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Abstract 

Advanced reactor concepts which use a lithium- or beryllium-bearing primary salt coolant 

will require technical solutions to mitigate the environmental release of tritium. One such design 

is the Fluoride-Salt-Cooled High-Temperature Reactor (FHR), which combines a molten Flibe 

(2LiF-BeF2) salt coolant and tri-structural isotropic coated-particle fuel to produce power or 

process heat. Compared to current water-cooled reactors, managing tritium release from a FHR is 

further complicated by the mobility of tritium at high temperatures and limited knowledge of 

interactions between tritium and nuclear graphite in the molten fluoride salt environment. 

The total activity, chemical forms, and retention mechanisms for tritium in nuclear graphite 

were studied through thermal desorption analysis of sample materials from three in-core Flibe salt 

irradiations (denoted FS-1, FS-2, and FS-3) at the MIT Reactor (MITR). Tritium desorption rates 

as a function of temperature were observed in distinct peak structures which are indicative of 

distinct trapping sites in graphite. The tritium content measurements led to estimations of overall 

retention in nuclear graphite of 19.6±1.9% from FS-1, 34±10% from FS-2, and 27.1±1.9% from 

FS-3 relative to the total calculated tritium generation in each experiment. Thermal desorption 

measurements of the MITR samples were consistent with previously proposed mechanisms for 

retention of gaseous hydrogen in graphite based on the chemical form of desorbed tritium, the 

activation energy of the desorption process, and the effect of excess H2 on the desorption rate as a 

function of temperature. Therefore, a methodology based on gaseous retention mechanisms was 

proposed and developed to model the uptake of tritium into graphite from Flibe in a FHR. 

A tritium retention model based on a bulk-diffusivity in graphite was developed as well as 

a model based on differential transport in graphite pores and grains. Using a system-level tritium 

transport model, the overall retention on graphite pebbles in a FHR was calculated to be 20.3% 

and 26.3% of the equilibrium generation rate for the bulk-diffusivity and pore and grain methods, 

respectively. In each case, modeling the transport and trapping of tritium inside graphite 

significantly reduced the retention rates compared to a retention process solely limited by mass 

transport in Flibe. According to the results of a sensitivity analysis, the level of tritium retention 

in core graphite has the largest uncertainty in the FHR tritium distribution because of relatively 

high standard deviations in literature measurements of tritium solubility and diffusivity in graphite. 

Tritium management technology options were then examined in the system-level transport 

model based on permeation barrier coatings and tritium extraction systems. Permeation barrier 

coatings of a specified performance level applied to Flibe-facing surfaces were found to be more 

effective than exterior-surface coatings, while extraction systems with design constraints were able 

to significantly reduce overall tritium releases. A combination of the interior-surface barriers and 

extraction systems applied to various regions of the plant was shown to reduce tritium release into 

the FHR reactor building to levels below that of current light water reactors. 
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1. Introduction 

 The Fluoride-Salt-Cooled High-Temperature Reactor (FHR) is an emerging design for 

future advanced nuclear reactors. Key design features of the FHR are graphite-matrix coated-

particle fuel originally established for High Temperature Gas-Cooled Reactors (HTGRs) and the 

molten fluoride salt coolant developed for Molten Salt Reactors (MSRs) [1]. The combination of 

coated-particle fuel and molten salt coolant enables potential economic benefits through high-

temperature and low-pressure operating conditions while maintaining uniquely high safety 

margins to thermal limits [1]. Furthermore, relying on technologies demonstrated in previous 

reactor designs, rather than new technological breakthroughs, simplifies the basis for FHR 

commercialization. While several FHR design features have a high level of technological readiness 

relative to liquid-fueled MSRs, significant technical challenges remain which require further 

investigation. One FHR technical challenge – mitigating the environmental release of tritium – is 

the focus on this thesis. 

1.1. Fluoride-Salt-Cooled High Temperature Reactor Technology Overview 

 Fluoride-Salt-Cooled High-Temperature Reactors encompass a range of possible design 

options. For example, fuel forms can exist in spherical or prismatic elements and several molten 

fluoride mixtures have been proposed as coolants. Several references are available which discuss 

considerations for FHR salt selection [2], the history and evolution of the FHR concept [3, 4], 

design details for a particular FHR [5, 6], and projected ecomonics [6, 7, 8]. Therefore, this section 

is intended to only provide an introduction to the main features of a FHR nuclear design. 

 One unifying feature among FHR designs is the use of tristuctural isotropic (TRISO) 

coated-particle fuel, which provides robust fission product retention at high temperatures through 

a multi-layered structure [3]. TRISO fuel refers to spherical particles which are typically less than 

1mm in diameter and contain a central fuel kernel surrounded by a porous carbon buffer layer. The 

buffer layer porosity provides a volume for gaseous fission products to accumulate without 

significantly increasing the pressure inside the particle [9]. The main fission product barrier in 

TRISO particles is provided by a silicon carbide layer, which is further protected by an outer 

pyrolytic carbon barrier and an inner pyrolytic carbon layer between the SiC and porous carbon 

buffer [9]. Several thousand TRISO particles are contained in a carbon-based matrix material to 

comprise a fuel element. For the Mark-1 Pebble Bed FHR design, 4370 TRISO particles are 
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arranged into an annular ring in a 3cm diameter spherical fuel element, as shown in Figure 1.1 [6]. 

The annular fuel ring reduces the peak temperature in fuel kernels and provides a central region 

where low density graphite can be used to increase the buoyancy of fuel pebbles in the molten salt 

coolant [5].  

 

Figure 1.1. Mark-1 PB-FHR fuel element consisting of TRISO coated-particle fuel contained in 

an annular ring of a spherical fuel pebble. From [6]. 

 Another commonality to all FHR concepts is the use of a molten fluoride salt as the primary 

coolant, which enables high-temperature and atmospheric pressure operation of the reactor. 

Atmospheric pressure operation can, in principle, be achieved for FHRs at any operating 

temperatures in between the coolant salt melting point and boiling point, which are compiled for 

several candidate fluoride salt mixtures in Table 1.1. Another notable observation in Table 1.1 is 

the high boiling point of candidate fluorides compared to proposed FHR operating temperatures 

of 600ºC-700ºC. A high margin of operating temperatures to salt boiling points implies that the 

FHR coolant will remain in a liquid phase during postulated accident scenarios where temperatures 

are increased. However, the elevated melting points of proposed fluoride salt mixtures creates a 

need for reactor external heating provisions to initially melt the salt when starting from a frozen 

state. Similarly, reactor transient conditions that produce reduced coolant temperatures must be 

evaluated to ensure that salt freezing does not disturb reactor safety functions. The impact of salt 

freezing can also be mitigated with active or passive systems that keep the fluoride coolants above 

melting temperatures [10].   
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Table 1.1. Composition of constituents, melting temperatures, and boiling points for candidate 

fluoride salt coolants. Starred boiling points are extrapolated from lower-temperature data [2]. 

Salt Constituents Composition [mol%] Melting Point [ºC] Boiling Point [ºC] 

NaF-BeF2 57-43 340 1400* 

RbF-ZrF4 58-42 410 1450* 

LiF-NaF-KF 46.5-11.5-42 454 1570 

LiF-BeF2 66.6-33.4 458 1400* 

NaF-ZrF4 59.5-40.5 500 1350* 

 A thorough review of candidate fluoride salt coolant properties and performance metrics is 

available elsewhere [2]. The selection of the most suitable fluoride salt depends somewhat on the 

particular characteristics and goals of a given reactor design. However, one attractive fluoride 

mixture with a relatively low melting point, low vapor pressure, suitable heat transfer properties, 

and beneficial neutronic characteristics is the 2:1 mixture of lithium fluoride and beryllium fluoride 

referred to as Flibe [2]. As an example of one factor, neutronic performance among fluoride salts 

is compared in Table 1.2 [2]. One particular advantage for Flibe is the ability to create a negative 

density reactivity coefficient, meaning that reactivity of a FHR core will decrease when Flibe is 

heated or coolant inventory is replaced by a void volume. The reactivity coefficients in Table 1.2 

were calculated using a pin-cell model with a 238-group cross section set determined for a 

prismatic TRISO fueled geometry [2]. A negative void coefficient improves the safety of a FHR 

during transient scenarios and simplifies the requirements for licensing the reactor. 

Table 1.2. Relative neutron capture ratio compared to graphite and density reactivity coefficients 

of selected fluoride salt mixtures [2]. All lithium-bearing salts were evaluated at 99.995% Li-7. 

Salt Coolant 
Neutron Capture per 

Volume vs. Graphite 

Density Reactivity 

Coefficient ($/100K) 

LiF-BeF2 8 -0.01 

NaF-BeF2 28 0.06 

LiF-NaF-ZrF4 20 0.09 

NaF-ZrF4 24 0.11 

RbF-ZrF4 14 0.18 

KF-ZrF4 67 0.27 
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 The combination of a molten fluoride salt coolant and TRISO fuel in a FHR enables a 

compact, high power density core which maintains capabilities of passive safety features. As one 

example, a design schematic of the Mk1 FHR core is shown in Figure 1.2 [11]. Reactor decay heat 

is removed passively with three direct reactor auxiliary cooling system (DRACS) loops each 

capable of removing 1% of reactor power through natural circulation of Flibe [6], which are 

accessed through the DHX flow paths labeled in Figure 1.2. Ambient air is the ultimate heat sink 

for the Mk1 FHR design, and thus there is no reliance on the availability of emergency core cooling 

water.  

 

Figure 1.2. Mark-1 FHR core layout diagram. From [11]. 

