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1.
1.1

INTRODUCTION

PURPOSE

Interest in salt-cooled and salt-fueled reactors has increased over the last decade (Forsberg et al. 2016).
Several private companies and universities in the United States, as well as governments in other countries,
are developing salt reactor designs and/or technology. Two primary issues for the development and
deployment of many salt reactor concepts are (1) the prevention of tritium generation and (2) the
management of tritium to prevent release to the environment (Holcomb 2013). In 2016, the US
Department of Energy (DOE) initiated a research project under the Advanced Reactor Technology
Program to (1) experimentally assess the feasibility of proposed methods for tritium mitigation and (2) to
perform an engineering demonstration of the most promising methods. This document describes results
from the first year’s efforts to define, design, and build an experimental apparatus to test potential
methods for tritium management. These efforts are focused on producing a final design document as the
basis for the apparatus and its scheduled completion consistent with available budget and approvals for
facility use.
1.2

TRITIUM PRODUCTION IN SALT-COOLED AND SALT-FUELED REACTORS

Salt-cooled reactors use solid fuel, including prismatic or pebble bed systems with unfueled salt cooling.
In salt-fueled reactors, fuel is dissolved in the salt. These are two variants of the more general high
temperature salt reactor class, and they are both referred to generically as molten salt reactors (MSRs).
Both variants use high-temperature, low-pressure salt coolant. An MSR can refer to either a fluoride salt–
based reactor or to a chloride salt–based reactor. This effort focuses on thermal fluoride salt reactors,
which typically use a combination of lithium fluoride and beryllium fluoride salts, commonly referred to
as FLiBe. When exposed to a neutron flux, FLiBe produces tritium regardless of whether the fuel resides
in the salt or in a fixed fuel form. Tritium production occurs primarily through the 6Li + n  3H + 4He
reaction; more details are given in Section 1.4. Any technological development that mitigates tritium
release from fluoride salt is applicable to both salt-fueled and salt-cooled reactors.
1.3

FLUORIDE SALTS AND THEIR PROPERTIES

Molten salt chemistry has been studied extensively (e.g., Grimes 1967, 1970), as it affects a number of
different nuclear technologies. Grimes’ 1958 analysis indicates which fluoride salts are the best candidate
materials. These include alkali fluorides, ZrF4-salt mixtures, and BeF2-salt mixtures. Fluoride salt
candidates and their physical and chemical properties have been reviewed by Williams et al. (2006) and
Beneš and Koning (2009). Eutectic materials have the lowest melting points. Hence, the Williams et al.
assessment included FLiBe, a LiF and BeF2 mixture with molecular ratio of 2:1 (Sawan and Sze 2003),
and FLiNaK (46.5 mol% LiF- 11.5 mol% NaF- 42 mole% KF). Although this is not the lowest melting
point combination of LiF and BeF2, the viscosities of lower melting point materials are too high for
practical use. As potassium has a larger thermal neutron capture cross section, potassium-containing salts
are not considered as primary system fluids for thermal spectrum reactors. However, FLiNaK can serve as
a secondary heat transfer fluid. The properties of FLiBe and FLiNaK fluoride salts are given in Table 1.
FLiBe has advantages of a relatively low melting point of 458–460°C and a high boiling point of
approximately 1400 °C. FLiBe has low vapor pressure (~ 1 mbar at 900 °C), and it exhibits roughly
congruent evaporation, meaning that the vapor composition is the same as that of the liquid. In fluoridesalt cooled high temperature reactors (FHRs) FLiBe can be considered a single liquid phase under reactor
operating conditions.
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Other advantages for FLiBe are that it has a high heat capacity, at 630 °C, Cp=5.3 MJ⋅m-3⋅K-1 (0.642
cal⋅g-1⋅(°C)-1), a low neutron absorption cross section, a high thermal conductivity with respect to other
molten fluoride salts, and it is optically transparent. The density of FLiBe is high compared to water but
low compared to a coolant such as liquid lead because of the light element constituents, and it decreases
with temperature. Temperature expressions have been developed by Petit and Dulong (1819) for the heat
capacities, yet they change little with temperature.
Fluid transport properties include viscosity, which, as these salts are Newtonian fluids, varies greatly with
temperature. However, the molten salts generally have viscosities <0.01 Pa⋅s. Correlations developed at
Oak Ridge National Laboratory (ORNL) and shown in Table 1 overestimate more recent measurements
(e.g., Khokholv et al. 2009, Tørklep and Øye 1980) by roughly 20%. FLiBe concentrations are typically
fixed at a 2:1 composition because beryllium fluoride concentrations must be limited to less than
45 mol% to prevent BeF2 self-association and consequent increased viscosity of the melt.
The review by Williams et al. (2006) states that measurements of thermal conductivity are difficult, and
have led to erroneous conclusions in the literature regarding molten salt behavior. Williams recommended
the model by Rao and Turnbull as being the most accurate, as shown in Equation (1) and outlined in the
review by Cornwell (1971).
𝑀𝑀 −1.167
,
𝑛𝑛

𝑘𝑘 (𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∙ 𝑚𝑚−1 ∙ 𝐾𝐾 −1 ) = 0.119 ∙ 𝑇𝑇𝑚𝑚0.5 ∙ 𝜌𝜌0.667 ∙ � �

(1)

where Tm refers to melting point in K, ρ to molar volume in cm3⋅mol-1, M to the average formula weight
(g mol-1), and n to the number of discrete ions per salt formula, which is generally set at 2. This formula
gives the same thermal conductivity values of 1.0-1.2 W m-1 K-1 recommended by Beneš and Koning
(2009).
Williams et al. (2006) also reviewed neutronics, neutron capture, and moderating capability. Values for
these properties for FLiBe and FLiNaK are also given in Table 1.
1.4
1.4.1

TRITIUM GENERATION IN SALTS
Sources of Tritium in Salt Coolants

Relevant transmutation reactions are given in Table 2. Transmutation in lithium- and beryllium-bearing
salts produce tritium (from 6Li at early times, 7Li and 9Be at steady state). At equilibrium, a 410 MWe
pebble bed fluoride-salt cooled high temperature reactor (PB-FHR) is estimated to produce 93 TBq (2,500
Ci) of tritium per day (University of Wisconsin et al. 2013). The greater the salt inventory, the longer it
takes the PB-FHR to achieve equilibrium from a maximum and initial production rate of ~666 TBq (18
kCi) per day. However, the amount of salt ultimately does not affect the equilibrium production rate of
tritium for a given neutron source (University of Wisconsin et al. 2013). Other reactors where tritium is
generated in significant quantities include the Canada deuterium–uranium (CANDU) reactors. The
chemistry of tritium in a CANDU is different because of the D2O-based coolant and moderator. Tritium
produced within FLiBe has a different chemistry and life cycle within the cooling system, specifically
involving reactions with primary loop surfaces.
Transmutation of a lithium in LiF releases the bonded fluorine with the production of tritium, and it will
behave as the other fluorine in the melt, combining with tritium to give TF. The speciation of tritium in
salt will depend on the redox conditions. Studies indicate that under normal operating conditions, the
tritium is primarily in the form of TF (>95%). Transmutation yields depend on the neutron flux and
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spectrum as well as the material being irradiated. The cross sections for alpha and proton ejection are
energy dependent and have thresholds.
Tritium production in an FHR is projected to range from 5000 to 500 Ci/d (185 to 18.5 TBq/d) (Ingersoll
et al. 2004). The preconceptual AHTR design has a FLiBe coolant flow rate of 5.54 m3/s, which gives a
tritium inventory of 2.2x1016 to 1017 atoms of T per m3 per s. As a comparison, calculations performed by
Sawan and Sze (2003) give a tritium production rate in standard FLiBe fusion blanket materials as 1.42 ×
1018 atoms of T per m3 per s. Sawan and Sze also estimated the yields of less important transmutation
processes that make oxygen at 7% of the rate of T breeding, and it makes nitrogen at 14% of the rate of
T breeding in the same scenario.
1.4.2

