloy that
addresses common issues in welding such as porosity, splatter, and cracking through its low

carbon and silicon content4].1

HastelloyC276 is commonly used in chehprocesses and was selected for the construction

of the MSL because it is ductile, easy to form, and extremely corrosion resistant in chloride
and fluoride solutions at a wide range of temperatuggsHawever hot working of this

alloy must be performed in the temperature rangE230(°C followed by a water quench to
ensure itnaintaingnaximum corrosion resistanc&J1Tables 3.5, 3.6, and 3.7 below feature

the chemical composition, mechanical, and theroparties of Hastelleg276 from several

known vendors to provide a range of values.

Table 3.5: Chemical Composition of Hast€lg6 [19-124].

Element Weight % Atomic %
Nickel 57 60.74
Cobalt 0-2.5 0-2.7
Chromium 16 19
Molybdenum 16 10.5
Iron 5 6
Tungsten 4 1
Manganese 01 0-1.14
Vanadium 0-0.35 0-0.43
Silicone 0-0.08 0-0.18
Carbon 0-0.01 0-0.05
Copper 0-0.5 0-0.49
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Table 3.6: Mechanical Properties of Hast€RG\p [119 4]

Property Value
Density 8.89g/cm?
Poi ssonds Ratio 0.31
Toughness
(Charpy Vhotch 10 mm Plate) arzJ
Youngds Modul us 205 GPa
Shear Modulus 79 GPa
Yield Strength 355365 MPa
Ultimate Tensile Strength 785792 MPa
Elongation at Failure 60 %

Hardness

88 HRB (Rockwell B)

Table3.7: Thermal Properties of Haste®76 [119 4]

Property

Value

Thermal Conductivity

10.5W/(m°K)

Coefficient of Thermal Expansion

11.20m/ ( mUK)

Specific Heat

4273/kg K

Melting Range

13231371 °C

Corrosion Resistant Properties

Besides its general availability and affordable pricing, H&2@bowas selected for the
experiments in this work because of its exceptional resistance to corrosion at high
temperatures. As mentioned in Sec®igh2 of the Literature Review, Hastellay6 is

mostly immune tpitting and stress corrosioracking in sulfuric, hydrochloric, formic, acetic,

and phosphoric acids; it is capable of operating under wet chlorine gas, hypochlorite, or
chlorine dioxide revironments [13). Its high molybdenum content also enhanced the

corrosion resistanoé the alloy in molten fluoride salts.

3.6.2 Fibreglass Heater Tape

Fibreglass heater tapes of the model S®AWbManufactured by Omega were used to heat

the MSL Tube Segmt to 475 °C in this work. The heater tapes were rated up to 760 °C
(1400 °F), which was well above the desired temperature, 1 inch wide and 4 feet long. The
SST05D40 needed 313 Watts of power, had a power density of 4 2Wiinised a 120 V
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voltage supply [BR The MSL Tube Segment was heated by wrapping the fibreglass heater
tapes tightly along the exterior of the segment, both on the middle tubal area and the flanges.
Figure 3.17 is a photo of the heater tape setup.

o

Figure 3.17: Heat€ape Wrapped around the MSL Tube with Flanges Unwrapped.

3.6.2.1 Loose Fibreglass Wool Insulation

Loose fibreglass wool was used to insulate the heat tape wrapped MSL Tube Segment
throughout the series of remelting experiments. The fibreglass waividedsinto three

sections to cover the tube segment and the two flanges, then, the wool was fastened in place
using stainless steel hose clamps. This materiat@nmouwstible and will not decay or absorb
moisture. It also did not support the growthmiidew, mold, or fungus which makes it
suitable for longerm storage as the experiments of this work spanned over the course of
several months [&R
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Figure 3.18: Loose Fiberglass Wool Insulation covering the MSL Tube Segment during
Heating.

3.6.3 ElectricHeater

An electric heater was used to control the temperature of the heater tapes used in the salt
melting experiments in this work. The electric heater is turned on and off using a switch.
Temperature settings, adjustments, and readings were maa@aNidisplay screen featured

on the front side of the heater (see Figure 3.19).