 While no FHR has ever been built or operated, the technological readiness of the FHR is 

partially supported by previous experience from other reactor designs and research programs. For 

example, seven helium-cooled reactors have previously operated with coated-particle fuel, which 

has produced a broad understanding of the fabrication and operational performance of TRISO fuel 

elements [12]. Similar experience was gained from the Molten Salt Reactor Experiment (MSRE), 

where uranium fluoride dissolved in a LiF-BeF2 fuel salt was used in an 8 MWt test reactor 
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operational from 1965 to 1969 at Oak Ridge National Laboratory (ORNL) [13]. Renewed interest 

and recent research progress has also supported FHR development efforts [1, 14], such as through 

the refinement of the previously discussed Mk1 FHR concept [6], demonstration of acceptable 

Flibe corrosion rates with code-qualified alloys [15], and reestablishment of Flibe purification and 

irradiation capabilities [16, 17]. While significant progress has been made, specific strategies to 

address technical challenges for the FHR remain undecided in candidate reactor designs. One 

design challenge, and the central topic of this study, is the mitigation of tritium release from FHR 

power plants. 

1.2. Tritium Management as a Key Technical Challenge 

 Neutronic and thermal hydraulic analysis of candidate fluoride salts reveals that the top 

performing salts all contain lithium fluoride or beryllium fluoride [2, 18]. The next best top 

candidate is NaF-ZrF4, which presents added design challenges because of its relatively high 

melting point of 500ºC, high vapor pressure, and the difficulty in achieving a negative coolant void 

reactivity coefficient [2]. To optimize for coolant performance characteristics, as well as draw 

parallels from the experience base of the LiF-BeF2-based MSRE, several current FHR designs 

under development have selected Flibe as their baseline coolant. For example, Flibe is used as the 

coolant in the University of California, Berkeley Mk1 FHR design [6], the TMSR-SF design from 

the Shanghai Institute of Applied Physics [19], and the KP-FHR design from the commercial 

reactor designer Kairos Power [20]. 

 The use of Flibe salt results in improved heat transfer and neutron economy compared to 

other candidate fluorides, but creates the notable disadvantage of tritium production by neutron 

reactions with lithium and beryllium. Tritium is a radioactive isotope of hydrogen containing a 

nucleus of one proton and two neutrons. The decay of tritium has a half-life of 12.32 years and 

produces helium-3 along with an electron of 18.6 keV maximum energy and 5.7 keV average 

energy [21, 22]. Tritium has the second-lowest beta decay ground-state to ground-state energy 

release among all observed isotopes [23], and thus the energy of beta particles emitted by tritium 

decay is not a central issue in tritium release. However, tritium management is a unique challenge 

because of the mobility of tritium chemical forms and potential reactions with the biosphere. The 

possible release pathways in which tritium can result in radioactive dose to the public are described 

conceptually in Figure 1.3. The dose-consequence of tritium depends on the chemical 
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characteristics of different potential forms. For tritiated hydrogen gas, HT, inhalation results in 

about 0.01% absorption of tritium into the body with the remaining HT is exhaled and thus 

resulting doses are less than that of other tritium chemical forms [24]. For example, the effective 

dose produced from a given amount of tritium activity during inhalation is 10,000 times greater 

for tritiated water vapor (HTO) than for HT gas [25]. The chemical form of tritium affects the 

amount of dose received based on the various residence times for each chemical form in the body. 

Tritiated water will remain in the body with a biological half-life of 10 days and organically bound 

tritium (OBT) - tritium in carbon-based molecules - will exist with a biological half-life of roughly 

40 days [24]. 

 

Figure 1.3. Conceptual model of tritium pathways for environmental release. From [24]. 

 Because of the potential for tritium to interact with the environment, become incorporated 

with water and organic material, and cause internal doses in humans, tritium releases from nuclear 

power plants are tightly controlled. Selected regulations for tritium release limits in air and water 

effluents from nuclear plants are shown in Table 1.3. The effluent concentration limits are given 

in units of micro-Curies of tritium per milliliter of water or air, where one Curie is equal to 3.7∙1010 

tritium decays per second. Allowable concentrations are calculated based on a certain allowable 
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annual dose to a member of the public, shown in Table 1.3 in units of millirem [26]. Based on past 

experience, typical tritium releases from current power plants are only a small portion of the 

allowable 10 Code of Federal Regulations (CFR) 20.1301 limits [27]. Therefore, additional criteria 

for ALARA, or “as low as reasonably achievable,” limits are also shown in Table 1.3 based on 10 

CFR 50. In this case, the ALARA limits allow for consideration of available technologies for 

release mitigation and economic cost analysis compared to realizable public health benefits [27]. 

Table 1.3. Relevant regulations for annual dose for radioactive releases and corresponding 

effluent concentrations for tritium release. From [26]. 

 

Type 

 

Regulation 

Annual Dose 

[mrem] 

Effluent Concentration 

[μCi/ml] 

Air Water 

Limit 10 CFR 20.1301 a1 100 - - 

 10 CFR 20 Appendix B Table 2 50 1∙10-7 1∙10-3 

Standard 10 CFR 20.1301e / 40 CFR Pt 190.10a 25 5∙10-8 5∙10-4 

ALARA 10 CFR 50 Appendix I Sec II. B.1 20 4∙10-8 - 

 10 CFR 50 Appendix I Sec II. B.2b 15 3∙10-8 - 

 10 CFR 50 Appendix I Sec II. A 3 - 6∙10-5 

 One reason why tritium releases from current power plants are typically well below 10 

CFR 20.1301 limits is the relatively low tritium production rate of the Boiling Water Reactors 

(BWRs) and Pressurized Water Reactors (PWRs) which comprise the current U.S. commercial 

nuclear fleet. All fission reactors create some tritium directly as a fission product [28], and PWRs 

and BWRs have additional sources of tritium created through neutron interactions with boron in 

control rods (BWRs) or boric acid dissolved in the primary coolant (PWRs) [29]. The PWR 

generation rate is also slightly higher than the BWR rate because of lithium hydroxide added to 

the coolant to balance the pH from the addition of boric acid [30]. Tritium production rates for 

various reactor types are compared in Table 1.4 [3, 29], where FHR values have a beginning of 

life (BOL) rate as well as an equilibrium rate (EQ) due to changing lithium-6 concentrations in the 

Flibe coolant over time [3]. Based on Table 1.4 values, FHRs are expected to exceed the tritium 

production of BWRs and PWRs as well as HTGRs and Heavy Water-cooled Reactors (HWRs) in 

terms of daily tritium production normalized to reactor thermal power. Therefore, FHRs will 

require additional attention towards managing and controlling tritium releases compared to other 

reactor designs.  
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Table 1.4. Comparison of tritium production rates among different reactor designs. From [3]. 

Reactor Class Normalized Tritium Production Rate [Ci/GWt-day] 

BWR 12.3 

PWR 13.9 

HTGR 18.0 

HWR 1,176 

FHR BOL: 10,129    EQ:2,931 

 Even at low tritium production rates, the buildup of tritium inventory and release of tritiated 

sources from a nuclear plant can lead to violation of regulatory limits. For example, a leak of the 

advance off gas line in the Vermont Yankee BWR plant created from pipe tunnel design 

modifications in 1978 resulted in a tritium groundwater concentration measured in 2010 that 

exceeded the US Environmental Protection Agency’s drinking water limit of 2∙10-5 μCi/ml [31]. 

While there were no health risks attributed to the leak of tritiated water, the incident contributed 

to the Vermont Senate’s decision to vote in favor of closing the plant prior to the expiration of its 

operating license [32]. The Vermont Yankee experience highlights the need to consider all tritium-

relevant regulations during operation of nuclear plants, rather than only the effluent concentration 

restrictions shown in Table 1.3. 

 Safe operation of reactors with elevated tritium production rates is achievable, as 

demonstrated by decades of experience with heavy water reactors [33]. Industrial solutions have 

been previously developed to monitor tritium activity around the plant, capture tritium prior to 

environmental release, and safely store tritium in compact waste forms [34]. However, technical 

challenges exist for FHR designers in predicting the tritium distribution among reactor systems, 

accounting for release rates to various plant regions, planning for various levels of tritium 

inventory in reactor components, and designing tritium capture and storage systems with adequate 

efficiencies to minimize tritium release to the environment. 
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1.3. Thesis Objectives and Outlines 

 The elevated production rate and mobility of tritium in high-temperature molten Flibe salt 

motivates the need to evaluate tritium control solutions as part of the FHR design process. A central 

goal of this study is to improve system-level tritium transport models, both by expanding the level 

of detail in the reactor model and by representing additional important tritium transport phenomena. 

Furthermore, Tritium distribution predictions from a system-level transport model can then be 

used to quantitatively asses to advantages and limitations of proposed tritium management 

strategies. Using the updated model, example tritium management strategies for the FHR are then 

proposed based on tritium extraction systems and permeation barrier coatings. Thesis objectives 

and how they are addressed in each section are discussed below. 

 

Section 2 - Tritium Transport in Fluoride-Salt-Cooled High-Temperature Reactors 

Objective:  Identify key tritium transport phenomena and evaluate current available data and 

knowledge gaps. 

Tritium transport phenomena are divided into the categories of generation, speciation, transport in 

Flibe, permeation through metals, and retention in graphite. Aspects of each process are discussed 

in detail to provide a useful technical background for interpreting the results of later sections. 

Measurements from previous studies of each experimentally-derived parameter used in the system-

level tritium transport model are shown in plots and complied and tables in Section 2 to show the 

spread in literature data and identify the most suitable data sources. 

 

Section 3 - Tritium Distribution in MITR Fluoride Salt Irradiations 

Objective:  Summarize lessons learned from MITR Flibe irradiations and how the results can be 

used to assist in development of a method to simulate tritium retention in FHR graphite. 

Graphite samples from three in-core Flibe experiments at the MIT Reactor were analyzed for 

tritium content, chemical form, and retention mechanisms through thermal desorption testing. The 

desorption tests help to understand the percentage of tritium retained in graphite and its 

prototypical value in Flibe-graphite environment. Furthermore, details from the desorption 

experiments are compared to literature studies to draw parallels to the previously proposed 

mechanisms for retention of gaseous hydrogen in graphite. 
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Section 4 - Modeling Tritium Transport in Graphite under FHR Conditions 

Objective:  Describe methods to calculate tritium retention in graphite at FHR conditions and 

compare against experimental data. 