Tritium Chemistry in Molten Salts

A free tritium atom moves through the molten salt until it meets a bonding partner. If it meets a free
fluorine atom, it will form TF; this is soluble in the molten salt and migrates in this form, eventually
reaching structural surfaces. In some cases hydrogen is introduced into the system, as will be discussed
later in Section 2.4. If the tritium encounters a free hydrogen atom, it will form HT; this moves to
structural surfaces. Both TF and HT interact with these structural surfaces, forming tritium or hydrogen
atoms and HT, H2, or T2. Tritium chemistry may also be affected by alloying elements in structural
metals, as well as available oxygen impurities in the salt. In its reduced form as a diatomic gas, tritium has
a reduced solubility in molten salts and will find preferential plating or diffusion sites on the structural
surfaces. As atomic tritium, the transport through metals will be rapid at a rate depending on the partial
pressure of T2 (Calderoni et al. 2008). Transport properties through various materials are shown in Table
3. While most of these data are from experiments with hydrogen, the FLiBe data were collected with
tritium gas. Within the group of metals, penetration, permeability, diffusion, and absorption rates vary
widely. For example, vanadium and niobium have high permeability with respect to tritium, while yttrium
can form the tritide YT3 (Yannopoulos et al. 1973). Tritium penetration of nickel is actually lower than
predicted by Sievert’s law (Röhrig et al. 1975, Christensen et al. 2016). The diffusion rate of tritium
through palladium is higher than any other metal.
If the tritium remains bound as TF, it will remain in the salt and will not diffuse through the metal. The
rate-determining step for the release of T2 from the system is the migration of TF through the salt to a
structural surface. Once TF reaches a metal surface, it may decompose, and the high solubility of tritium
in the metal allows it to escape the reactor cooling system. Permeabilities through FLiBe, FLiNaK, and
various metals are given in Table 3. The diffusion of tritium species is expected to increase in the reactor
environment, assisted by a high level of neutron and gamma irradiation (Avila et al. 2010).
1.4.3

Corrosion Chemistry

Because tritium forms TF in the coolant, much of the interest in tritium chemistry has been its effect on
structural materials. Calderoni et al. (2009) reviewed the literature pertaining to corrosion chemistry.
Oxygen from moisture and oxide impurities, and oxygen atoms resulting from the transmutation of 19F
(Table 2) can accelerate corrosion. Corrosion has been observed in 316 stainless steel and ferritic
/martensitic (400 series) steels. The redox state of corrosion products will depend on the chemical
potential of each of the chemical species present, whether introduced as salt, through transmutation and
the radiation environment, reactions with contacting materials, or as the gaseous environment. For
instance, FLiBe may contain chromium (II), iron (II) and Ni (II), whereas FLiNaK will have more
oxidized chromium (III) and some iron (III), as well as iron (II).
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Tritium corrosion chemistry depends on the chemical potentials of free F and TF. Non-fluorinated
beryllium in the blanket and heat transport loop can be used to reduce TF and F2 to BeF2 and T2, as shown
in Reaction (1). A kinetic model is available from Simpson et al. (2006). Beryllium can be introduced as
solid metal or as carbide for tritium chemistry control. Only as much beryllium as needed for redox
control should be added. An excess of beryllium may react with graphite, which can accelerate the
corrosion process (Wu et al., 2016). Also, the amount of beryllium that should be added will be limited by
resulting effects on the viscosity of the fluid (Williams et al. 2006). Other materials introduced as alloys
or salt components can reduce corrosion by TF, such as metallic reoxidants Zr or Na.
Be + 2 TF → BeF2+T2
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(1)

2.

POTENTIAL METHODS FOR MITIGATION

Tritium can penetrate metals, which is problematic in the primary-to-intermediate loop heat exchanger, as
the heat exchanger has a large surface area at high temperature for efficient movement of tritium across
the metal barrier. The Ohio State University reviewed tritium mitigation and control in a test loop (Wu et
al. 2016) along with the proposed control methodologies that are candidates for investigation. Although a
number of different mitigation technologies can be used, it is likely that a combination of them will be
necessary.
Ultimately, the goal of a tritium mitigation strategy is to limit the environmental release in MSRs to levels
below regulatory limits. Tritium control starts with redox chemistry (discussed in more detail in Section
4.2.2) to facilitate the chosen mitigation method.
2.1

BLOCKING

Penetration barriers are coatings applied to permeable metallic structures to reduce the escape of T2 from
the system. Such barriers have been developed for tritium storage, along with getter or absorbing
materials. Barrier materials and other technologies have been reviewed by Savannah River National
Laboratory (Sherman and Adams 2008).
2.1.1

Basis for Method

Tritium penetration of heat exchangers can be problematic because of the exchangers’ high temperatures
and large surface areas. Applying a barrier coating, often a ceramic, can reduce T and T2 diffusion and
impede corrosion of the base metal. Heat exchanger barriers can be applied to the surface of the metal, or
they can be made in situ by reactions with the fluids. The barriers can be located on the hot or cold side of
the heat exchanger, a function of the chemical and physical compatibility of the barrier material and the
fluid.
Examples of coatings are given in Table 4. For instance, Al2O3 (soluble in FLiBe) and SiC barriers have
been used to reduce the diffusivity of T atoms (Weaver and Wall 2007). These solid ceramic barriers have
the lowest tritium penetration, which is better than that of bare metal by a factor of 107–108. Other
external barriers include Cr2O3/SiO2 and layered TiN/TiC/SiO2. (Sherman and Adams 2008) In situ
formed oxide coatings can protect the high temperature Inconel and Incoloy alloys used in heat
exchangers. These barriers reduce tritium penetration from the base alloy by factors of 200–1,000.
Tritium permeation increases with temperature.
The effectiveness of a permeation barrier is expressed as a permeation reduction factor (PRF) that is the
ratio of the permeation flux through a material without a coating to one with a coating. Hence, the ratio
should be greater than one for an effective barrier. The effectiveness depends on the thickness of the
barrier, defects in the barrier and/or the underlying structural material, fracture toughness and exposure to
thermal and mechanical shocks, hydrogen partial pressure, and the compatibility of thermal expansion
throughout the layers of material.
2.1.2

Potential Issues with the Method

Barriers are difficult to manufacture, as they involve adhesion of dissimilar materials, and they may not
survive repeated heat cycling. This is particularly true of the ceramic layers that do not have the selfhealing capability of the oxides. Placing the barrier material on the non-molten salt side of a containment
structure can reduce chemical compatibility concerns and increase lifetimes. Processes are being
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developed to adhere alumina coatings to steel substrates to make them more heat resistant (Hubert et al.
2006). These efforts may prove beneficial to blocking tritium, as well.
2.1.3

Proposed Experimental Setup

The permeation barrier will be chosen based on the ability to apply a coating of the material to the
metallic surface in a way that can be repeated and the ability of the coating to withstand salt chemistry.
Well-adhered alumina coatings can be prepared reliably using sol-gel methods (Wang et al. 2016).
Alumina has a fairly high PRF, ranging from 100–10,000, depending on a thickness ranging from 0.03–
1.4 micron, respectively. However, alumina itself could not be used to block tritium migration from one
salt loop to another as it is soluble in FLiBe. Such a coating would be used on an exterior loop surface to
reduce tritium losses and act to reduce variability and provide experimental control for mass balance
measurements and their related calculations.
Tests must be conducted to quantify the thickness and reproducibility of the coating on representative
components before the actual apparatus being tested can be treated. Macroscopic cracking and peeling
may be observable by optical microscopy, and scanning electron microscopy (SEM) may be used to
observe smaller defects. PRF values would be recorded using ion chamber measurements for coated and
uncoated pieces, which are identical in every other respect. Repeated measurements could be taken after
coated material is exposed to heat, molten salt (if applicable), and variable tritium partial pressures. The
variable tritium partial pressures are used to simulate the effect of radiative fluence as an additional
impacting parameter.
As tritium loss occurs largely in the region of the heat exchanger, various representative heat exchanger
arrangements would be evaluated in the test facility, some of which have already been outlined in Wu et
al. (2016). In these tests, mass transfer must be considered, along with heat transfer. Restrictions on flow
imposed by highly tortuous pathways will also affect the flow of the molten salt; hence, pressure drop and
variations in salt flow rate are also important variables.
2.2