Built-in wire thermocouple

of electric heater

Thermocouple i
temperature reading

‘ ON and OFF switch H Temperature control keys

N

Figure 3.19: Electric Heater Controls with Heater Tape Rlngged
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3.6.4 Melting Chamber Monitoring Attachment

The Melting Chamber Monitoring Attachment (MCMA) is a subassemblivloftdre Salt

Loop (MSL) Tube Segment Remelting SysteenMCMA was designed to quantify and,
therefore, better describe the interior environment of the MSL Tube Segment during melting
experiments. Prior to the construction and use of the MCMA, there were three unsuccessful
attempts to melt and drain the FLiNaK from the MSL Tube Segment; this was largely due to
the fact that there was no method of accurately measuring the internaltussnaed
pressure within the melting chambeprdliminary engineering drawing of the MCMA is
illustrated below in Figure 3.20. The full drawing can be found in Appendix E.

The MCMA consisted of a compound pressure gauge, -adfisiment valve, and a
thermowell; all these components are connected to a cross fitting using various other
connection fittings. The bottom connection of the cross fitting is joined to the top connection
flange of the MSL using a manale fitting. The flange is then boltedhe MSL Tube
Segment using M20 bolts, flat washers, split locks, and M20 Nuts.

N

(5) (8
e .\“""-\-\._ ‘/,r\__ A
- —
-~ o f )
[ &
= 1560
:_./'2\T_______,_..——--'(_ ,/ // ’ _{
e r
// ,’/ Item No. Item Description
—~ ) —
( 3 Y /// 1 Y2 in. Cross Fitting
o /S

s
A~

(1)

V4 in. Elbow Fitting

Reducing Adaptor
Reducing Coupling
Pressure Gauge
Press-fit Pipe Fitting
K-type Thermocouple
Set-screw Shaft Collar

ool | S| un| e ba

Figure 3.20: Preliminary Engineering Drawing of the MCMA Assembly.
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The MCMA consisted of a compound pressure gauge, -adfisiment valve, and a
thermowell; all these cponents are connected to a cross fitting using various other
connection fittings. The bottom connection of the cross fitting is joined to the top connection
flange of the MSL using a mimanale fitting. The flange is bolted to the MSL Tube Segment
usirg M20 bolts, flat washers, split locks, and M20 Wiksvalve was connected to the
vacuum pump on one side and the right opening cross fitting on the other; it acted as a seal
to the MSL Tube Segment Remelting System when closed and facilitatedntinegvaicuu

the system when opened.

The compound gauge, on the left of the cross fitting, provided a reading of the vacuum within
the system throughout the experiment in casgcteiming is necessary. The thermowell was
clamped by a compression fitting ttatnected to the top opening of the cross connection.

All fittings are wrapped in Teflon tape prioptotectinghe partA K-Typethermocouple

probe was inserted into the thermowell for temperature measurement.

. e K-Type Thermocouple Probe |

=== ==

Plastic Tubing
(connected to |
Vacuum Pump) |

Top Connector Flange

Figure 3.21: Photo of the MCMA.

All ingruments were selectbdsed on thembility to operate under high temperatures and
corrosion resistance. The assembly itself, though well situated away from the residue salt plug,
may be in contact with corrosive fluorine gas released during heating.
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The fittings and connections of the final model differed from the initial engineering to
prioritize the use of components already available in laboratory hardware storage (cross fitting
was female instead of mal@, . Fittings wer-&-thegd pyo ,p uwihcihcahs ey
when fitting of the right sizes were unavailable. Thus, these fittings and connectors were a

combination of different materials including brass, copper, and stainless steel.

Considerations were made for the potential of galvarosion, but since the MCMA was

not intended to operate in electrolyte solutions and will be disassembled frequently, the
phenomenon was not a problem. Similarly, the maximum heating temperature of 475 °C is
not high enough for the different coefficienheét expansion of dissimilar metals used for
fittings to become damaged. These two reasons combined invalidated the initial plan to

purchase all components in uniform materials.

3.6.4.1 CorrosionResistant Gauge

A corrosionresistant compound gauge, m@&&95K12 from McMast€rarr, was used in

this work as part of the MCMA to quantify the pressure within the MSL Tube Segment during
remelting experiments. These salt drainage/remelting experiments were conducted under
vacuum condition, in high temperataed a potentially corrosive environment due to
released fluorine gas. Consequently, this pressure gauge model was selected because it wa
capable of measuring both pressure and vacuum, rated for temperaturesddet@een

99 °C, and had a stainlesgls364 case coupled with stainless-83&&ktonnection threads

that protect the gauge from corrosive environments [12

This pressure gauge had a dial diameter of 5 cm; it was small and light enough to fit into the
MCMA assembly without interfering wather subcomponents or becoming too heavy for

the MSL Tube Segment to support upright during experimentation. In addition, compared to
other compound gauges of the same specification, the model 38595K12 was relatively

inexpensive, being priced just uri€0.