Based on similarities observed in the MITR graphite desorption experiments, mechanisms for 

gaseous hydrogen in graphite were applied to determine the uptake, transport, and trapping of 

tritium from molten Flibe. A method based on a bulk-diffusivity of hydrogen in graphite is 

proposed along with another model using separate diffusivities and concentration terms to track 

tritium in graphite pores and filler grains. Results from each model were compared to previous 

absorption and desorption experiments of deuterium gas in nuclear graphite. 

 

Section 5 - System-Level Tritium Transport Model Development 

Objective:  Outline the calculation process in a system-level tritium transport model, interpret 

the baseline results, and describe potential uncertainties which influence model predictions. 

The implementation of the graphite retention model and other transport phenomena are described 

for the TRIDENT Mod1 code developed in Matlab Simulink. Outputs from the model under a set 

of baseline conditions are shown in order to describe the expected tritium release behavior in a 

standard FHR. Possible ways in which model results could deviate from the baseline are shown 

through an input parameter sensitivity analysis. Additionally, the impact of modeling assumptions 

on tritium chemical forms and pebble recirculation conditions were evaluated. 

 

Section 6 - Overview of Tritium Management Strategies for the FHR   

Objective:   Evaluate FHR tritium management strategies using the TRIDENT Mod1 results. 

Potential tritium release pathways in the FHR plant are first evaluated for the relative difficulty in 

capturing tritium from each region with commercially available materials. Tritium management 

strategies are then implemented into the TRIDENT Mod1 code and performance of each strategy 

is ranked on the degree to which tritium release is minimized in undesirable reactor regions where 

tritium capture is most difficult. Overall releases are compared to typical values from current 

operating light water and heavy water reactors. 
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Section 7 - Conclusions and Future Research Needs 

Objective:   Summarize tritium management simulation results and recommend topics for future 

work to improve tritium transport modeling efforts. 

The results from system-level tritium transport models can help to quantitatively evaluate potential 

tritium management strategies in a FHR, and guide a path forward in developing effective tritium 

controls for future designs. However, the emphasis made on model results should be weighed 

against potential uncertainties in the calculation process. Specific parameters in need of additional 

investigation are highlighted based on the results of the sensitivity study. The impact of unresolved 

tritium transport phenomena on the tritium distribution is also hyposethesized. Further refinement 

of tritium transport models can strengthen the conclusions drawn from model outputs, and better 

guide the development of tritium management strategies for the FHR. 
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2. Tritium Transport in Fluoride-Salt-Cooled High-Temperature Reactors 

 An initial understanding of how and where tritium will be released from a FHR creates the 

technical basis for engineering controls and design decisions implemented as part of a tritium 

management strategy. Predicting the tritium distribution in a FHR is possible when relevant 

phenomena are sufficiently understood and accounted for. In this section, important technical 

considerations are summarized according to a rough chronological life-cycle of tritium atoms in a 

FHR – where tritium is first generated through neutron reactions, speciated into chemical forms in 

Flibe, and then transported to interfaces where it can dissosciate from the salt phase. 

2.1. Tritium Generation 

 Flibe is the primary source of tritium in FHRs and thus focus of this work. Tritium 

generated from other sources in the reactor will most likely have less mobility than that of tritium 

present in the salt. For example, tritium generated by ternary fission in fuel kernels is not 

significantly released from TRISO fuel particles because of tritium retention in the pyrolytic 

carbon layer as well as the low tritium permeability of the silicon carbide layer [35]. Within Flibe, 

each salt constituent has a contribution to total tritium generation, with the dominant source from 

Li isotopes. The relevant reactions are shown in equations 2.1 through 2.7. As shown in the cross 

sections plotted in Figure 2.1, the lithium-6 reaction is the only Flibe source which can produce 

tritium at low neutron energies. The lithium-6 cross section is also quite large with a value of 938 

barns at 300K [36]. Therefore, a Flibe-cooled FHR must use a salt enriched in lithium-7 to avoid 

the significant tritium production and neutronic penalty caused by lithium-6. However, it is not 

possible to completely eliminate lithium-6 in the reactor since it is continuously added through the 

reaction with beryllium in equation 2.6 to produce helium-6, and the decay of helium-6 to lithium-

6 shown in equation 2.7. The breeding and burnup of lithium-6 results in a tritium production rate 

that changes over time and reaches equilibrium once the lithium-6 concentration is steady. The 

next highest tritium-producing reaction is from lithium-7 shown in equation 2.2, which is an 

inelastic scattering reaction that brings the nucleus to the continuum level with a threshold energy 

of 2.47 MeV and releases an alpha particle, a tritium atom, and the scattered neutron [37]. 

Eq. 2.1 𝐿𝑖 
6 + 𝑛 → 𝐻𝑒 

4 + 𝐻 
3    

Eq. 2.2 𝐿𝑖 
7 + 𝑛 →  𝐻𝑒 

4 + 𝐻 
3 + 𝑛′   

Eq. 2.3 𝐵𝑒 
9 + 𝑛 → 𝐿𝑖 

7 + 𝐻 
3    
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Eq. 2.4 𝐹 
19 + 𝑛 → 𝑂 

17 + 𝐻 
3    

Eq. 2.5 𝐿𝑖 
6 + 𝑛 → 𝐻𝑒 

4 + 𝐻 
3    

Eq. 2.6 𝐵𝑒 
9 + 𝑛 → 𝐻𝑒 

6 + 𝐻𝑒 
4    

Eq. 2.7 𝐻𝑒 
6 → 𝐿𝑖 

6 +  𝛽 + 𝜈𝑒̅    (t1/2 = 0.8 s)   

 

Figure 2.1. Neutron microscopic cross sections relevant to tritium production in Flibe salt (left) 

and focused plot of reactions at neutron energies above 1 MeV (right). From [36]. 

 At high lithium-7 enrichments (>99.99%), the share of tritium generated by lithium-6 still 

becomes comparable to that of lithium-7. Tritium sources evaluated for the Molten Salt Breeder 

Reactor, the 2250 MW commercial-scale design envisioned to follow the Molten Salt Reactor 

Experiment (MSRE) [38], are shown in Table 2.1. It is not stated whether the production rates are 

the equilibrium or initial values, and the lithium-7 enrichment is only listed as 99.99+% [38]. 

However, it is clear that the lithium-7 reaction makes a significant contribution to total tritium 

generation. There is also a noticeable source of tritium from ternary fission, which creates roughly 

one tritium fission product per 104-204 fissions of uranium [28]. For a liquid-fueled reactor like 

the MSBR, ternary fission would result in a direct source of tritium into the fuel salt. 

Table 2.1. Tritium sources and production rates calculated for a 2250 MWt MSBR. From [38]. 

Tritium Source Production Rate [Ci/day] 

Ternary Fission 31 
6Li(n,t)3H 1210 

7Li(n,n*)3H 1170 
19F(n,17O)3H 9 

Total: 2420 
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The isotopic contributions to tritium generation were also calculated for the FS-3 

irradiation at the MIT Reactor (MITR). In the irradiation, 101.5 grams of Flibe were irradiated 

inside of a capsule in a high flux region of the reactor core. The Flibe was supplied from ORNL, 

where it was originally used in the intermediate heat transfer loop of the MSRE. Based on 

measurements taken during the salt’s production, the lithium-7 enrichment was between 99.990 

and 99.991 wt% [39]. Reaction rates in the FS-3 Flibe were calculated based on a full-core model 

of the MITR including the experimental capsule [40], which are plotted as a function of neutron 

energy in Figure 2.2. The percent contributions of each reaction are shown in Table 2.2. 

Understanding the different contributions is important in determining how the tritium generation 

rate will evolve with time. The total tritium generation rate will also vary in a commercial-scale 

FHR based on the neutron flux and neutron energy spectrum seen by the salt. 

 

Figure 2.2. Reaction rates for tritium relevant reactions calculated in MCNP for the FS-3 

irradiation at the MIT Reactor. From [41]. 

Table 2.2. Flibe constituent contributions to total tritium generation in the FS-3 irradiation 

experiment calculated by MCNP. From [41]. 

Reaction Tritium Generation 
6Li(n,t)3H 65.2% 

7Li(n,n*)3H 34.8% 
9Be(n,t)3H 0.003% 

19F(n,17O)3H 0.025% 
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 Generation of tritium in a FHR from sources other than the Flibe coolant can be roughly 

estimated by assuming the reactor core design and neutron energy spectrum will be similar to that 

of a HTGR, although in practice there could be notable differences in neutron spectrum based on 

the ratio of carbon moderator to nuclear fuel in each reactor. The tritium source term for the high 

temperature gas-cooled reactor pebble-bed module (HTR-PM) reactor has been calculated based 

on a 40 year lifespan [42]. In the HTR-PM design, two 250 MWt modules are used to produce a 

total of 200 MWe. Production rates converted to a daily basis are shown in Table 2.3. The major 

sources are ternary fission as well as activation of boron in the B4C control rods, along with 

activation of lithium and boron impurities in the graphite [42].  

Table 2.3. Tritium production from various sources in a 250 MWt HTR-PM module. From [42]. 