STRIPPING

An inert sweep gas can be used to remove tritium from molten salt by capturing T2 that has escaped into a
surrounding envelope, or it can be bubbled directly through the molten salt itself. Depending on the
stripping technology being studied, the gas could be sparged through the molten FLiBe salt directly,
passed through a secondary salt loop, or be circulated through an annular gap in a primary loop or
secondary loop structure.
Getters have been developed for tritium storage after being stripped from the salt. For instance, tritium
from CANDU reactors is extracted from heavy water and stored as tritium gas absorbed on titanium
metal. Note that as titanium is soluble in the molten salt, such a sponge would need to be used in an
assembly that is not in direct contact with the salt itself.
2.2.1

Basis for the Test Method

The passage of an inert gas through a tritiated molten salt can remove tritium based on minimization of
the concentration gradient across the interface. Within the salt, inert gases can be injected into the primary
and intermediate circuits to draw off HT and T2 (Briggs and Korsmeyer 1970). As an example, the
Molten Salt Reactor Experiment (MSRE) had NaF-sodium fluoroborate as an intermediate coolant.
Tritium has a high solubility in NaF-sodium fluoroborate. After being trapped in the intermediary salts,
the tritium was then removed with a gas purge (Mays et al. 1977, Thoma 1972). Counterflow, in which
the salt comes from the top and helium bubbling comes from the bottom through a packed column, can be
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used to effectively sweep out tritium dissolved in the molten salt (Fukada et al. 2006). Selectively
permeable barriers that allow the passage of only tritium can be used to remove tritium from an annular
gap.
For tritium removal using a sweep gas, high mass transfer and low heat transfer are required. This is in
contrast to the requirements of a penetration barrier, in which high heat transfer and low mass transfer are
being sought. Movement of tritium through a medium (fluid or solid), or permeability, depends on the
product of diffusivity and solubility. In general, closed Brayton cycles are better able to provide tritium
isolation than steam or open-air systems because the secondary side can use gases with low tritium
solubility for separation, or in-flow tritium absorbers for direct tritium collection. Higher pressures allow
for the use of smaller removal systems.
2.2.2

Potential Issues with the Test Method

Previous experience using sparging has identified issues with the method for tritium removal, primarily
related to flow of the salt through the nozzles. MSRE tests showed that sparging will increase the cost and
complexity of the reactor (Briggs and Korsmeyer 1970). For instance, helium sweep gas must be heated
to the temperature of the salt before it is introduced into the facility; otherwise, the flow of high thermal
conductivity gas will cool the salt mixture. However, the helium is rapidly heated by the salt (very low
heat capacity compared to the salt) and then left hot as it is reused multiple times. Gas bubbling flow rates
are limited to partial pressures below which bubbles coalesce, resulting in a reduction in surface area. The
maximum flow rate is typically less than 20 vol% (Wu et al. 2016).
The use of a sweep gas in combination with a permeation window is a slow process because tritium
partial pressures are low, and transport through the salt to the extraction site requires turbulent flow
(Fukada and Mitsuishi 1988).
Another method to accelerate mass transfer during stripping uses disengagers, proposed for FLiBe in a
Tokamak fusion reactor, and tested at ORNL (Talbot 1976). To enhance mass transfer in this
configuration, salt was sprayed through the disengagers, forming small droplets in a sweep gas of helium.
High jet velocities were required to engineer the nozzles to obtain small droplet sizes without plugging.
However, the nozzle orifices still experienced corrosion.
Experimental conditions are difficult to control when measuring tritium removal in a sweep gas. Tritium
diffuses through vessel walls, so calculations of solubility, diffusivity, and permeability require careful
control of experimental variables. The ratio of the vessel’s surface area to its volume will affect the
results, as well as the geometrical aspects of the sweep gas (i.e., helium) flow, as seen in finned plate
experiments (Fraas and Özişik 1965).
2.2.3

Proposed Experimental Setup

As suggested by Fukada (2006), sweep gas mitigation of tritium removal can be tested in a packed
column through a tritium-separating membrane (Holcomb and Wilson 2016) or in a permeation window
extraction facility. Although any of these configurations may be tested in the laboratory, it is likely that
the experimental facility planned here will focus on the tritium-separating membrane (Holcomb and
Wilson 2016).
The extraction of tritium in the first case is comparable to chromatography, where the amount of tritium
removed from the salt can be calculated based on theoretical plates of liquid- and gas-phase mass transfer.
In the case of the membrane, the salt is either directed to contact the membrane or to pass through it. The
tritium passes through the palladium-bearing layer and is allowed to come into contact with sweep gas
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that passes through the porous support. The sweep gas (e.g., helium) is not directly in contact with the
FLiBe. Instead, it only comes into contact with the separated tritium. Palladium has a high affinity for
hydrogen and so will allow tritium to penetrate. A drawback to palladium is its cost, so Pd membranes
must be made as thin as possible. The third method—the extraction of tritium through a permeable
barrier—depends on the behavior of tritium according to Henry’s law, or the ratio of the gas phase partial
pressure to the tritium concentration in the liquid phase.
Measurement of the sweep gas’s efficacy could be studied by using a sponge material such as titanium or
graphite. The absorber would be introduced directly into the sweep gas flow path as packing material
after the separation of tritium. The absorption of tritium on getters can be monitored online using
downstream monitors or a mass spectrometer. Getter materials used in the latter capacity can increase the
sensitivity of tritium release detection methods.
To achieve good tritium mass balance, sweep gas methods should be combined with penetration barriers
(see Section 3.1) to reduce losses through surfaces outside those of specific interest.
2.3
2.3.1

CAPTURING
Basis for the Test Method

A solid getter such as carbon can be employed to retain tritium within the primary system. These
materials will include components of the loop, such as the graphitic fuel. However, control of tritium
release will be achieved using external getter assemblies. Carbon might be employed with pebble bed
reactor designs that also use graphite fuels (Cao 2013), as its introduction would not add new materials
into the reactor primary system. Potential Issues with the Test Method
Absorbent materials are limited in capacity, and their absorption depends on temperature. A key part of
getter efficacy is knowing when the sorbent capacity is being approached—practically at lower levels
than full saturation of the getter material—and then substituting or regenerating to maintain functionality
and thus control over tritium release. The properties of some materials are well known. For instance,
carbon absorbs tritium at 700 °C, but it will release tritium at 900 °C. However, methods to regenerate the
getter material must be included in the study of sorptive capacity, and conditions resulting in the release
of tritium (such as reactor over-temperature events) must be understood.
As in the case of sweep gas systems, the capture efficiency of getters depends on the partial pressure of
tritium. When tritium concentrations are high in the salt, the removal process is more efficient because
concentration gradients are also high. However, the capture may use only a small feed of the coolant into
a subsystem that includes getter materials. The process may take multiple loop passes to ensure that the
entire inventory has been scrubbed. Hence, the rate of the capturing process must exceed that of tritium
leakage from the primary circuit.
2.3.2

Proposed Experimental Setup

In this set up, the goal is to place a gettering material directly into the molten salt itself. The absorption of
tritium on getters can be quantified by sampling the material for captured tritium over a long experiment
or by formation of metal tritides (Gainey 1976). Graphite may comprise part of the fuel for FHRs, so tests
should be performed with graphite in situ in the molten salt to determine its effect on tritium hold-up and
release. As with other getter materials, entrained graphite will have a limited capacity for tritium, and it
will affect the overall tritium release profile. Graphite-salt mass ratios must be characterized along with
relative surface areas to allow quantification of bed hold-up times and release rates.
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2.4

HYDROGEN BACK DIFFUSION

A hydrogen diffusion strategy has been proposed for MSRs in which a circulating secondary salt loop
takes heat from an independent primary salt loop. The flow of salt in the secondary loop passes by a heat
exchanger to a steam circuit. The hydrogen back diffusion method to mitigate tritium ingress to the steam
circuit imposes a hydrogen pressure within the secondary salt loop (Lecocq 1974).
2.4.1