3.6.4.2 High-Pressure Precision Fléwljustment Valve

In section 3.3.1.1, it was mentioned that the vacuum pump cannot run safely for more than

3035 minutes because the internal components overheat. However, salt remelting
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experiments often last morerthao hours for the MSL Tube Segment to reach the melting
temperature set by the electric heater. Thus, a valve was needed to seal the MSL Tube Segment
into a vacuum chamber, hold the vacuum for several hours, and provide access by connecting
to the vacuurpump when opened. The valve purchased was tha&sghire precision flow
adjustment valve model 4644K48 from McMd&er, it was a needle valve rated for a
temperature range-db.5 °C to 538 °C and uses graphite as its packing material with stainles
steel as body material§[LZrhis valve was ideal for motsait application because it was
corrosionresistant and capable of withstanding high temperatures. In the case that the MSL
Tube Segment needed to be vacuumed again during heating, flsiogteaged may be
withdrawn from the system and contact the valve, hence the selection of cesigtani
materials.

Ideally, abalt al ve woul d have sufficed for this aj
modes are required for the MCMA and-fimeéng is not necessary, but-kalles with
comparable specifications were significantly larger and heavier than the 4644K48 and could
not possibly fit into the assembly or be incorporated without overturning the entire MSL Tube
Melting System. In fadhis valve is the heaviest component of the MCMA, and the
attachment had to be carefully balanced during assembly with the top flange of the MSL Tube
Segment.

3.7 Procedures

Detailed procedures have been developed with the intention forréseaechers to
successfully replicate the experimental apparatuses built, experiments performed, as well as
operate any equipment or devices that were used in this work. Appendix A lists and includes

all of the procedures developed and a brief descopttogir purpose [B.

3.8 Outline of Tasks and Experiments Performed to Fulfill Thesis
Goals

To fulfill the goals of this thesis, the procedures and methods developed in previous sections

were implemented. Tables 3.8 and 3.9 outline the procedures and activities conducted to
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complete the experiments. The tables also include various tasks argenmnents that

partially fulfilled and offered further insights into the overarching thesis objectives.

Table 3.8: Table of tasks and experiments performed to produce consistently synthesized
samples of FLiNaK salt in test tubes using the vacuumgnsgkiiem and describe the
phenomenon of FLiNaK Salt Migration given varied environmental factors

Relevant | Relevant Methods

Tasks & Experimenty  Thesis Procedures, and Systems Used
Objective Manuals
Furnace performance| 1 Procedure 1 and | Furnace, 500g metal
testing through heatin| Furnace user nut, smaller chunk of
metallic objects manual metal
Choosing FLiNaK 1,2 N/A Ceramic tube, graphit
synthesis vessel base, ceramic tube,
glass test tube
FLiNaK synthesis 1,2 Procedure 4, 5 Bunsen burner,
testing powdered FLiNaK
salt, glass test tube
FLiNaK Synthesis 1 Procedure 4, 5 Bunsen burner,
testing with vacuum powdered FLiNaK
pump salt, glass test tube, 3
vacuum pump
Incorporation of 2 1 Procedure 4, 5 Vacuum FLiNaK Salt
stage heating and Melting System,
moisture removal powdered FLiNaK
Observing salt 1,2 Procedure 9 Vacuum FLiNaK Salt
migration in samples ! Melting System,
4 measuring tape sticke
Remelting Sample 3 | 1,2,3 Procedure 4,5 Vacuum FLiNaK Salt
MeltingSystem
Relocating Sample 31 2,3 N/A Glass test tube

new test tube

(Previousne was
fluorinecorroded)
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Monitoring and 2 Procedure 9 Measuring tape sticke
recording salt migratic retort stand

in sample 3

FLiNaK synthesis of 5 1,2 Procedure 4,5 Vacuum FLiNaK Salt
more test tube sample Melting System

for simulated

environmental studies

Timelapse video 1,2 Procedure 10 and | Tripod, timelapse
recording of FLiNaK Camera User camera

samples Manual

Table 3.9: Table of tasks axgieriments performed to remelt and drain the FLiNaK salt
plug and residue from the MSL Tube Segment and to identify the effects of repeated heating

on both Hastello and waste FLiNaK salt

up

receiver user

Relevant| RelevanMethods,
Tasks & Experiments| Thesis | Procedures, and Systems Used
Objective Manuals
Ultrasonic system start| 2 Ultrasonic pulser | Ultrasonic detection systen