Tritium Source Generation Rate [Ci/day] Proportion 

Ternary fission 3.64 23.20% 

He-3 in primary coolant 8.60E-1 5.46% 

Li-6 in fuel elements 1.17 7.43% 

Li-7 in fuel elements 1.75E-3 0.01% 

Li-6 in graphite reflectors 2.72E-1 1.73% 

Li-7 in graphite reflectors 2.59E-3 0.02% 

Li-6 in carbon bricks 7.75E-3 0.05% 

Li-7 in carbon bricks 1.89E-7 < 0.01% 

B-10 in carbon bricks 3.51E-2 0.22% 

B-10 in control rods 9.73 61.88% 

B-10 in absorber balls 9.15E-05 < 0.01% 

Total: 15.7  

If a FHR design also includes boron carbide control rods and graphite with similar impurity 

levels, then the non-Flibe tritium sources can be approximated by scaling the HTR-PM rates to the 

FHR power level. Production from helium-3 can be neglected since this originates from the HTR-

PM coolant. The proportion of tritium sources for a 320MWt FHR are shown in Table 2.4, along 

with the equilibrium Flibe tritium production rate based on the Mk-1 FHR design [43]. All fuel 

element, reflector, and carbon bricks are combined into one category. In a rigorous analysis, the 

total generation should be calculated directly in a full-core model using the as-designed dimensions, 

material compositions, and neutron spectrum and flux of the reactor. However, this first-order 

approximation provides justification for focusing on Flibe in regards to tritium management in the 

FHR design since it is the source of 98% of tritium generation. 
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Table 2.4. Estimation of tritium sources in a 320MWt FHR using scaled non-Flibe sources from 

the HTR-PM tritium source term analysis [42]. The FHR values assume a core Flibe volume of 

7.2 m3 and total Flibe volume of 46.82 m3 [3]. 

Tritium Source Generation Rate [Ci/day] Proportion 

Ternary fission 4.66 0.5% 

Impurities in graphite 1.86 0.2% 

B-10 in control rods 12.5 1.3% 

Flibe total (equilibrium) 938 98.0% 

Total: 957  

2.2. Tritium Speciation 

 After generation, tritium will exist in the salt in either its chemically reduced form, T2, or 

its oxidized form of TF [3]. The presence of a hydrogen partial pressure above the salt can also 

convert tritium of either form into HT [44, 45]. Assuming that the salt is a fully dissociated mixture 

of ions, TF is also written as T+ [44]. Other oxidized forms such as HTO or T2O are possible, 

although molten salt systems are typically purged of oxygen and moisture and Flibe chemistry 

would favor the formation of BeO with any remaining oxygen or water instead [46, 47]. Predicting 

and tracking the chemical form of tritium in the salt is important since transport properties and 

solubilities of each species are significantly different. Furthermore, the chemical form of tritium 

has a strong influence on mechanisms of tritium release. For example, both TF and T2 can evolve 

from the salt to off-gas [44], but only T2/HT is observed to permeate through metals [48, 49]. 

 While different chemical forms can eventually exist in the salt, it is generally agreed that 

tritium is initially born into the oxidized form, TF [3, 44]. Assuming that tritium fluoride 

dissociates into ions in the salt, then TF can also be writted as T+ [44]. The initial generation as TF 

can be inferred from the irradiation experiments from Suzuki et al, where the H2 partial pressure 

in a helium sweep gas above Flibe was varied while the salt was irradiated. The chemical form of 

tritium released from the salt was monitored and as the H2 decreased, the percentage of TF release 

was elevated. At the lowest used H2 partial pressure of 1 Pa, TF accounted for 99% of the release 

[44]. Therefore, in the absence of other effects, like interactions with the H2 cover gas, tritium was 

generated and eventually released from the salt as TF. The chemical form of tritium was also 

monitored during irradiations of frozen Flibe at room temperature and in contact with dry ice [50]. 

Irradiation of frozen Flibe led to roughly 15% production of T-, likely as LiT, less than 1% T2, and 

the remaining balance as TF. The fraction of TF slightly increased for the room temperature salt 
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compared to the irradiation with dry ice. When the salt was heated to 873K, there was no T- 

measured in tritium released from the salt [50]. The preference for T+ generation in molten Flibe 

can also be explained by a charge balance of reactants and products from the transmutation, as 

shown in equations 2.8 through 2.10 below. In all cases, tritium must exist as T+ in order to balance 

the charges of the other elements in their typical redox states. 

Eq. 2.8 𝐿𝑖+ + 𝑛 →  𝐻𝑒𝑜 + 𝑇+   

Eq. 2.9 𝐵𝑒2+ + 𝑛 →  𝐿𝑖+ + 𝑇+   

Eq. 2.10 𝐹− + 𝑛 →  𝑂2− + 𝑇+   

2.2.1. Speciation Based on Equilibrium Conditions 

 After generation as TF, tritium will distribute into different chemical forms based on 

conditions in the FHR. Determining the chemical speciation of tritium is a fundamental step 

towards understanding the transport and distribution of tritium in the reactor. Ultimately, the 

driving force of speciation is the redox potential, or chemical potential energy of the salt. A 

reducing chemical environment in molten fluoride salts is required to prevent excessive corrosion 

of structural alloys [51, 52]. Therefore, the production of tritium fluoride raises the salt chemical 

potential since TF is significantly more oxidizing than the salt constituents LiF and BeF2 as well 

as likely impurities CrF2, FeF2, and NiF2 produced by corrosion of candidate FHR structural alloys 

such as Hastelloy-N or 316 stainless steel [53, 3]. A FHR will operate within a set redox potential 

window, and a designated chemical control strategy will be employed in order to convert TF to T2 

to limit corrosion [3]. Once the generated tritium comes to chemical equilibrium in the salt, the 

amount of TF and T2 can be calculated according to the designed redox potential. 

 One method for characterizing salt chemical behavior is based on the ‘fluorine potential,’ 

or partial pressure of free fluorine gas in the salt [54]. Fluorine potential, ΔḠF2, is defined in 

equation 2.11, where R is the universal gas constant, T is temperature in Kelvin, and pF2 is the 

partial pressure of F2 gas in atmospheres. Because of its extreme reactivity, free fluorine gas should 

not exist in the salt in any reasonable quantity. Fluorine can be generated in nuclear applications 

from radiolysis, but the recombination rate of F2 with displaced active metals increases with 

temperature and is sufficiently rapid such that no F2 release from fluoride salts was observed in 

experimental measurements with salt temperatures above 150ºC [55]. While F2 partial pressures 

are not expected to be significant in Flibe, defining a fluorine potential based on pF2 is a useful 
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closure for solving equilibrium chemical reactions relevant for molten fluoride salts. The fluorine 

potential can be related to the TF:T2 ratio as shown in equation 2.12, where and pT2 are pTF are the 

partial pressures of tritium fluoride and diatomic tritium, and ΔGºTF is the standard free energy of 

formation of TF gas [54]. 

Eq. 2.11 ∆𝐺̅𝐹2
≡ 𝑅𝑇𝑙𝑛(𝑝𝐹2

)   

Eq. 2.12 ∆𝐺̅𝐹2
= 2𝑅𝑇𝑙𝑛(𝑝𝑇𝐹/√𝑝𝑇2

) + 2Δ𝐺𝑇𝐹
0    

 The fluorine potential is set by the initial salt purification procedure and by chemical 

adjustments made during reactor operation. The upper bound for fluorine potential can be 

considered as the most oxidizing step during the purification process, typically where a gas sparge 

of 1:10 HF:H2 is used which results in a ΔḠF2 of -590 kJ/mol F2 according to equation 2.12 [54]. 

Chemical purification steps after the HF:H2 sparge, such as pure H2 sparging or beryllium additions 

will move the salt to a more reducing state [56]. After the final purification steps, salt chemistry 

will still be monitored and controlled during reactor operation. For the MSRE, it was determined 

that maintaining a 100:1 ratio of UF4 to UF3 in the fuel salt would result in sufficiently reducing 

conditions to prevent corrosion [57]. Instead of TF or T2 partial pressures, the redox potential in 

this case is set by the activities of UF4 and UF3 in the salt (aUF4 and aUF3), as shown in equation 

2.13. The ΔGº34 term refers to the standard free energy change of the UF3 reaction with F2 gas to 

produce UF4 [54]. According to equation 2.13, the fluorine potential corresponding to a 100:1 UF4 

to UF3 condition is -700.5 kJ/mol F2 at 650°C [3].  

Eq. 2.13 ∆𝐺̅𝐹2
= 2𝑅𝑇𝑙𝑛(𝑎𝑈𝐹4

/𝑎𝑈𝐹3
) + 2Δ𝐺34

0    

 For Flibe salts without uranium, a practical lower limit for fluorine potential is when Flibe 

is fully reduced and in chemical equilibrium with beryllium metal, which occurs at -902.5 kJ/mol 

F2 [54]. The fluorine potential calculation for control by beryllium is shown in equation 2.14, 

which depends only on the activity of beryllium fluoride in the salt since the beryllium metal is 

assumed to have an activity of 1 [54]. Tritium fluoride to T2 ratios are plotted in Figure 2.3 for a 

T2 partial pressure of 1 atmosphere along with the three redox conditions described previously. 

Figure 2.3 shows a significant variation in tritium speciation between TF and T2 over the range of 

FHR redox potentials.  

Eq. 2.14 ∆𝐺̅𝐹2
= 2𝑅𝑇𝑙𝑛(𝑎𝐵𝑒𝐹2

) + Δ𝐺𝐵𝑒𝐹2

0    
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Figure 2.3. TF to T2 ratios for a T2 partial pressure of 1 atm calculated for various redox 

potentials. Dotted lines show the FHR lower bound at full Be reduction, upper bound from 

purification, and MSRE target redox potential [43, 54]. 

 In practice, it is difficult to observe partial pressure of free fluorine in molten salt and 

electrochemical measurements are used to characterize redox potential instead. Fluorine potential 

can be converted into a voltage according to equation 2.15 below, where Esalt is the redox potential 

of the salt, F is Faraday’s constant and EºF2 is the standard potential for reduction of F2 gas [56]. 

Standard electrode potentials for several half-cell reactions in Flibe have been tabulated by Baes 

[53], and are plotted as a function of temperature in Figure 2.4. The reaction potentials are defined 

in reference to HF|H2 = 0 volts [53]. As discussed previously, the lowest feasible redox potential 

in Flibe would be where beryllium is used as a reducing agent, and all other electroactive species 

in the salts are reduced to the point where the redox potential is set by the Be|BeF2 reaction. If a 

stronger reducing agent were used, then beryllium fluoride would also be reduced and the 

composition of the coolant would change. Without any redox control, corrosion of structural alloys 

will occur and corrosion products will exist as metal fluoride impurities in the salt. Since chromium 

forms the most stable fluoride of common alloying elements [58], chromium fluoride will 

preferentially leech into the salt and thereby control the redox potential according to Cr|CrF2. 