Basis for the Test Method

The hydrogen added to the secondary salt loop will saturate the salt and then back-diffuse from the
secondary salt to the primary salt. At the interfaces of the metal wall in between the primary and
secondary loops, dissociation of H2 will occur. The hydrogen atoms generated at the interface will interact
with the tritium atoms being made in the primary loop. The high partial pressure of hydrogen will prevent
tritium from passing into the secondary circuit. A sweep gas circuit is added to the primary loop to
remove tritium, excess hydrogen, and other volatile elements. The sweep gas is helium. The flow rate of
hydrogen introduced into the secondary side is 600 times the flow rate of tritium.
2.4.2

Potential Issues with the Test Method

As proposed in the patent, one issue with the method is that it requires an intermediate salt loop, although
common to almost all the designs, lowers the efficiency of power production. Another issue is that a
pressure of 1 atm of hydrogen is required to saturate the secondary salt loop, so hazards associated with
handling hydrogen must be considered in the apparatus design.
2.4.3

Proposed Experimental Set Up

To test this method, a second salt loop must be engineered into the apparatus design. The salt loop would
operate independently of the first, requiring its own pump and piping. A hydrogen cylinder could be
incorporated into the design, allowing a steady flow of hydrogen through the second molten salt loop,
similar to that proposed for the helium sweep gas mentioned in Section 2.2.
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3.

PRELIMINARY TRITIUM MANAGEMENT EXPERIMENTAL DESIGN EFFORTS

Details concerning the requirements for the salt, the tritium generation and chemistry, and the
instrumentation are given in this section.
3.1

REQUIREMENTS FOR GENERATING AND HANDLING SALT

Clean FLiBe salt must be prepared for the experiments. The constituent salts LiF and BeF2 are readily
available from commercial sources, but the eutectic mixture will require a melt process and a purification
process to remove oxygen, moisture, and other contaminants.
An activity under a university-led Integrated Research Project (IRP) at ORNL is under way to build a
FLiBe purification facility to provide high purity salt for corrosion studies at partner universities (Georgia
Institute of Technology 2014). This capability can be leveraged for the production of FLiBe for this
project. A laboratory in Building 4505 at ORNL is being refurbished to accommodate the purification
facility. Loops for the tritium management project will also be located in this laboratory, which will allow
the projects to share space and equipment, thereby reducing costs.
Salt purification primarily to remove oxides is necessary to reduce corrosion and deposition of solids
(Shaffer 1971). The salt purification process includes (1) weighing and mixing the constituent salt
compounds, LiF and BeF2, in the correct portions, (2) loading the salt mixture into a graphite-lined vessel,
(3) melting the salt mixture, (4) bubbling hydrogen fluoride and hydrogen gas through the melt in a
prescribed sequence to purify, and (5) purging with Ar gas and cooling down/solidifying the salt. A
glovebox for handling the Be-containing salt and an existing fume hood are used to control Be
contamination and any potential exposure to flammable and hazardous gases used in the process. The first
two steps are performed in the glovebox, while steps 3–5 are performed in the fume hood. The laboratory
space is described in more detail in Section 4.2.
The salt purification system is designed to produce ~4 kg batches of FLiBe. It takes ~12 days to produce
the high purity level salts needed for corrosion testing. It may not be necessary to have this level of purity
for the tritium management experiments, so the length of the process could be shortened to reduce labor
cost and time commitment. The facility is scheduled to be approved and qualified for the production of
the first batch of FLiBe salt for a Georgia Institute of Technology project (Georgia Institute of
Technology 2014) to be conducted in the spring of 2017. There are no further commitments of the facility
beyond production of one batch of FLiBe for the IRP, so it is projected that purified salt could be
available for tritium testing by the summer of 2017.
3.1.1

Temperature Requirements

The nominal design operating temperature for the relevant MSR designs is 700 °C. Electrical heating
capacity will allow the experiment to operate ~100 °C above this temperature. The melting point of the
FLiBe salt is ~459 °C. The purification process is conducted at nominally 600 °C.
3.1.2

Material Handling Requirements

Salt containing Be requires special handling to prevent personnel exposure and the spread of
contamination. The salt is toxic and also has specific Be hazards. It requires gloves for handling in the
cold condition, as well as appropriate respiratory protection. Procedures for working with beryllium are
outlined in the ORNL Standards Based Management System (SBMS) (Petherick 2015). Work with the
FLiBe salt will be performed in gloveboxes or hoods. For transfer of materials out of the laboratory, Be
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surveys will be required on containers/packages with the potential for Be contamination. Colocation of
the tritium experiments with the purification facility is a significant advantage because it minimizes the
need for surveys when transferring salts between the two sets of equipment.
For tritium experiments, salt will generally be transferred in the molten condition via transfer tubes
between vessels using dip tubes and gas overpressure to move the salt. These processes will be conducted
in either the purification process fume hood or in a walk-in fume hood similar to that shown in Figure 1.
Specifically, salt would be transferred from the purification process vessel into the tritium loop
experiment storage tank via this method. Alternatively, purified salt would be collected in a secondary
transfer tank depending on the number of batches of purified salt required. The storage and transfer tanks
will be designed to accommodate cooldown and melting of the salt without damaging the vessel. Opening
vessels containing salt (i.e., installation of a transfer tube) will require inert gas purging to prevent
introduction of air/moisture into the salt. Opening of salt-containing vessels or piping in the cold
condition will be performed in the glovebox whenever possible under the inert (argon) atmosphere.
ORNL has well-established procedures for working with Be and Be-containing materials, and these will
be incorporated into work practices in the lab (Baes 1965, Keiser et al. 1977, Keiser 1977, and World
Health Organization 1990).
3.2
3.2.1

REQUIREMENTS FOR GENERATING AND HANDLING TRITIUM
Proposed Methods for Tritium Generation

The feasibility of generating the tritium in situ within FLiBe using an external neutron source was
assessed. In calculations for fusion blankets (Sawan and Sze 2003), the amount of free tritium produced
under steady state conditions is 7 × 1010 atoms per cm3 per s. Assuming two liters of salt, the conversion
to molecules of TF per m3 per s would be 2.66 × 1015, leaving 1.4 × 1014 atoms of free tritium. The total
amount of tritium corresponds to 4.7 × 10-9 mol in 2 L FLiBe, or 14 nanograms/s at steady state. With a
specific activity of 1066 TBq/mol (28,800 Ci/mol), the steady-state tritium activity at these concentrations
in 2 L FLiBe is 5 MBq (135 µCi).
An available 111 GBq (3 Ci) AmBe neutron source was evaluated to determine if it could produce a
useable tritium loading in the salt. A design study at Idaho National Laboratory (INL) on a proposed
Fusion Liquid Release Experiment (FLIQURE) provided a useful reference in estimating tritium
production on a FLiBe volume similar to that proposed for these studies (Sterbentz et.al. 2000). The 111
GBq (3 Ci) AmBe source produces ~6.6 × 106 neutrons/s, a factor of 3,640 less than the Cf source
proposed for use in the FLIQURE experiment design. 1 The concentration of tritium in the salt in
FLIQURE was projected to be 1.74 × x1011 atoms/cm3 after 20 h of irradiation, which in the 1,000 cm3 of
salt gave ~1.7 × 1014 tritium atoms. For the 3 Ci AmBe source, using a linear ratio of neutrons/s yields
4.7 × 1010 tritium atoms in 2 L salt or 85.1 Bq (2.3 × 10-9Ci); a factor of ~6 × 104 lower than needed to
simulate chemistry in the reactor. Hence, the loop cannot usefully produce tritium in situ and will require
the addition of tritium from an external supply.