transducers, and stepped

Tube segment using
heater tape with vacuu

pump

manual acrylic cylinder
Ultrasonic system testil 2 Procedure 2, and| Ultrasonic detection systen
and signal interpretatio Ultrasonic pulser | transducers, stepped acryli
usingdifferent objects receiver user cylinder, hollow cylinder
manual (with and without water)
Testing fibreglass heat( 3 Procedure 3 Heater tape and electric
tape heater
Drain testing of MSL | 2,3 Procedure 3,6 MSL Tube Segment, blind
Tube segment using flange, connector flange,
heater tape heater tape, and electric
heater
Drain testing of MSL | 2,3 Procedure 6 MSLTube Segment, blind

flange, connector flange,
heater tape, electric heater
and vacuum pump
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Design and constructiol 3 Procedure 7 Molten Salt Loop Tube

of MCMA Segment Remelting Syster
MCMA

Addition of fibreglass | 2,3 Procedure 6,7 Molten Salt Loop Tube

insulation sleeve Segment Remelting Syster
Fibreglass insulation sleevg

Replaced heater tapes| 3 Procedure 6,7 Molten Salt Loop Tube

(used 106 i Segment Remelting Systen

and insulation (loose

fibreglass wool instead

of sleeve)

Collection and storage| 2,3 Procedure 8 FLiNaK salt crystals and a

of drained salt in sealef glass jar

container

Microscope analysis off 2,3 Procedure 11 Dark flecks of contaminants

contaminants within in FLiNaK salt crystals,

drained FLiNaK microscopemicroscope
slides

Spectroscopy analysis| 2,3 NDL-RCT-PRO | Microwave plasma system,

contaminants found 011 Black Comet spectrometer

within drained FLiNaK
[43]
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3.8.1Experiment and Test Matrices

Tables 3.10 to 3.12 feature test matrices fexgimiments performed for FLiN&nthesis

and observation, as well as salt plug drainage from the MSL Tube Segmed0 &alle 3.
3.11outlinethe testonditions applied during the preparation of individual FLiNaK samples

in CyclesA and B, respectivelot all samples were synthesized with the use of the vacuum
pump; their storage conditions also vary to emulate distinct potential decommisoning
environments. The mass of FLiNaK is the measured mass of the powder prior to melting.

Table 3.12 outlines thest matrix for FLiNaK salt drainage experiments.

Table 3.10: Test Matrix for the Synthesis of @y€ldNaK Samples. Table generated from

procedures 4 and 5.

. Mass of Synthesis Heg Use of Vacuum Storage
Testing Sample FLiNaK (g) Source Pump Conditin
Initial test sample .
Verified that the Sealed with
Bunsen burner was A-1 1.25 d I?ara |frtn, some
sufficient heat ) ' Not use ggnrﬁ al‘eecroel
source for melting dower)
FLiNaK. '
Testing the effects ¢ A-2 1.8 Immediately
using vacuum pum Bunsen Used during sealed with
for impurity remova B melting and Parafilm upon
during salt synthesi| p_g 2.50 urner cootdown. sample coel
of samples. down
Testing the effects ¢ .
using vacuum pum Immed|a§ely
: ; . sealed with
for impurity remova A-3 231 Used during Parafilm upon
during salt synthesi ' melting . sample cogl
and coolingdlown of down
sample.

For CycleB, the synthesis heat source is the same as WA (galesen burner) and thus not

repeated.
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Table 3.11: Test Matrix for the Synthesis of By€ldNaK Samples. Table generated from
procedures 4, 5, and 9.

. Mass of Mass of Water Use of Vacuum Storage
Testing Sample FLiNaK (g) Added (g) Pump Condition
_ Immediately
B-1 1.497 1.03 . .
Zf;gr&?n;hﬁqiffgds Used during sealed with
water to reehl melting and Parafilm upon
nly B-2 1.502 0.55 cookldown. sample coel
prepared FLiNaK. down
Testing and
examining the i
effects of not using Isnggfeeg I\?vti(tiy
the vacuum pump i
and not removing B-3 1.498 0.0 Not Used. E;r;aﬂlgncgg?n
moisture from dowrﬁ)
FLiNaK powder
during salt synthesi
Immediately
sealed with
Controlled sample. | B-4 149 0.0 Parafilm upon
sample coel
down
_ Used during Immediately
T;astmlg th"e effects melting and sealed with
of cyclically - cookdown. Parafilm upon
remelting FLiNaK sample coel
to prevent salt
migration and B 1501 00 down
mitigate i
o Cyclicall
hygroscoplmty and re):neltedyevery
deliquescence. 3 weeks

Table 312 Test Matrix for FLiNaK Salt Plug Drainage Experiments. Table generated from
procedures 3, 6, and 7.