Therefore, a redox potential window in the salt can be defined as the region below the Cr|CrF2 

voltage and above the Be|BeF2 reaction [3]. 
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Eq. 2.15 𝐸𝑠𝑎𝑙𝑡 =
∆𝐺̅𝐹2

2𝐹
+ 𝐸𝐹2

𝑜  
 

 

 

Figure 2.4. Electrode potentials vs. HF|H2 for relevant half-cell reactions in Flibe. The FHR 

redox potential window refers to the salt potential range in which the reactor could operate [3]. 

 Examples of redox potential measurements in molten fluoride systems help demonstrate 

what chemical conditions can be expected in future reactors. In the MSRE, the redox potential was 

assessed by electrochemically monitoring the UF4:UF3 ratio in the salt periodically [59]. The 

UF4:UF3 measurements over the reactor’s operating history are shown in Figure 2.5 [57, 60]. There 

was a gradual oxidation occurring over time since the average stable valence state of fission 

products was slightly less than that of uranium fluoride in the salt [57], and therefore free fluorine 

was continuously liberated. The sharp decreases in UF4:UF3 occurred when beryllium metal was 

added to the primary salt to control chemical potential [57]. As shown in Figure 2.5, the MSRE 

was above the target ratio of 100:1 UF4:UF3 for roughly the first half of the period where potential 

was actively monitored. 
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Figure 2.5. Measured UF4 to UF3 ratio in the primary salt during operation of the MSRE. Data 

compiled and converted in [60], and sourced from [57]. 

 For coolant salts without uranium, a reference voltage signal can be created from the 

reduction of beryllium in the salt itself [56, 61, 62]. In this case, the redox potential of the salt can 

be calculated from difference of the standard potential of the beryllium reference reaction, EºBe|BeF2, 

and the measured voltage, Ecell, as shown in equation 2.16. Redox potential from three beryllium-

referenced experiments are plotted with the standard electrode potentials of H+, Ni, Fe, Cr, Be, and 

Li in Figure 2.6. The point at 500ºC refers to the measured redox potential of purified Flibe 

produced at the University of Wisconsin – Madison (UW) [56]. The next measurement at 600ºC 

was of Flinabe salt (15%LiF-58%NaF-27%BeF2) in a thermal convection loop [61]. Lastly, the 

650ºC point references measurements taken in another thermal convention loop with Flibe salt 

produced at ORNL [62]. Figure 2.6 also shows the MSRE operating redox range based on the 

highest and lowest values of UF4:UF3 in Figure 2.5. In all three experiments, the measured redox 

potentials are closer to Cr|CrF2 than to Be|BeF2. For the UW, ORNL, and MSRE salts, beryllium 

was also added to the salt in order to reduce the potential. Therefore, unless an aggressive reduction 

strategy is enforced in a reactor, the redox potential is likely to be elevated from corrosion products 

or other impurities in the salt. While these redox potentials may be acceptable for corrosion control, 

any significant deviations need to be accounted for in order to correctly predict tritium speciation. 
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Eq. 2.16 𝐸𝑠𝑎𝑙𝑡 = 𝐸𝐵𝑒|𝐵𝑒𝐹2

𝑜 − 𝐸𝑐𝑒𝑙𝑙   

 

Figure 2.6. Electrode potentials from Figure 2.4 along with measured salt redox potential from 

three experiments and the observed upper and lower limits of the MSRE [56, 57, 61, 62] 

2.2.2. Kinetic Factors in Tritium Speciation 

 The calculation for tritium speciation based on fluorine potential provides a simple way to 

determine the relative amounts of TF and T2 in Flibe for a given chemical condition. However, a 

clear disadvantage is that the results are only valid for a chemical equilibrium in the salt, whereas 

tritium will be born far from the equilibrium condition if generated as TF. While chemical control 

systems will be implemented in a FHR set a reducing redox potential [5], if the time required for 

tritium to reach a reducing chemical equilibrium potential is similar to or less than the average 

residence time of tritium in the FHR primary loop, then there will be significantly higher 

concentrations of TF in the salt than that predicted by the fluorine potential model. This process is 

demonstrated in the irradiation experiments by Suzuki et al, where roughly 200g of Flibe was 

irradiated in the IntrexFlibe facility of the YAYOI fast neutron source reactor, shown in Figure 2.7 

[44]. Tritium generated in the salt crucible had an average residence time on the order of hours 
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before evolving to the sweep gas, which was continuously monitored for tritium activity [63]. 

When beryllium metal with a surface area of roughly 20 cm2 was added to the salt, there was still 

over 90% of tritium released from the salt as TF. As shown in Figure 2.7, the pure helium sweep 

gas with beryllium addition had a similar ability to convert TF to HT/T2 as the sweep gas stream 

with 0.01%H2 [64]. The authors speculate that the reaction of TF with beryllium was only able to 

occur at the surface of the added beryllium metal. Therefore, the transport of TF to the salt surface 

and evolution out of the salt was overall more likely than transport to, and reaction with, the 

beryllium metal. 

  

Figure 2.7. Experimental layout for tritium generation and sampling in the IntrexFlibe facility 

(left) [44]. Normalized release of non-condensable tritium (HT/T2) during the irradiations in the 

case of helium with varying H2 partial pressure [64]. Beryllium metal was added to the salt in the 

run which used pure helium (labeled He). 

 Other studies show that the dissolution of beryllium metal into Flibe is possible, which 

would then allow for TF reduction throughout the salt volume instead of only at the surface of 

added beryllium metal particles. The saturated concentration of Be0 in Flibe was estimated to be 

21 mol/m3 based on immersion of a beryllium rod for 210 hours at 803K [65]. Beryllium 

dissolution can also be qualitatively observed in Figure 2.8, where Be metal flakes transitioned 

from discrete particles to liquid pools after several hours at 600ºC [60]. However, even when 

dissolution occurs, kinetic effects in reactions with beryllium are still observed. The reduction of 

tritium fluoride into T2 by beryllium metal is shown in equation 2.17. Fukada et al were able to 
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calculate the reaction rate constant by monitoring the HF concentration in an off-gas stream after 

bubbling He+H2+HF through Flibe during and after the immersion of a beryllium rod [66]. The 

beryllium dissolution was correlated with the immersion time beforehand so the Be0 concentration 

could be predicted during the HF tests. Their results show a reaction rate constant, kBeF2
*, of 1.5∙106 

mol/m3-s as defined in equation 2.18. Since the product BeF2 is significantly more stable than the 

reactant HF [66], the rate of the reverse reaction is neglected and the overall reaction depends only 

on the forward rate constant and the salt molar fractions of Be and HF, xBe and xHF, respectively. 

Eq. 2.17 2𝑇𝐹 + 𝐵𝑒 → 𝑇2 + 𝐵𝑒𝐹2  

Eq. 2.18 𝑅𝐻𝐹→𝐻2
= 𝑘𝐵𝑒𝐹2

∗ 𝑥𝐵𝑒𝑥𝐻𝐹  

 

 

Figure 2.8. 60g of frozen Flibe in a glassy carbon crucible (left). Beryllium metal flakes with a 

5mg total mass suspended by surface tension on the molten Flibe surface at 500ºC (center). 

Dissolution of flakes observed after 330 minutes at 600ºC (right). From [56, 60]. 

 Reaction with added beryllium is just one way in which tritium chemical forms can be 

altered in Flibe. Because of the oxidizing nature of TF, the nickel, iron, and chromium in structural 

alloys can also be converted to metal fluorides. However, the oxidation of carbon to carbon 

tetrafluoride by HF is still not an energetically favorable reaction [53]. The oxidation of a generic 

metal ‘M’ by TF to produce T2 is shown in equation 2.19. Equation 2.19 is balanced with 2 TF 

molecules since the dominant valence state of Ni, Fe, and Cr in Flibe is +2 [2]. If TF and HF 

impurities are both present in the salt, then equation 2.20 could occur and produce HT as a product 

instead of T2. Any HF impurities will also convert to hydrogen through equation 2.21 below. 

However, additional HF can be created if moisture ingress occurs in the FHR primary loop systems, 

particularly through the reaction of beryllium fluoride to beryllium oxide [67]. These chemical 

reaction pathways for tritium conversion are illustrated in Figure 2.9. 
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Eq. 2.19 2𝑇𝐹 + 𝑀 → 𝑇2 + 𝑀𝐹2 Rxn. 1 

Eq. 2.20 𝑇𝐹 + 𝐻𝐹 + 𝑀 → 𝐻𝑇 + 𝑀𝐹2 Rxn. 2 

Eq. 2.21 2𝐻𝐹 + 𝑀 → 𝐻2 + 𝑀𝐹2 Rxn. 3 

 

Figure 2.9. Conceptual network of pathways in which tritium chemical forms TF, T2 and HT can 

be altered in Flibe salt. 