1

The neutron spectra of the source and the reactor are different, so extrapolating tritium production depends on
reflector/shielding design, etc. The 10 mg Cf source evaluated for the proposed FLIQURE experiment in 2000 is not
currently feasible due to cost and availability.
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3.2.2

Chemistry Control and Monitoring

Tritium in the form TF best represents the speciation in the molten salt coolant. Conversion of tritium to
T2 limits corrosion and facilitates recovery in a sweep gas system. Therefore, this conversion is where
much of the effort into chemistry control has been focused. Chemistry control is as important to tritium
management as developing engineered barriers or getters.
Beryllium can be added to FLiBe to increase the ratio of T2 to TF either as a metal (powder or rod) or as a
carbide. This has the advantage of not affecting the chemical or physical properties of the molten salt
(Abe et al. 2008, Petti et al. 2006), and the consumption rate is relatively slow (Wu et al. 2016). In
systems flushed with hydrogen, as the partial pressure of H2 increases, HT is more thermodynamically
stable than TF and can also drive the conversion to the diatomic gas.
In the tritium management experiment loops, the tritium will initially be purchased as T2 from a supplier.
However, to reproduce tritium chemistry in the salt, the fluoride chemical potential, and thus tritium
speciation, must be established upstream of the salt. Manipulation of tritium chemistry by enhancing the
mole fraction of beryllium in the salt is also possible. To change tritium speciation, gas mixtures of
T2/H2/HF will be equilibrated to form T2/HT/H2/HF/TF to replicate a predetermined fluoride chemical
potential. The gas that passes through the system will be monitored with ion gauges for overall tritium
release. The gas will also be monitored by mass spectroscopy to discern the ratios of T2/H2/TH/TF/HF
before and after it passes through the process equipment. Thus, the overall radioactivity transfer and the
chemical profile of the tritium can be monitored with time.
3.3
3.3.1

REQUIREMENTS FOR MEASURING THE EFFECTIVENESS OF TRITIUM
MITIGATION STRATEGIES
Tritium Collection and Quantification Methods, Limits, and Limitations

Tritium will be monitored for safety and to quantify the effectiveness of capture and sweep mitigation
strategies.
For quantifying the effectiveness of capture and mitigation overall, a mass balance of tritium will be
prepared in the experimental apparatus. The amount of tritium put into the system will be known by gas
handling measurements such as flow rates and partial pressures. The tritium in various segments will be
assessed after the experiment using post-test examination and analysis. Online measurements of tritium
activity will be taken in a sweep gas, if used. The mass spectrometer will allow determination of the
tritium chemistry before and after passing through the molten salt and the capture/mitigation process unit.
Tritium handling will be conducted in a walk-in hood (Section 4.1). Both the hood/flow path and the
room will be equipped with ion chambers. The femto-TECH 224 model ion chamber has a sensitivity of
3.7 kBq/m3 (0.1 microcurie⋅m-3). The companion control unit (U24-D) specifications are given in Table 5,
and the units and electronic controller are shown in Figure 2. Either a perforated (224DU) or pumped
(224GB) design can be used for different applications. The pumped unit can be swaged into a closed
system for online analysis. The perforated counter is used if a pump is not available, as for room
monitoring. These instruments are used by the Lawrence Livermore National Laboratory (LLNL) Tritium
Facility. For monitoring of the stack, LLNL also uses femto-TECH equipment, as shown in Table 6.
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3.4
3.4.1

REQUIREMENTS FOR PERFORMING EXPERIMENTS AT REPRESENTATIVE
TEMPERATURES, PRESSURES, AND FLOW RATES
Representative Temperatures

Reaction kinetics and tritium penetration rates are strongly dependent on temperature, and the test loop
must be operated at representative design temperatures for MSRs using FLiBe. The primary-tointermediate heat exchangers operate near the highest temperature (~700 °C), have thinner walls, and
more surface area than the reactor vessel, which operates at approximately 600 °C. They are therefore
more susceptible to tritium egress. Temperatures up to 800 °C may be studied to simulate outside of
normal operating conditions.
3.4.2

Representative Pressures

Loop operating pressure will be limited by pump design and sealing limitations. The salts themselves will
have negligible vapor pressures. The pressure of the system will be controlled with an inert cover gas.
This gas system will also be used to facilitate the movement of liquid salts into and out of the system and
needs only to be sufficient to prevent ingress of outside air and to maintain a flow of tritium-fluorine gas
into the salt (1–2 bar). The inert gas proposed for use in most salt reactors is argon. However, the test loop
fill gas has not yet been selected, and helium may be preferable as a sweep gas. The selection of gases and
their partial pressures will be determined by thermodynamics, the desired fluorine chemical potential, the
permeability of the respective gases through barriers, and the salt medium itself. These aspects are
discussed in Section 2.2.
3.4.3

Representative Flow Rates

One of the prime mechanisms for liberation of tritium is the interaction of TF with the wall material.
Providing a representative boundary layer, as well as mixing effects and distribution of chemical species,
may be important in characterizing tritium production and migration. Therefore, it was decided to
incorporate forced convection in the experiment. Salt flow velocities in reactor concepts are limited by
design to from 4-20 m/s. This value limits pressure drops in the system and may also be important in
limiting corrosion. The targeted peak test loop flow velocity is 4 m/s. However, the flow velocity is to be
variable down to the lowest velocities possible.
Methods of measuring or estimating flow rate within test sections will be required. A commercially
available ultrasonic flow meter is currently installed on the FLiNaK salt loop at ORNL, although it has
not yet been operated with flowing salt. A separate flow calibration stand for evaluation of this flow meter
has also been built. Results from the calibration tests will be completed before operating the tritium loop
experiment. Redundant and diverse flow measurements are desired.
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4.

IDENTIFIED NEEDS FOR FINAL DESIGN

Tritium mitigation will be examined under the conditions expected in an FHR, but at a laboratory-scale.
The conceptual design for a small forced circulation loop is shown in Figure 3. A cantilever centrifugal
pump installed in a sump tank provides flow through a test section that will contain test materials for
characterizing tritium interactions and migration. A storage tank located at the bottom of the loop
provides salt to the loop via a dip tube. The loop shown is sized to accommodate a single 4 kg batch of
purified salt (~2 liters). However, the loop volume will likely be increased as the pump and test section
requirements are incorporated into the final design.
4.1

MATERIAL NEEDS

The salt-wetted components in the loop will most likely be fabricated from Inconel 600. For the limited
run time of a test assembly, this material is expected to perform satisfactorily. ORNL’s FLiNaK salt loop
was fabricated from Inconel 600, and this material has worked well to date. Weld procedures and
fabrication methods are established for this material (Special Metals Corporation 2008).
Hastelloy™ N was the preferred material in the MSRE era (Williams et al. 2006), but that material is not
readily available in pipe or tube form without ordering a cost-prohibitive quantity. Other high nickel
content materials may be considered. Hastelloy C276 has high nickel content and has shown good
resistance to HF (Osbourne et al. 2002). This may be advantageous when high TF concentrations are used
in the test.
Small tubing lines used for injection of TF or HF will be made from high nickel content tubing or from
nickel alloy 200, Inconel 600, or Hastelloy C276. Compression fittings are available from Swagelok in
Hastelloy C276 or Inconel 600, although lead times are long. Gas vent lines from the system with the
potential for carrying TF or HF will also be fabricated from high nickel content material and heated to
prevent possible condensation in the line.
The remainder of the tubing and fittings will operate at a lower temperature and can be made from 316
stainless steel as they are not wetted by the salt.
4.2

COMPONENT NEEDS

The major components of the proposed flow loop are described below. Of these, the pump poses the
greatest challenge in terms of design and procurement/fabrication. With the exception of the tritium
removal apparatus, the other components are relatively straightforward, and experience from the FLiNaK
salt loop at ORNL can be leveraged in the design and fabrication processes.
4.2.1

Test Assembly

The test section shown in Figure 3 is proposed as a nested pipe/tubing arrangement with a flange on top to
allow installation of test materials into the assembly. An addition tube is located in the center of the
assembly to allow for the possibility of adding tritium gas into the flow stream via permeation of the
tubing wall. The addition tube method is described in the report “Coolant Salt Technology Facility”
(Mays et.al. 1977). A nickel diffuser disk located at the end of a dip tube may also be used (Calderoni
2008, Fukada and Morisaki 2006, Zeng 2014).
Material being tested for tritium management can be installed between the inner gas addition tube and the
outer wall, most likely in an annular geometry.
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The salt-wetted components will mostly be welded. Flange connections may be necessary for the
connection to the pump casing. Additional penetrations will be made for thermocouple welds and sample
ports on the various components.
Although not shown in Figure 3, segmented containment enclosures will be installed around the test
section and piping legs to allow a sweep gas to collect tritium that permeates through the high
temperature wall boundary. The segmented enclosures will allow more detailed information on tritium
migration from various parts of the flow loop (test section region, etc.).
4.2.2