Testing MaterialUsed

Verifying the proper functioning leéater tapes. | Heater tapes, electric heater

Measuring the internal temperature and press
of the MSL Tube Segment during heating whi
keeping the system under vacuum conditions

Design, construction, and incorporation
the MCMA

Testing the effeleness of fibreglass insulatior
heat retention for heat sinks (flanges of MSL
Tube segment).

Fibreglass sleeve insulation, fibreglass w,
insulation
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Having devised the appropriate procedures as well as procured and produced all the necessary
apparatus, the experiments outlined in this section were performed througimanth 26
period. The results of these investigations and any subsequent atfaysigaimes are

presented in the next chapgidResults and Analysis.
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Chapted

Results and Analysis

4.1 Introduction

This chapter presents the experimental results obtained to achieve the objectives of this work.
Firstly, results of detecting the FLiNaK salt plug and residue salt within the MSL Tube
Segment using nanvasive surveying methods that may be used focctmardessioning of

MSRs are discussed. Théme results of FLiNaK synthesis, storage, and remelting
experimentarepresenteth referencéo the consistently observed phenomenon of FLiNaK

salt migrationFinally, the outcomes of the MSL Tube Segment irgnedperiments are
illustrated, including the condition of the salt plug and residue, the effects of repeated heating

on the Hastello€ vessel, and the state of the drained salt.

The exploratory and novel nature of these experiments meant that tlse aresult
predominantly qualitative observations, then as patterns emerged, methods of analysis were

devised and implemented to quantify the previously noted phenomenon.

4.2 Molten Salt Detection through Ultrasonic Methods

This section describes the results of a series of short, investigative experiments involving the
use of ultrasonic methods for the detection of residual FLiNaK salt in a Hastelloy component
representative of those found in MSR systems. As mentionegbiievibas chapter, this
segment of the MSL Tube Segment had a salt plug within it near one of the flanges of the tube
segment; the section had been placed in storage for about a year at the start of this thesis
project. Since one of the main objectivékisfproject was to emulate molten salt drainage

from a component, it was thus sensible to start this process by identifying the presence of

FLiNaK and its location within a component.
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The Ultrasonic Detection System was used; signals generated dnylldseope were

recorded then verified to ensure they corresponded with the materials being analysed. These
signals were subsequently downloaded from the digital oscilloscope in Excel files for signal
processing using a Fast Fourier Transform. This dregieonpted to identify specific signals

that could have been the FLiNaK salt plug to establish an NDT screening method for residual
molten salts in the reactor system during decommissioning and decontamination activities. It
is worth noting that the ladk salt consistency, due to the salt plug being irregular in shape
and thickness within the tube segment, made getting a clean signal passing extremely

challenging. Hence the need for signal processing.

Upon having effectively triggered, generated, anidiédka signal that corresponded to the

solid steel block using the Ultrasonic Detection System, the following experiments focused on
the examination of the MSL Tube Segment. The transducer was placed along the exterior walls
of the tube to examine are&sr and at the location of the salt plug. The digital oscilloscope
processed the reflected signal into sinusoidal waveforms while the voltage and time data were
recorded. Adjustments were made to the vertical and horizontal scale of the oscilloscope
disgay screen to center the signal produced, which visually corresponded with the physical
features of the tube as seen in Figure 4.1. The signal was verified to reflect the tube wall of

the MSL Tube Segment using the method discussed in Section 2.9.3.

Trig'd M Pos: 11.10us

Back surface signal

Signals that corresponded
to FLiNaK were not obvious

Figure 4.1: Ultrasonic Scan of MSL Tube Segment at the Location of FLiNaK Salt Plug.
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4.2.1 Fast Fourier Transform Analysis

Fast Fourier Transform (FFT) analysis was performed using the FFT feature embedded in
MATLAB, then verified using the same function irrddaft Excel. Signals recorded from

the oscilloscope of both the ddled and empty sections of the MSL Tube Segment were
saved in Excel files that contained a column each of time and voltage data. The data were then
imported into MATLAB for FFT data @eressing.