 Predicting the chemical form of tritium in Flibe is further complicated by isotopic exchange 

reactions if H2 is present – isotopic exchange reactions are noted with the superscripts 4 and 5 in 

Figure 2.9. The Suzuki et al Flibe irradiations clearly demonstrate that H2 gas can convert TF in 

the salt to HT through the reaction in equation 2.22 [44, 48]. Through varying the H2 pressure and 

fitting HT release data to a kinetic model, the reaction rate constant for the isotopic exchange 

reaction, kIE, was estimated to be 100 m3/mol-s [47]. The rate of isotopic exchange in units of 

mol/m3-s can be calculated as shown in equation 2.23, where the bracketed species refers to a 

concentration in mol/m3. To simplify the reaction model, it was assumed that both the forward and 

reverse isotopic exchange reactions have the same rate constant [47]. Lastly, isotopic exchange 

can mix a portion of T2 and H2 gases into HT [68]. Partial pressures of HT, H2, and T2 in a gas 

mixture can be determined based on equation 2.25 and the equilibrium constant for the reaction, 

KHT, measured by Jones et al [69]. The influence of each species in hydrogen-tritium systems is 

important to consider for calculations of permeation and solubility in materials [45]. 
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Eq. 2.22 𝑇𝐹 + 𝐻2

 
↔ 𝐻𝑇 + 𝐻𝐹 Rxn. 4 

Eq. 2.23 𝑅𝐼𝐸 = 𝑘𝐼𝐸[𝑇𝐹][𝐻2] − 𝑘𝐼𝐸[𝐻𝑇][𝐻𝐹]  

Eq. 2.24 𝑇2 + 𝐻2

 
↔ 2𝐻𝑇 Rxn. 5 

Eq. 2.25 (𝑝𝐻𝑇)
2 = 𝑝𝐻2

𝑝𝑇2
𝐾𝐻𝑇  

 Interrelationships between hydrogen and tritium-containing chemical species shown in 

Figure 2.9 create a significant challenge towards the implementation and validation of a kinetic 

speciation model. In certain scenarios, reaction pathways become one-directional and some species 

can be neglected. For example, if the FHR were flooded with excess H2 to produce dissolved H2 

gas in the salt,  then the reactions in equations 2.22 and 2.24 would become heavily product favored 

and HT would be the dominant form of tritium in Flibe. However, hydrogen injection may not be 

desirable because it will increase the fraction of tritium released by permeation [48], and 

potentially cause embrittlement of structural metals [70]. If no hydrogen is added, it is still difficult 

to neglect completely due to the production of H2 from corrosion of HF impurities. Therefore, due 

to the lack of information on the concentration and production of the species listed in Figure 2.9 

as well as the limited information on the kinetics of some reaction pathways, the equilibrium 

calculation based on redox potential is used for the modeling tritium transport results in this work. 

If the equilibrium method is later found to be inadequate, then a model which explicitly tracks the 

TF, HF, H2, T2, and HT in the salt should be investigated. 

2.3. Tritium Transport in Molten Fluoride Salt 

2.3.1. Transport in Static Flibe 

 One important implication of tritium speciation is the difference in transport properties of 

TF and T2 in Flibe. Properties such as tritium diffusivity and solubility in Flibe govern the 

concentration, mobility, and release path of tritium from the salt, which ultimately can influence 

the optimal tritium management strategy for the reactor. Unfortunately, large discrepancies have 

been reported in literature for relevant transport data in Flibe as well as other fluoride salts. The 

results and interpretations from a set of experimental measurements are discussed in this section. 

 An apparatus for the direct measurement of gas solubility in molten salt is shown in Figure 

2.10. Key components of the system are the saturator vessel, transfer tube, and stripping section. 

In the saturator section, gases are bubbled through the salt to ensure sufficient mixing and uptake 
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of the gas into solution. For the measurement of H2 solubility in salt, a 2 hour vigorous bubbling 

period followed by 2 hours of slight overpressure caused sufficient saturation of Flibe [71]. After 

saturation, the salt is moved through the transfer tube to the stripping section. Salt in the transfer 

tube is quickly frozen after the transfer in order to isolate the stripping section from the saturator. 

Therefore, the gas released from the salt in the stripping section can be used to calculate the 

solubility if the amount of salt in the stripping vessel is known [71]. A similar setup was also used 

for measurement of HF solubility in Flibe [72]. 

 

Figure 2.10. Experimental system for measuring gas solubility in molten salts consisting of a 

saturation section, stripping section, and transfer tube with a freeze valve [71]. 

 Results from the solubility studies show that the concentration of hydrogen and hydrogen 

fluoride in molten Flibe is proportional to the partial pressure of charging gas above the salt [71, 

72]. An example of results from the saturation and stripping apparatus are shown in Figure 2.11 

for hydrogen and helium in Flibe [71]. A linear relationship between dissolved gas concentration 

and pressure is defined as Henry’s law [73], which is shown in equations 2.26 and 2.27 for HF and 

H2. In equation 2.26 with HF, for example, cHF is the dissolved concentration of HF in mol-HF/m3-

salt, pHF is the partial pressure in Pa, and thus the KH,HF is the slope of the concentration-pressure 

line in mol/m3-Pa. The slope KH is referred to as the Henry’s law constant or just the solubility, 

which depends on the particular gas species as well as temperature. However, since HF and H2 are 

dissolved as gases in the salt, the meaning of solubility via Henry’s law has a very different 

interpretation than the solubility of a dissolved solid, for example.  
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Eq. 2.26 𝑐𝐻𝐹 = 𝐾𝐻,𝐻𝐹𝑝𝐻𝐹    

Eq. 2.27 𝑐𝐻2
= 𝐾𝐻,𝐻2

𝑝𝐻2
    

  

Figure 2.11. Dissolved gas concentration in Flibe verses partial pressure of the charging gas. 

Slope of linear fits results in Henry’s law coefficients of 8.29∙10-7 and 4.28∙10-7 mol/m3-Pa for 

helium and hydrogen, respectively [71]. 

 Permeability and diffusivity are other properties which can be measured in a static salt 

experiment. A common technique involves creating an approximately one-dimensional salt 

geometry where an analytical solution to the diffusion equation can be obtained. One example of 

a typical apparatus is shown below in Figure 2.12, as used by Fukada et al and Calderoni et al. [74, 

75]. In this system, the hydrogen isotope of interest is concentrated to a desired partial pressure in 

the gas space under the salt. A thin nickel permeation barrier separates the gas mixture and the salt, 

while the walls of the container are made of stainless steel. It is assumed that the thin nickel barrier 

provides a negligible permeation resistance, while the stainless steel is a very strong barrier. 

Therefore, the steady state flux of tritium through the salt depends only on the salt thickness (LSalt), 

salt hydrogen permeability (ФSalt), and hydrogen differential pressure, as shown in equation 2.28. 

The salt permeability is a quantity defined as the product of the diffusivity of solubility of a species 

in the salt, which is shown for H2 in equation 2.29. 
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Figure 2.12. An experimental system used to measure permeability, diffusivity and solubility of 

hydrogen in Flinak salt. From [74]. 

Eq. 2.28 𝑗𝐻2,𝑆𝑡𝑒𝑎𝑑𝑦 =
Φ𝑆𝑎𝑙𝑡

𝐿𝑆𝑎𝑙𝑡
(𝑝𝐻2,𝑈𝑝

− 𝑝𝐻2,𝐷𝑜𝑤𝑛
)  

Eq. 2.29 Φ𝑆𝑎𝑙𝑡 = 𝐷𝐻2
𝐾𝐻,𝐻2

  

 Once the permeability is measured from the steady state flux, the diffusivity can be 

obtained by monitoring the time-dependent permeation rate through the salt. In the apparatus 

shown in Figure 2.12, the downstream permeation section is continuously swept by an inert off-

gas which carries away the diffusing hydrogen. Therefore, it can be assumed that the partial 

pressure and concentration of hydrogen at the salt-gas downstream interface is zero (pH2,Down≈0) 

[75]. If there is indeed no permeation resistance added by the nickel permeation membrane, then 

the input H2 partial pressure on the upstream section of the membrane is equal to the partial 

pressure at the salt-nickel interface. In this case, the upstream boundary condition for hydrogen 

concentration in the salt would be set by the gas partial pressure and Henry’s law in the salt. The 

time-dependent concentration profile of H2 in the salt can be solved according to Fick’s second 

law of diffusion along with the boundary conditions shown in equation 2.30 [75]. The one-
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dimensional analytical solution for time-dependent H2 flux, jH2(t), through the downstream surface 

of salt slab with length L is shown in equation 2.31 [74]. An example of permeation data and an 

analytical data fit is shown in Figure 2.13 for H2 diffusion through Flinak salt. The steady state 

flux was also observed to follow a linear relationship to the charging pressure, as predicted by 

equation 2.28 [74]. When both the permeability and diffusivity have been determined, the 

solubility can also be calculated for each experiment through equation 2.29. 

Eq. 2.30 
𝜕𝑐𝐻2

𝜕𝑡
= 𝐷

𝜕2𝑐𝐻2

𝜕𝑥2
   ;   𝑐𝐻2

𝑥=0 = 𝐾𝐻,𝐻2
𝑝𝐻2,𝑈𝑝  ;    𝑐𝐻2

𝑥=𝐿 = 0  

Eq. 2.31 𝑗𝐻2
(𝑡) = 2𝐿Φ𝑆𝑎𝑙𝑡𝑝𝐻2,𝑈𝑝√

𝐿2

𝜋𝐷𝐻2
𝑡
∑ (−

(2𝑛 − 1)2𝐿2

4𝐷𝐻2
𝑡

)

∞

𝑛=1

  

 

Figure 2.13 Hydrogen permeation through a 4cm ingot of molten Flinak at various temperatures 

(left). The steady state permeation flux was linearly proportional with the H2 charging pressure 

over multiple orders of magnitude (right) [66]. 

 Measurements for the diffusivity of hydrogen isotopes in fluoride salts are compiled and 

shown in Figure 2.14. Since the results involve measurements with tritium as well as hydrogen 

and deuterium, the diffusivity values are scaled to represent the isotopic effects of tritium. In 

contrast, there is assumed to be a negligible isotopic effect on the solubility of hydrogen and tritium 

in various materials [76]. For diffusion occurring as a pure random walk, diffusivities of isotopes 

would scale in an inverse square root ratio of masses according to Graham’s law [4], as shown for 
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T2 and H2 in equation 2.32. Using the inverse square root mass ratio is a good approximation at 

higher temperatures, but is known to significantly deviate from true behavior at room temperature 

or below [76]. Results in Figure 2.14 also vary based on the method for hydrogen isotope 

introduction into the salt. The results from Fukada, Calderoni, and Zeng use the setup shown in 

Figure 2.12 with hydrogen introduction through permeation membrane [74, 75, 77]. The 

Nakamura and Anderl studies also introduced hydrogen through permeation, but Nakamura et al 

used a concentric tube within a salt annulus and Anderl et al used a nickel probe [78, 79]. Two 

evaluations of TF diffusivity in Flibe are also provided for comparison – TF introduced from 

neutron irradiation of frozen Flibe by Oishi et al and atomistic simulation of TF in Flibe by Lam 

[80, 81].  