Storage Tank

A storage tank to contain the salt in the cold condition is located at the bottom of the loop. A dip tube
connects the tank to the loop. After melting the salt in the tank, argon gas overpressure is used in the tank
to push the salt up into the loop. The salt level may be maintained by controlling the storage tank head
space pressure via gas mass flow controllers on the gas supply and vent lines. This method has been used
successfully in the FLiNaK loop. Alternatively, a freeze valve could be employed in the dip tube line
between the storage tank and the test section. This has the advantage of disconnecting the storage tank
volume and surface area from the flow loop when tracking the tritium migration. This assumes that the
permeability of the frozen salt is relatively low compared to the metal walls of the flow loop.
4.2.3

Pump

A high temperature pump that is compatible with FLiBe salt is required for the flow loop. A cantilever
centrifugal pump is depicted in Figure 3 where the impeller and volute/casing are submerged in a sump
tank. This type of design allows an inert cover gas over the free surface of the salt. A long cantilever shaft
allows the seals and bearings to be located in cooler regions that are removed from the high temperature
salt in the sump tank.
Although details are not shown in Figure 3, a pump of this type was fabricated at ORNL for the FLiNaK
salt loop. This pump has a nominal flow rate of 138 L/min (36 gpm) with a developed head of 0.125 MPa
(18 psi) and impeller diameter of 14.29 cm (5.625 in.). However, this is too large for the tritium loop
envisioned here. Using the pump affinity laws and making a ½-scale version of this pump would provide
69 L/min (18 gpm) with a head of 31.25 kPa (4.5 psi). The existing pump was mostly built in house based
on designs from a vendor that did not complete the project, so there is some uncertainty associated with
scaling the pump. The shaft and bearing/seal support column must be shortened for this application in
order to fit in the walk-in hood. The seals have worked well so far on the existing pump, although
operating hours are somewhat limited at this time.
An alternative approach is to work with a pump manufacturer to develop a pump to meet the specific
requirements of the loop. Several companies have developed high-temperature pumps for other
applications, although not necessarily for fluorinated salts at this temperature. Information is available on
small pumps developed during the earlier molten salt work at ORNL. An ALPHA pump is described in a
system description for a corrosion test loop (Huntley 1976) that is in the correct size range. A pump bowl
combined the sump tank and casing in a compact form that is advantageous for this application. However,
it used oil-cooled bearings, which are not ideal.
4.2.4

Instrumentation and Controls

A preliminary piping and instrumentation diagram (P&ID) for the proposed flow loop is shown in
Figure 4. Process instrumentation will include measurement gauges for pressure, flow, and temperature.
Pressure measurements will be made in gas lines or from gas head spaces in the sump tank, storage tank,
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and test section assembly. Direct measurement of pressure in the salt is not planned. An ultrasonic flow
meter similar to that used in the FLiNaK salt loop at ORNL is proposed.
An Allen Bradly Controllogix system will be used for loop control and data acquisition. Procurement and
assembly of the instrumentation cabinet and associated hardware can be leveraged with the purification
system project and will result in considerable cost savings.
Ion chambers and a mass spectrometer are proposed for measuring tritium in sweep gas, as well as
constituent composition of the gas stream. A valve arrangement will be used to measure various gas
streams from the loop. These instruments are described in more detail below.
4.2.4.1

Thermal management

Heater blanket and trace heaters will be used to heat the system to operating temperatures. The system
will use solid state relay power control on individual heater zones. Control software logic that was
developed using the Controllogix system for the FLiNaK salt loop will be used. This logic can control
temperature ramp rates and steady state temperatures on an individual basis and per heater zone, and it
can set programmed ramp/soak heat-up and cool-down profiles. The system is readily expandable, with
each new heater zone requiring only a circuit breaker and solid-state relay.
4.2.4.2

Ion chambers for tritium measurement

Room monitoring and sample line measurement for tritium concentration will be required (DOE 2007).
Ion chambers have been identified from a vendor with ranges as low as 0 to 74 MBq/m3 (0 to 2 mCi/m3)
and a resolution of 3.7 kBq/m3 (0.1 µCi/m3). Accuracy is stated as ± 10 % of reading. A standard femtoTECH monitoring system costs $15,570 (~$20,000 with overhead). Each system includes an ion chamber,
a U24-D control unit, a 6-foot interconnecting cable, a power cord, an instruction manual, and quality
assurance documents. Instrumentation requirements for the ion chamber for loop research and
development (R&D), room monitor, and fume hood stack monitoring are listed in Table 7 and would cost
about $80,000.
4.2.4.3

Mass spectrometer

A relatively inexpensive mass spectrometer is the CPM compact process monitor made by Inficon and
provided by Triangle Vacuum in Raleigh, North Carolina. The quadrupole mass spectrometer costs
between $55,000–75,000, depending on configuration. The unit can sample gases at atmospheric pressure
even though the quadrupole must operate at high vacuum. A schematic is provided in Figure 5. The
Inficon unit is used by the semiconductor industry for corrosive gas mixtures, and it is machined of 316
stainless steel, so it should be able to handle the application of tritium/TF/F2. Specifications are given in
Table 8.
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5.
5.1

ANTICIPATED RISKS AND POTENTIAL RESPONSES

RISKS AND RESPONSES FOR THE EXPERIMENTAL SETUP

The experimental setup for tritium management will require handling of tritium, HF, H2, F2, and Be all
potentially at high temperatures. Each of these will require individual mitigation strategies, including
special training and personnel qualifications similar to those required for radiation workers. Prior to
introducing tritium into the system, the apparatus will not require radiation work package (RWP)
approval as is required for initial pump and flow testing. Primary concerns when introducing tritium into
the system are with the Be and HF handling for initial salt generation and purification activities. All
environmental, health, and safety issues will be flowed into relevant safety documentation defined in
SBMS. Specific hazards associated with the experiment include the following:
• Tritium: up to 144 GBq (3.9 Ci) or 0.4 mg per experiment;
• Beryllium: BeF2 component of FLiBe salt mixture, 2:1 LiF:BeF2–estimates are 200 g beryllium
per liter of salt;
• HF: a small amount to modify the chemistry of the tritium introduced to the salt, e.g., 9:1 molar
ratio HF: T2;
• H2/HF mixture used to purify the salt before and after experiments; and
• High operating temperature of the experiment (up to ~800 °C).
The experiment will be well instrumented, with a tritium monitor inside the walk-in hood where the
experiments will be conducted and on the effluent of the hood. Radiation physics personnel have stated
that only a tritium room monitor (local alarm only) would be required for personnel safety. However, a
hydrogen detection monitor must be installed in the room for fire safety. An HF monitor will be needed
for the stack. If the HF monitor, the H2 monitor, or the tritium room monitor should alarm, then any flow
occurring through the experimental apparatus must shut off, and measures must be taken to minimize
exposure of personnel to these gases. Exhaust fan failure or ventilation shutdown will trigger the same
measures.
Periodic beryllium contamination smears will be performed to monitor contamination levels within the
lab. BeF2 in solid form will be handled within a glovebox in the lab to mix with the LiF and will be
heated to generate FLiBe salt. Once mixed, the heated beryllium salt will not be handled directly by
personnel, but post-test sectioning and examination on cooled and archived samples will be performed.
Once cooled, the BeF2 will not be in powder form. This project will share many of the same chemical and
material handling requirements as the related salt purification project (Georgia Institute of Technology
2014) so that the hazard identification and mitigation efforts performed for the purification project can be
leveraged.
A release of 3.7 TBq (100 Ci) of tritium per year has been evaluated against the threshold limits
established in the National Environmental Policy Act. This would include about 25 separate experiments,
well beyond the anticipated activity level. Therefore, this is an upper bound to the release.
Solid waste will include piping, salt, and personal protective equipment. Liquid waste will include
neutralized HF solutions from salt purification before and after the experiments. Tritium contamination of
the solids and liquids must be assumed once introduced into the apparatus.
Training requirements will be determined from the research safety summary envelope. The laboratory
will be operated under the ORNL standard. This will ensure that training includes requirements like
reading the ORNL Chemical Hygiene Plan. Work with tritium will necessitate Radworker II training.
Other training, such as beryllium handling, will also be required.
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The experiment will involve heating the salt to temperatures above 800 °C. However, power requirements
of about 10 kW can be delivered to electrical heaters on a 120 or 240 V service.
Sources for tritium for the experiment are being investigated.
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6.
6.1