As a reference, filtered time domain signals of the tube section with and without FLiNaK are
featured in Figures 4.2.

Ultrasonic Scan MSL Section with Salt vs. Without

Section with Salt
Empty Section

Peak associated
with FLiNaK Salt

Voltage (V)
o

-0.2
-0.4
-0.6
-0.8
0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s) %107

Figure 4.2: Voltage vs. Time Plot of Both MSL Tube Segments.

One of the immediately noticeable differences between tisahatthe scan of the section
containing the salt plug has two prominent peaks near the 0.8 mark on the time axis while the
section without salt only has one; this extra peak could imply the presence of FLiNaK salt
within the Hastelloy. Other differeneesre also observed between the signals, though they
are not distinct enough to definitively identify which ones correspond to the salt plug within
the MSL Tube Segment. Thus, FFT analysis anpdamidimg were applied to the data sets in

an attempt to ppoint signals which represent FLiNaK.
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Ideally, a series discretesignals corresponding to distinct materials would be visible in the
frequency domain from which one or more signals that represent the FLiNaK salt plug should
be able to be identified. i$twas achieved by comparing the differences between the FFT of
ultrasonic signals of tube sections with and without salt. The results of which are presented in

Figures 4.3 and 4.4.

The X-axes (frequency) of the figures are shown in both linear and logarithmic scales; they
have been modified to filter out noise and symmetrical signals in order to focus on areas in
which signals are most likely to suggest whether there was a pfddaiadosalt.To

ensure consistency, the same sampling frequency, duration, and number of data points were

used to map the oscilloscope signals to the frequency domain.

Ultrasonic Signal of both MSL Tube Sections

250
Section with Salt
Empty Section
200 r
o 150
Ee]
2
S
£
< 100 }
50
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Frequency (Hz) %107

Figure 4.3: Ultrasonic Signal of Both MSL Tube Segments in the Frequency Domain
(Linear Scale)
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Ultrasonic Signal of both MSL Tube Sections - Log. Scale

Section with Salt
Empty Section

60 [
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Amplitude
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Frequency (Hz)

Figure 4.4: Ultrasonic Signal of Both MSL Tube Segments in the Frequency Domain
(Logarithmic Scale).

The results of the FFT analysis for both tube sections did not appear significantly different.
Overall, more peaks were noted in th80LMHz range for the FFT plots representing the

4.3 andube segment with residual salt; this was observed in both frequenclyigoadss.

4.4 also showed a change in shape and difference in the sig?@s ldr, which may be
indicative of the presence of the salt plug being registenexier, this could not be verified

or confirmed because of low signal resolution (despite the FFT) and the lack of literature
values regarding the speed of sound thnmadflen saltswhich is a property previously used

to verify the material being analyzed, such as stainless steel.

Given the inconclusive results obtained from this series of experiments, it was determined that
a more direct, intrusive method of obsermatiould be required to monitor and investigate

the behaviour of FLiNaK within the MSL Tube Segment for the purpose of drainage. As
mentioned earlier in this section, it was very difficult to get a signal passing through the MSL
Tube Segment due to the latknternal salt consistency. Hence, a digital borescope with

front and side cameras was used in all subsequent experiments involving the salt plug.
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4.3 FLiNaK Salt Characterization

This section describes the observations made during experiments theghvodyction of

FLiNaK salt samples. The section first detailed qualitative observations made of the samples
when they were in test tubes then subsequently explored the effects of various parameters
during the synthesis process that affect the extesatitofigration. Then, results from
employing quantitative analysis methods described in Chapter 3 are presented in order to
correlate environmental factors and cyclic remelting on FLiNaK salt behaviour under long

term storage. The section is finally calecwith an analysis of all the phenomena observed.

It was discussed in Section 2.9.1 tletémoval of water and properstigint storage of

FLINaK samples could significantly mitigate their extent of salt migration and moisture
absorption. Photos Atough C of Figure 4.5 show that the migrated salt particles also appear
different depending on the synthesis process and storage condition of that particular sample.
Using the vacuum pump during salt preparation allowed FLiNaK samples to remain dry for
exended periods of time. On the other hand, samples synthesized without the vacuum pump
became damp much more quickly. How well the salt retained its shape was also influenced by

contact with atmospheric moisture; some samples remained intact whilgotiaees a

powdered like. This will be discussed in further detail in section 4.3.2.