Eq. 2.32 
𝐷𝑇2

𝐷𝐻2

= √
𝑚𝐻2

𝑚𝑇2

  

Table 2.5. Compiled diffusivity measurements for T2 in Flibe. All values are converted to tritium 

diffusivities with equation 2.32. 

 Data Source T2 Diffusivity [m2/s] DT2 at 600ºC [m2/s] Ref. 

Calderoni et al 9.3e-7 exp(-42/RT) 2.86e-9 [75] 

Lam 9.349e-7 exp(-40/RT) 3.78e-9 [81] 

Nakamura et al (2/6)1/2 2.09e-8 exp(-28/RT) 5.20e-10 [78] 

Anderl et al -- 6.53e-10 [79] 
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Figure 2.14. Compiled diffusivities – solid lines represent measurements in Flibe while the 

dashed lines were in Flinak [74, 75, 77, 78, 79]. Two TF diffusivities are provided for reference 

with dash-dot lines [80, 81]. 

 Due to its position near the center of several measurements, the diffusivity provided by 

Calderoni et al has been considered as the baseline T2 diffusivity in Flibe for previous tritium 

transport modeling efforts [3]. While the Calderoni experiment has several benefits, such as the 

use of Flibe instead of Flinak and T2 instead of H2/D2, one issue was that the equilibrium 

permeation rate varied according to the square root of input T2 pressure [75]. A square root 

dependence would indicate a process where hydrogen is dissociating and diffusion is not occurring 

as a H2 diatomic molecule. One possible explanation is interference caused by the nickel 

permeation membrane. Hydrogen first needs to dissociate into monatomic H in order to permeate 

through metals, but can also recombine into H2 at the downstream permeation surface [76]. If a 

square root dependence with pressure is observed instead of a linear dependence, then either the 

tritium source was not recombining into T2 at the salt-nickel interface, or the nickel permeation 

window was actually the dominant permeation resistance and governed the pressure dependence 

of the experiment. It is not likely that the nickel membrane was a significant source of permeation 
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resistance, since Caleroni et al state that their permeation cell was provided by Professor Fukada, 

and in the Fukada et al study permeation results were equivalent with H2 charging above the salt 

along with charging below the permeation membrane [74]. In contrast, Zeng at all measured a 

significant decrease in permeation rate for hydrogen charged under a permeation membrane and 

sampled in sweep gas above the salt [77].   

 Because of the square root dependence of permeation flux with T2 partial pressure. 

Calderoni et al postulate that the tritium may have been diffusing as T+ ions bonded to BeF4
2- 

complexes [75]. Another possibility is that the 5 vol% H2 in the sweep gas converted all tritium to 

HT in the salt, and therefore the diffusion appeared to occur in a dissociative process. In this case, 

the steady state permeation flux can be written for HT as in equation 2.33 below. Assuming an 

isotopic exchange equilibrium between H2 and T2, the partial pressure of HT in the salt can be 

written in terms of known variables by substituting in equation 2.25. As shown on the right of 

equation 2.33, the permeation flux of HT follows the square root of T2 charging pressure after 

isotopic exchange is considered.  

Eq. 2.33 𝑗𝐻𝑇 =
𝐷𝐻𝑇𝐾𝐻,𝐻2

𝐿
𝑝𝐻𝑇,𝑈𝑝 =

𝐷𝐻𝑇𝐾𝐻,𝐻2

𝐿
√𝑝𝐻2

𝑝𝑇2
𝐾𝐻𝑇  

 Discrepancies between the intended and actual chemical forms of tritium in Flibe are one 

source of uncertainty in the diffusivity measurements discussed previously. Direct measurements 

of solubility are shown in Figure 2.15 for HF and H2 based on the saturation and stripping 

technique [72, 82]. The solubility of HF is roughly two orders of magnitude higher than H2, and 

both values change in a similar magnitude with temperature but in different directions. Here, the 

exponential fits of the Henry’s law coefficients provided by Stempien are used [3]. The other 

solubility values in Figure 2.15 come from indirect measurements through permeation experiments. 

Since, the solubility measured by permeation was closer to the HF direct measurement than H2, 

researchers suggested that H2 was actually diffusing in the Flibe as T+ [75, 79].  As previously 

discussed, the influence of H2 present could have influenced the Calderoni et al T2 solubility 

measurement. In Figure 2.15, a line is shown that attempts to correct the solubility measurement 

based on the missing factors in equation 2.33. The solubility of T2 was converted to a solubility of 

HT by dividing the original values by the square root of the product pH2 pT2 KHT. Assuming the 

sweep gas was at atmospheric pressure, the partial pressure of H2 at 5 vol% would be 5,066 Pa. 
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The partial pressure of tritium varied in the experiments, but only the average pressure of roughly 

550 Pa was used for the pT2 factor [75]. Values for KHT are also readily available in literature [45]. 

After adjusting for the presence of H2, the solubility for HT from the Calderoni experiment (labeled 

‘Calderoni Adjusted’ in Figure 2.15) is less than the solubility from the direct measurement in 

Flibe. The solubilities are shown in Table 2.6 along with computed results at 600ºC. Since there is 

assumed to be a negligible isotopic effect in solubility [76], the values in Table 2.6 are listed as T2 

solubilities for simplicity. Overall, there is a higher spread observed in the solubility measurements 

compared to diffusivity of T2 in Flibe. 

 

Figure 2.15. Compiled Henry’s law coefficients for solubility of hydrogen isotopes in Flibe [75, 

78, 79, 82]. A direct measurement of HF solubility in Flibe is shown with a dot-dash line [72]. 

Table 2.6. Solubility data for hydrogen isotopes in Flibe and calculated vales at 600ºC.  

Data Source T2 Solubility [mol/m3-Pa] KH,T2 at 600ºC Ref. 

Calderoni et al 7.9e-2 exp(-35/RT) 6.37e-4 [75] 

Malinauskas et al ‘74 2.714e-8exp(4.235e-3(T-273.15)) 3.44e-7 [82, 3] 

Malinauskas et al ‘72 -- 4.28e-7 [71] 

Nakamura et al 6.57e2 exp(-104.8/RT) 3.53e-4 [78] 

Anderl et al -- 3.1e-4 [79] 
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2.3.2. Transport in Flowing Flibe 

 While diffusion governs the transport of tritium in static Flibe, the flow of bulk fluid also 

has a significant role in the tritium distribution of a FHR. The influence of advective verses 

diffusive transport of tritium can be examined through the Schmidt number (Sc), as defined in 

equation 2.34 for T2 where μ and ρ are the viscosity and density of Flibe, respectively. A Schmidt 

number is conceptually similar to a Prandtl number, but in regards to mass transfer instead of heat 

transfer [3]. Since Flibe at FHR temperatures will have Schmidt numbers of 800 or above [5], the 

transport of tritium through fluid motion is actually the dominant mechanism for mass transfer in 

FHR systems. 

Eq. 2.34 𝑆𝑐 = 𝜇/(𝜌𝐷𝑇2
)  

 The influence of fluid flow on mass transfer can be represented through the use of a mass 

transfer coefficient. A coefficient with units of meters per second can be defined based on the 

fluid’s Sherwood number (Eq. 2.36), species diffusivity, and characteristic length, as shown in 

equation 2.35 [83]. Since the diffusivity of T2 in Flibe is an input, the calculated mass transfer 

coefficient is specific to T2 in the salt – there would be a separate mass transfer coefficient for TF, 

for example. The characteristic length, d, in a FHR would either be the pebble diameter in the core, 

diameter of tubing in the hot leg, cold leg, or heat exchanger, or hydraulic diameter of the 

downcomer annulus.  

Eq. 2.35 𝑘𝑇2
= 𝑆ℎ𝐷𝑇2

/𝑑  

 The Sherwood number, Sh, is a dimensionless parameter which can be thought of as the 

mass transfer analogy to the Nusselt number [3]. Sherwood numbers can be measured directly in 

mass transfer experiments in order to create correlations with other dimensionless numbers. For 

example, the mass transfer coefficient in a packed bed of spheres was studied by Wilson and 

Geankoplis by examining the dissolution of benzoic acid spheres in distilled water and a propylene 

glycol-water solution [84]. By varying the temperature as well as the fluid composition, a wide 

range of Schmidt numbers could be examined. Their results show that the Sherwood number 

depends on the Schmidt number, bed porosity, ε, and Reynolds number, Re, as shown in equation 

2.36. The Reynolds number for a spherical bed is calculated with equation 2.37, where V̇ is the 

volumetric flow of fluid through the bed, d is the diameter of spheres, and ACX is the total cross 

sectional area (area of total flow if no spheres were present) [84]. Note that the definition of 
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Reynolds number in a packed bed can vary, so equation 2.37 adopts the notation of Wilson and 

Geankoplis and is denoted Re’. The correlation in equation 2.36 is valid for 55<Re’<1500 and 

165<Sc<10690 [85]. 