SUMMARY OF CURRENT DESIGN WORK AND PLAN FOR FUTURE WORK

SUMMARY OF CURRENT DESIGN EFFORT

A conceptual design has been developed that defines the basic components of the forced convection loop,
along with nominal dimensions and associated fluid volumes. This includes a representative test assembly
with a nested component design that will accommodate test materials, as well as a means for injecting T,
TF, and other constituents. A sampling system for measurement of T and other constituents in the effluent
gas line and from permeation through primary pressure boundaries is also included. Details of the tritium
capture or separations technologies to be tested are not complete.
A general concept for the pump is proposed that uses a cantilever centrifugal pump design. The key
feature is a long shaft assembly that allows location of the seals and bearings away from the high
temperature zone. A larger pump of this type has been built and operated in the FLiNaK salt loop at
ORNL, and one option is to build a scale version of this pump. A more suitable option may be to work
with a pump manufacture to develop a high temperature pump of the appropriate size.
A preliminary P&ID was developed that identifies key process measurement and controls. This allows
sufficient information for specification of analog and digital modules for the Allen Bradley Controllogix
Programmable Logic Controller (PLC) system and general requirements for the associated instrument
cabinet. The heater control cabinet that will include solid-state relays and circuit breakers for individual
heater zones will be modelled after similar cabinets on the existing FLiNaK salt loop. The design is
essentially complete except for defining the final number of heater zones.
Special instrumentation—the ion chambers and mass spectrometer—have been identified, and
preliminary cost numbers have been received. The detailed connection arrangement for these instruments
and interface with the process instrumentation and data acquisition system has not been completed.
6.2

PLAN TO COMPLETE THE DESIGN AND BEGIN TESTING

The detailed design for the loop is driven by specification of pump fluid volume requirements and
available pump head, as well as tritium detection capability. This information, along with cost/schedule
limitations on obtaining purified salt (number of 4 kg batches needed), will determine loop tubing size
and storage tank capacity requirements. Detailed designs of the test assembly, the loop tubing
configuration, and the storage tank can be completed following this pump specification process. Plans for
the design of major components/systems are described in more detail below.
6.2.1

Test Assembly

Detailed drawings, including applicable weld specifications, will be completed for the test assembly.
Development of specific test matrices will serve as guidance for detailed design of test materials and the
gas/constituent injection method if continuous injection is required. The additional tube described
previously that relies on permeation of a metal tube for tritium injection will not work for TF or HF
injection, so alternative methods such as a capillary tube must be used.
6.2.2

Storage Tank

The detailed design of the storage tank will be completed with ports for the dip tube, gas supply, and gas
vent lines. An insulator base and heating blanket will be procured. Figure 3 shows the basic design. The
height can be modified to accommodate the actual salt volume in the final design.
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6.2.3

Pump

A pump size and the associated liquid volume in the sump tank/casing will be determined early in the
process so that design criteria for the remainder of the loop components can be established. The preferred
approach is to work with a pump manufacturer to develop and build a high-temperature pump. This will
include specification of seals and bearings compatible with the cover gas above the liquid level in the
pump’s sump tank/casing. Alternatively, a scale version of the pump design used in the FLiNaK salt loop
could be designed and built.
6.2.4

Instrumentation and Controls

A tabulation of instrumentation and control components will be completed. Associated wiring details will
be developed for wiring and configuration of the instrument cabinet. Procurement of Controllogix PLC
hardware, power supplies, terminal blocks, etc., will be made in the near term to take advantage of cost
savings for the instrument cabinet that will be shared with the purification system project. Field wiring to
the loop and system components will be made near the end of the loop fabrication and installation
process.
The heater control cabinet design will be based on a similar design for the FLiNaK salt loop and can be
ready for fabrication with minimal design effort.
Detailed design of the tritium/gas effluent sampling system will be completed. This will define
procurement requirements for ion chambers (number, range, etc.) based on effluent gas flow rates and
expected composition. Specification of the mass spectrometer and procurement will also be completed.
6.2.5

Walk-In Hood

A walk-in hood has been specified. A purchase order for this long lead item will be placed soon to ensure
that it is available for installation in the Room 26 lab in the first quarter of FY17 as part of the laboratory
refurbishment.
6.2.6

Tritium Capture and Removal

Final design of the tritium capture and removal assembly will depend on the priorities for testing as
established by the FHR program. The assembly will be designed to be incorporated into the molten salt
loop. Online and offline analyses of tritium will be planned, depending on the configuration and
parameters for capture. The test apparatus—particularly if incorporated into the molten salt itself as
suggested for some of the capture technologies—may be used only once and then sent for post-test
analysis. Other assemblies will benefit from several tests involving a range of flow rates, capture times,
and pressures, such as those involving gas diffusion or sparging. The final design of the first test assembly
will depend on available budget and final loop commissioning.
6.2.7

Schedule and Next Steps

The schedule will largely depend on funding levels and the availability of the purified FLiBe salt from a
separate project. It is expected that the salt will not be available until the summer of 2017. Priorities of
key schedule components in relation to funding availability are discussed below.
The development of the pump for the forced convection loop should be a high priority funding and
schedule item. Development of the pump is expected to take 8–9 months, with a projected cost of
$150,000 based on preliminary discussions with an outside vendor. An alternative in-house development
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would cost at least as much and would carry more risk. Early characterization of the pump is needed to
define flow velocity, loop salt volume, and loop sealing interfaces.
Detailed design of the test section and loop would follow next in scheduling priority. The detailed design
of the T/TF injection methods and features for collection and sampling of the tritium leaving the system is
a key aspect of the design. Development of specific test matrices and test articles/methods for tritium
management will be needed to define design requirements.
Preparation of the lab space is expected to occur in the first quarter of FY17. Completion of the lab walkin hood installation and connection of the associated utilities is expected to be completed by the end of the
second quarter in FY17. Although preparation of the lab space will be covered under an ORNL
infrastructure improvement project, some project costs will be incurred in setting up room monitoring
associated with tritium and beryllium handling and the walk-in hood installation. There will be some
relatively high cost components, such as ion chambers for tritium measurement and the mass
spectrometer required for actual tritium operations. These items can be procured later in the schedule
within their prospective lead times since their function is well known.
The PLC and data acquisition system instrument cabinet will be completed by the end of the first quarter
of FY17 in a joint effort with the purification system project. Combining these efforts will allow for
considerable cost savings. Once the detailed test section and loop design are completed, the final process
instrumentation and controls requirements can be defined. The field instrumentation and components for
the loop can be procured later in the schedule.
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7.

SUMMARY

Salt reactors using lithium-bearing fluoride salts will generate significant amounts of tritium in the
primary system. This tritium may migrate from the primary system, into and through the secondary
system, and into power conversion system and then the environment. Successful design, development,
and deployment of salt reactors will require methods to prevent, mitigate, or manage tritium production
and migration through the system. An experimental loop to test potential tritium management methods is
being designed at ORNL. The loop will produce representative temperature, chemistry, and flow
conditions in an MSR and will allow for the injection of tritium into the salt. Procurement and/or
development of components needed for the loop are currently under investigation, and the appropriate
laboratory space, relevant safety documents, and procedures are being prepared in conjunction with
appropriate safety and regulatory subject matter experts. With adequate resources, it is expected that the
loop will be operational in FY18.
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Figure 2. Walk-in hood similar to that proposed for tritium mitigation experiments.