Figure 4.5: Difference in the Appearance of Migrated Salt Crystals (a): The Crystals and
Granules are Wet and Surrounded by a Thin Layer of Liquid (ByyBigl Growth Along
Test Tube Wall (c): Powdered FLiNaK Migrating Away from Main Salt Mass.
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4.3.1 Qualitative Behaviour

The first sample synthesized using the Vacuum FLiNaK Salt Melting System failed to fully
melt via heat from the Bunsen burner. This was mostly due to inexperience with adjusting and
controlling the flame intensity. Consequently, a propane torch was arseatidisional,

uneven heat source. At this stage, the process of moisture removal from the powdered
FLiNaK had yet to be employed; the initial idea being that using a test tube as a vessel should
suffice in making smooth pucks that readily detachedizamalis of its container. However,

this was not the case. Figureshh@vgohotos of this first sample during its synthesis process.

The top of the test

tube is fogged by

water vapour during
I| synthesis

The salt had only
partially melted and
clung to one side of
the test tube wall
while majority of the
FLiNaK remained in
powdered form.

Slight deformation

visible in the glass
test tube

Figure 4.6 (a): Partially melted FLiNaK (b): The propane torch fully melted the FLiNakK,
water vapour was obsenteatloud the upper lengths of the test tube (c): Glass
deformation caused by prolonged heating.
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Powdered FLiNaK clung onto the walls of the test tube during the initial melting process in
irregular patches, having been partially melted then quicldyfyeeplirhe added heat from

the propane torch completely liquefied and the molten FLiNaK pooled at the bottom of the
test tube, where a slight deformation in the glass can be observed. This deformation was the
result of prolonged, concentrated heatirgypdrticular area of the test tube. Since propane
torches could reach temperatures between-2@80 °C, the glass test tube, which had a
melting temperature of 1700 °C, began to deform after about three to four minutes of being

in contact with the torcknce removed from heat, the molten salt remained transparent for

a few seconds before solidifying, first along the edges, which had turned opaque, then gradually
towards the centre and becoming a white puck taking the shape of the base of the test tube.
The sample was rough and had irregular ridges along its edges that adhered to the inner glass
walls. There was an obvious presence of water vapour in the melting chamber as well as
immediate signs of salt migration in the form of sporadic salt crystads¢hsppread away

from the main salt mass while the sample was left to cool to room temperature. The sample
could not be removed or transported for storage elsewhere as it was stuck firmly to its vessel
as shown in Figure 4.7.

Direction of Gravity —
into the page

Figure 4.7: ThELINaK sample had stuck to the bottom and walls of the test tube and could
not be removed.
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Consequently, the sample was stored in the test tube sealed with a rubber stopper. Figure 4.8
is a photo of the sample taken after one week of storage; saltmuguédibe observed and
caused the walls of ttest tube to becondouded. The migrated crystals had become larger

in size, forming patches that appear damp and translucent.

A small piece of salt along
the edge detached and
migrated.

Figure 4.8: Photo of FLiNaK sample taken a week after synthesis diggjeamatea signs
of salt migration; the test tube became cloudy from larger salt patches and granules.

These initial findings prompted a series of modifications to the experimental procedures.
These changes emphasized the removal of any water moistheeptteixed, powdered

FLiNaK may have absorbed during its storage.

To further investigate the relationship between the hygroscopicity and salt migration of
FLiNaK, the four CycleA samples were synthesized with varying procedures. Then, a final
setof five FLiNaK samples, Cydbe were produced. Each sample simulated a potential
environment that the molten salt may be subjected to at the time of decommissioring. Cycle

B samples were also used to quantify the phenomenon and patterns notedmiptesall sa

the timeline of the observed results was described in two ways. The first was stating the
number of days since the preparation of the sample to describe elapsed time. The second was
to include the specific dates on which the samples were prepavdteaaver physical

changes were noticed and photographs were taken; this would provide a sense of the season
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in which observations were made. As stated in Section 2.9, the amount of atmospheric
moisture in the laboratory space fluctuated throughoutathesymmers tend to be humid

while winters are dry. Knowing the time of year provided some context regarding the amount
of moisture in the air, which couldrblated to thextent of salt migration documented. The

results of these salt characterizatiperaxents are presented in the following sections.

4.3.2 Synthesis and Storage Parameters

This section describes the different synthesis and storage parameters and how they affect the
extent of salt migration in individual FLiNaK samples produced irACybkesamples from

this cycle were consecutively synthesized so that they shared the same observation timeline.
All samples produced were prepared using only the Bunsen burner as a heat source. Physical
changes in FLiNaK salt appearance can span the aloseseral months, thus it is crucial

that samples share a uniform baseline.