Figure 2. Femto-TECH ion chamber and controller.
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Figure 3. Tritium forced circulation loop concept.

A-2

Figure 4. Preliminary tritium loop P&ID.
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Figure 5. Inficon mass spectrometer.
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Table 1. Properties of fluorinated molten salts (Williams et al. 2006, Beneš and Konings, 2009)
(at 700 °C unless otherwise noted)
Property
composition (mol%)

FLiBe
67% LiF – 33% BeF2

FLiNaK
46.5% LiF–11.5% NaF–42% KF

melting point (°C)

458–460

454

normal boiling point (°C)

1,400
(extrapolated from data at 1100)

1,570

liquid density (g⋅cm-3) *

2.280-0.000488⋅t
1.94

2.530 - 0.00073⋅t
2.02

2.1463-0.0004884⋅T (66% LiF, 34%
BeF2)

2.5793-0.0006204⋅T

vapor pressure (Pa)

log10 𝑝𝑝 = 11.914 −
(550-1200°C)

heat capacity at 700 °C

0.577±0.012

13003
𝑇𝑇

log10 𝑝𝑝 = 10.748 −
(550-1200°C)
0.45 ± 0.05

10789
𝑇𝑇

(cal⋅g ⋅(°C) )
-1

-1

Viscosity (cP) *
(J⋅s⋅mole-1 × 107)#

0.0116⋅exp(3755/T)
5.6
0.818 (Khokhlov et al. 2009)

0.04⋅exp(4170/T)
2.9, 2.5 (Tørklep and Øye 1980)
-1.6044⋅exp(1944/T)

Thermal conductivity
(W⋅m ⋅K )
-1

-1

0.79 (600 °C)
1.0 (650°C) – 1.2 (750-860°C)

0.68 (500 °C)
0.92
𝜆𝜆 = 0.36 + 5.6𝑥𝑥10−4 𝑇𝑇

Volume expansivity, β
(°C)-1

2.52 × 10-4

Prandtl number

13.626

5.938

Neutron capture per unit volume
relative to graphite

8

90

Moderating ratio (0.1–10 eV)

60

2

3.61 × 10-4

-1

(Cp⋅µ⋅k )

*Temperature in °C given as “t”; temperature in K given as “T”
#
Use molar density (mol⋅m-3) to convert to mN⋅s⋅m-2 (cP)
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Table 2. Transmutation reactions in FLiBe molten salts
Be - important at steady state
9
Be (n, 2n) 2 4He
9
7
Be (n, t)
Li
9
6
Be (n, α)
He (t1/2 = 807 ms) → 6Li
9
10
Be (n, γ)
Be
F – less important
19
19
F
(n,p)
O (t1/2 = 26.9 s) → 19F
19
18
F
(n,d)
O
19
17
F
(n,t)
O
19
16
F
(n,α)
N (t1/2 = 7.13 s) → 16O
19
18
F
(n,n’p)
O
19
15
F
(n,n’α)
N
19
18
F
(n,2n)
F (t1/2 = 1.83h) → 18O
19
20
F
(n,γ)
F (t1/2 = 11 s) → 20Ne
6
Li – early time production mechanism
6
3
Li
(n, α)
H
6
1
Li
(n,2nα)
H
6
4
Li
(n, n’d)
He
6
6
Li
(n, p)
He (t1/2 = 807 ms) → 6Li
6
7
Li
(n,γ)
Li
7
Li – steady state
7
3
Li
(n, n’α)
H
7
2
Li
(n,2nα)
H
7
8
Li
(n,γ)
Li (t1/2 = 0.84 ms) → 8Be → 2 4He
7
6
Li
(n,d)
He (t1/2 = 807 ms) → 6Li
7
6
Li
(n,2n)
Li
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Table 3. Permeability of tritium through selected materials (Christensen et al. 2016)
Material

FLiNaK
FLiBe
Palladium
Nickel
Stainless steel
Graphite
Air

Solubility
mol/m3-Pa
or mol/m3-Pa0.5
5.66e-09
1.04e-03
5.30e-02
2.47e-01
9.82e-02
4.56e-04

Diffusivity
m2/s
8.64e-10
5.177e-09
1.75e-08
3.76e-09
1.66e-09
3.3e-10
6.10e-05
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Permeability
mol/m-s-Pa
or mol/m-s-Pa0.5
4.89e-18
5.38e-12
9.27e-10
9.3e-10
4.14e-12
1.5e-13

Source

(Fukada 2007)
(Simpson 2006)
(Calderoni 2008)

(Atsumi 2002)
(Fukada 2006)

Table 4. Tritium permeation barriers (University of Wisconsin et al. 2013)
Barrier
Al2O3
TiC, TiN, TiO2
Cr2O3
Si
BN
N
Er2O3

Base metal
SS316, manet,* TZM,
Ni, Hastelloy-X
SS316, manet, TZM, Ti
SS316
steel
304SS
Fe
steel

* martensitic steel
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Permeability
reduction factors
10 to > 10,000
3 to > 10,000
10–100
10
100
10–20
40–700

Table 5. U24-D control unit specifications
Power:

100–125 VAC, 50–60 Hz (built-in filter)

Fusing:

2 amp line fuses in power entry/filter module of control unit;
both hot and neutral sides of the powerline fused

Display:

Custom 12-character red light-emitting diode matrix display,
readable at 15.4 m (50 feet)

Zero check: Electronic zero test, push-button with display on front
Zero adjust:

Digital zero adjust, push-button switch plus zero adjust and
digital panel meter display, to be performed with zero check

Instrument
test:

Functional check of entire electrometer, signal conditioning and
readout electronics, push-button switch activated and display of
13,000 ± 390

Alarms:

Two audio/visual alarms with acknowledge and automatic reset;
set points are independent and adjustable throughout both ranges

Alarm
lockout:

Automatic 90-second alarm lockout on power up and zero

Analog
outputs:

Linear output proportional to tritium concentration, range
indicator, high and low alarm indicators and fault indicator,
optional logarithmic output

Data
storage:

All instrument settings (alarm settings, offset, etc.) retained in
electrically erasable programmable read-only memory
(EEPROM)

Electronics : 0–50 °C
Temperature
Note: concentration measurement is a function of temperature
range:
through pressure volume temperature (PVT) gas law
Humidity:

0% to 95% r.h. noncondensing

Installation:

Ion chamber and control unit can be located up to 307 m (1,000
feet) apart without degradation of signal

8.9 cm (3.5 in) high × 42.5 cm (16.75 in) wide; 48.3 cm (19-in)
Dimensions: with handle/rack mount hardware × 30.5 cm (12 in) deep (not
including space for cable routing)
Weight:

5.4 kg (12 lbs.); shipping, 7.7 kg (17 lbs.)
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Table 6. Comparison of GB and PP flow through Femto-Tech ion chambers

Ion chamber
type

GB – flow
through

PP – flow
through

Low
concentration
stack
monitoring


High
concentration
stack
monitoring



Model
number

Description

224GB

2 liter (1800 cc active)
Low level ion chamber
Range 1 :0 to 20 mCi/m3
(0 to 740 MBq/m3)
Range 2 :0 to 20 Ci/m3
(0 to 740 GBq/m3)

224PP/
New Model #:
2524PP

Parallel plate 180 cc (25 cc active)
High level ion chamber
Range 1: 0 to 20 Ci/m3
(0 to 740,000 Bq/m3)
Range 2: 0 to 20,000 Ci/m3
(0 to 740,000,000 Bq/m3)
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Table 7. Femto-TECH ion chamber system types, cost, and quantities
Type
224DU-U24-D-CA6
224GB-U24-D-CA6
224GB-U24-D-CA6
Totals:

Quantity
2
1
1
4

Cost
$40,000.00
20,000.00
20,000.00
$80,000.00

B-7

Anticipated requirement
Loop R&D
Room monitor
Fume hood stack monitoring

Table 8. Specifications for Inficon mass spectrometer
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