CycleA

The purpose of the four samples produced in-Byefas to verify the effects of moisture/
contaminant removal on the quality and the properties afeshéiing FLiNaK salt.
Synthesized on August, 2021, this set of experiments manipulated the processes and
parameters during the synthesis and storage of a sample. These changes were outlined in test
matrices in Section 3.8. Although the adjustmergselatively minor, they were also meant

to test the efficacy of incorporating the vacuum pump anrstaged heating method for
preparing FLiNaK. The experimental data of the four samples are summarized in Table 4.1
below. The time recorded is accurate tal second while the temperature, measured using

the infrared camera and laser thermometer, is accurat&to 0.5

Table 4.1 Cycla Experimental Data for FLiNaK Salt Synthesis

Sample| Mass | Time to Melting Onse Time to Fully | Melting Temperatur
Number (9) (min) Melt (min) °C)

A-1 1.25 6:39 8:45 389

A-2 1.50 3:43 6:17 426

A-3 2.31 4:12 6:48 410

A-4 2.50 4:07 6:31 398
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All four samples successfully detached from the bottom of the test tube in one piece despite
their differences in the melting process. They were stored in their respective test tubes which
were sealed using Parafilm. The melting temperature was meaguteelinfared imaging

and laser thermometer, which yielded readings with notable variances. Givendhiagthe
temperaturef FLINaK is 454°C, this discrepancy in the recorded temperature is likely the
result of a long laser nagthor that samplevas synthesized under a partial vacuum, which

reduces that melting point. Photos of sampleshfough A4 are featured in Figures 4.9,
and 4.10.

Figure 4.9: Initial Conditions of Samplé &nd A2 -The Slight Pink Hue of the Salt Pucks
in this Phao is the Result of Low Lighting during Photography.

Figure 4.10 (a): Initial Conditions of Samgde(): Initial Conditions of SampledA
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The appearance of the newly synthesized samples was similar to literature descriptions as
depicted in Figures 2.21 and 2.22; they are opaque and pure white in its entirety when
crystallized. The surface of the salt is smooth, and they take the shapettofihef test

tubes used to melt them. Most importantly, the four samples were physically consistent. For
samples & through A4, where the vacuum pump was on both during melting and cool
down, a small, mountain shaped tip formed at the centre df fhekas a result of suction

from the pump through the inserted thin metal tube. This feature will be much more
noticeable in photos included later in this section.

The samples were stored in the laboratory and were visually inspected for anygigescal ¢

first every three days, then weekly, then finallgdkly. Phenomena such as salt migration

and moisture retention were noted whenever observed and photographs were taken. The first
of the samples to show signs of physical change was sdmplieiAl3 days (August), the

sample appeared wet, and some salt particles detached from the main salt adhered to the glass
walls as seen in Figure 4.11; the inner walls of the test tube were no longer spotless compared

to Figure 4.9 but remained mostlygpament despite the crystal growth.

The sample is wet. Crystal
growth and salt migration
along the test tube wall
were observed

This small granule
is in the process of
detaching  from
the main salt

L

Figure 4.11: SamplelADisplaying Signs of Salt Migration and Moisture Absorption (Two
Weeks after Synthesis)
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Except for sample -A, no significant physical changes were observed in the other three
samples until Segmber. Photos taken a month (September) after synthesis, presented in
Figures 4.12 through 4.14, showed some signs of salt migration in s&rap&dAwhile

sample A appear unaffected.

Tip formed as a result of vacuum pump suction

Figure 4.13: Sample3AShowing Signs of Salt Migration as Salt Crystals begin Detaching
and Reattaching Away from the Main Salt Mass.
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Figure 4.14: The Top Layer of SampieFxagmented and Some Disintegrated into
Powder.

Another set of photos, seen in Figures 4.15 to 4.18, was taken on Ocebeiags after
the preparation of the Cydlesamples.

Figure 4.15: Photos of Sampi& fkom different angleghe sample had absorbed such
significant amounts of watebecame fully submerged in liquid.
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Figure 4.16: Photos of Sampi2 &xom different anglésthough the signs of salt migration
are minimal, the surface of the salt appears cracked with flaking edges.

Figure 4.17: Photos of Sampi8 fkom dfferent angled Particles and small crystals of
FLiNaK migrated extensively away from the main salt.
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