Eq. 2.36 𝑆ℎ =
0.25

𝜖
𝑅𝑒′0.69𝑆𝑐1/3  

Eq. 2.37 𝑅𝑒′ =
𝜌𝑉̇𝑑

𝜇𝐴𝐶𝑋
  

 When a mass transfer correlation with proper bounds of applicability is not available, the 

Sherwood number can be calculated from a heat transfer correlation instead. Heat and mass 

transfer are well correlated for turbulent flows since both mechanisms are characterized by 

transport through turbulent eddy formation [83]. A common heat and mass transport relation is the 

Chilton-Colburn analogy, which is based upon empirical correlations and is applicable for 

turbulent flows with Reynolds numbers between 3∙104 and 106 [85]. Terms in the analogy are 

referred to as “j-factors,” where jH is the j-factor for heat transfer and jM is for mass. The j-factors 

are equivalent according to the analogy, as shown in equation 2.38. Thus if a heat transfer 

correlation for the Nusselt number (Nu) was available along with thermophysical property data to 

calculate the Prandtl number (Pr), then the Sherwood number could be calculated based on the 

Colburn analogy. An example of a widely used heat transfer relation is the Dittus-Boelter 

correlation, shown in equation 2.39, which is valid for turbulent flow in smooth tubes with 

0.7<Pr<100 and Re>10,000 [86]. The Dittus-Boelter correlation can also be written with an 

exponent of 0.3 on the Prandtl number if the fluid is being cooled [86]. Prandtl numbers are 

calculated according to equation 2.40, where cp is the specific heat of the fluid, μ is the fluid 

viscosity, and k is the fluid thermal conductivity. 

Eq. 2.38 𝑗𝑀 =
𝑆ℎ

𝑅𝑒𝑆𝑐1/3
= 𝑗𝐻 =

𝑁𝑢

𝑅𝑒𝑃𝑟1/3
  

Eq. 2.39 𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟0.4     

Eq. 2.40 𝑃𝑟 = 𝑐𝑝𝜇/𝑘     

 As an alternative to heat transfer correlations, the j-factors can also be calculated from the 

friction factor for smooth tubes (f) as shown in equation 2.41. Mass transfer is associated with the 

friction factor as well since it is also dependent upon the degree of turbulence in the fluid. A simple 
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method for calculating the friction factor in adiabatic flows is with the McAdams relation in 

equation 2.42, which is valid for 104<Re<106 [86]. Note that f is written in terms of the Fanning 

friction factor, instead of the Darcy friction factor which also appears in literature [86]. Combining 

equations 2.38 and 2.42, the Sherwood can be calculated based on the friction factor as shown in 

equation 2.43, which is very similar in structure to the Dittus-Boelter correlation. 

Eq. 2.41 𝑗𝑀 = 𝑗𝐻 = 𝑓/2  

Eq. 2.42 𝑓 = 0.046𝑅𝑒−0.20  

Eq. 2.43 𝑆ℎ = 0.023𝑅𝑒0.8𝑆𝑐1/3     

 Because mass transfer in the salt has a central role in FHR tritium transport, the method for 

calculating the Sherwood number in each reactor region should be carefully considered. In an ideal 

scenario, actual experimental data from a Flibe test stand, or equivalently scaled experiment, 

would be compared to the available mass transfer coefficients in literature in order to gauge the 

most appropriate correlation. In the absence of validation data, the mass transfer coefficient should 

be selected based on whichever literature correlation has the most similar testing conditions as 

well as an appropriate range of applicability. However, using a correlation will always introduce 

some degree of modeling error. When using the Chilton-Colburn relation or another analogy, error 

is then being introduced by a correlation for friction factor or Nusselt number instead of a mass 

transfer correlation. Part of the error from a correlation is caused by the uncertainty in input 

parameters themselves. The values and uncertainties of compiled thermophysical parameters in 

Flibe are shown in Table 2.7 [87]. Whether a direct Sherwood number correlation or a friction 

factor correlation and the Chilton-Colburn analogy is used, Reynolds and Schmidt numbers are 

needed as inputs in all of the Sherwood number formulations discussed, and therefore uncertainty 

from Flibe density and viscosity is unavoidable.  

Table 2.7. Thermophysical properties of Flibe and 95% confidence level uncertainties. From 

[87]. All temperatures are in Kelvin. 

Property Value Uncertainty 

Density ρ 2413-0.488T [kg/m3] 2% 

Viscosity μ 1.116e-4∙exp(3755/T) [Pa-s] 20% 

Heat Capacity cp 2386 [J/kg-K] 3% 

Thermal Conductivity k 1.1 [W/m-K] 10% 
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2.3.3. Evolution of Tritium from Flibe to Gas 

 The evolution of tritium from the salt into a cover gas is also a function of its transport in 

the liquid phase. In fact, it is typically assumed that mass transfer in the gas offers little or no 

resistance to the overall evolution process, and thus the transport in the salt phase is the rate-

limiting step [48, 88, 89]. A simple schematic for the evolution process is shown in Figure 2.16 as 

an example for HT [88]. Tritium evolution is also possible for T2 as well as TF [44, 47]. In Figure 

2.16, tritium is assumed to be well mixed with a uniform concentration in the bulk fluid and the 

main concentration gradient is present is a thin, stagnant liquid film at the surface. The tritium 

concentration decreases across the film to the surface concentration value. At the surface, the 

tritium concentration in the salt can be related to the tritium gas partial pressure present according 

to the appropriate Henry’s law constant for the given species [85]. The assumption of negligible 

gas phase mass transfer resistance also implies that the concentration profile is constant for tritium 

in the off-gas [89]. If the gas is continuously flowing and tritium is being removed, then the tritium 

concentration in the gas will approach zero [48]. 

 

Figure 2.16. Conceptual description for the HT evolution process from Flibe to gas. From [88]. 

 For the simple case of tritium evolution from a static salt, a mass transfer coefficient for 

evolution can be determined by monitoring the tritium release rate as a function of time.  In the 

case of the Suzuki et al irradiations, tritium was produced through neutron irradiation of a static 

salt capsule and the production rate of tritium could be either calculated from a neutronic 

calculation or measured by the equilibrium release rate. The concentration of tritium was 
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calculated as the generation rate of tritium multiplied by the average residence time of tritium in 

the salt [48]. As shown in Figure 2.17, the residence time (τ) was determined based on the integral 

between the normalized total steady state release rate and the time-dependent release profile. The 

results shown are from an experiment with a He-10%H2 sweep gas and therefore the tritium was 

assumed to exist as HT in the salt [48]. Using the measured evolution rate, interfacial area between 

the salt and gas (A), and the assumption of negligible gas phase concentration previously discussed, 

the mass transfer coefficient for HT evolution (kE,HT) can be calculated according to equation 2.44. 

The same method was used to calculate a mass transfer coefficient to account for the permeating 

tritium in the experiment shown in Figure 2.17 [48]. 

Eq. 2.44 𝐻𝑇 𝐸𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 [
𝑚𝑜𝑙

𝑠
] = 𝑘𝐸,𝐻𝑇𝐴(𝐻𝑇𝑆𝑎𝑙𝑡 − 𝐻𝑇𝑔𝑎𝑠) ≅ 𝑘𝐸,𝐻𝑇𝐴𝐻𝑇𝑆𝑎𝑙𝑡  

 

Figure 2.17. Measured evolution and permeation release of HT from Flibe at 873K under neutron 

irradiation with a He-10%H2 sweep gas (left). The experimental design of the irradiation capsule 

is shown along with flow paths for sampling the cover gas and permeation zone (right) [48]. 

 Evolution mass transfer coefficients for various salt temperatures are provided by Suzuki 

et al [88], but only for HT. This is likely because time-dependence of the TF release rate was 

difficult to observe with the experimental setup shown in Figure 2.17. A molecular sieve bed was 

placed in the primary off gas stream which removed TF from the gas while allowing HT/T2 to 

continue to the tritium measurement systems. Another separation technique used by Oishi et al 

involved a set of two cold traps separated by a heated CuO bed [80]. In the first trap, condensable 
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species TF and HTO are removed from the gas stream. The HT/T2 passes through the first trap, 

gets oxidized by the CuO bed, and then is condensed as HTO/T2O in the second trap. Using a two-

trap system allows for simultaneous measurement of TF and HT/T2 in a gas stream, which Oishi 

et al leveraged to measure mass transfer coefficients for tritium evolving from static Flibe [80].  

 The measured evolution mass transfer coefficients from the static salt experiments are 

shown in Figure 2.18 along with proposed data fits for HT and TF. Data from the Suzuki et al 

measurements were used to create a data fit shown with the red line in Figure 2.18. Measurements 

were taken with several H2 concentrations when salt temperature was 600ºC, which explains the 

spread in measurements at the inverse temperature of 1.145 (1000/K) [48]. However, only the 

point with a He-10%H2 mixture was used for the data fit in order to stay consistent with the other 

temperature points. As shown in Table 2.8, the resulting data fit for the evolution mass transfer 

coefficient has an activation energy of 34 kJ/mol, which is similar to the activation energy of the 

tritium diffusion measurements previously discussed. An approximately similar activation energy 

for diffusion and evolution provides evidence for the theory that evolution of both TF and HT/T2 

is controlled by diffusion in a liquid film of Flibe [88]. Since there is considerable scatter in the 

TF evolution data and the temperature dependence is unclear, an evolution mass transfer 

coefficient for TF is proposed based on the HT data scaled to the ratio of diffusivities for TF and 

T2. Considering all the options for diffusivities presented in Figure 2.14, the most consistent 

comparison between TF and T2 is likely the results from atomistic simulation [81]. These 

diffusivities and the calculation of the evolution mass transfer coefficient fits are provided in Table 

2.8. Since the Suzuki et al coefficient was measured for HT, an isotopic correction could be applied 

to represent the evolution of T2, but is omitted for simplicity. 



64 

 

 

Figure 2.18. Evolution mass transfer coefficients for HT and TF [48, 80]. A fit of the Suzuki HT 

data is shown in red. The HT data fit was used to approximate a TF mass transfer coefficient by 

scaling the data to the ratio of TF to T2 diffusivity from atomistic simulations [81]. 

Table 2.8. Evolution mass transfer coefficients measured for HT along with diffusivities of TF 

and T2 in Flibe calculated by atomistic simulation [48, 81]. A proposed evolution coefficient can 

be calculated for TF based on the ratio of TF:T2 diffusivities. 

Property Value Ref. 

Atomistic DTF 2.758∙10-7exp(-40/RT) [m2/s] [81] 

Atomistic DT2 9.349∙10-7exp(-36/RT) [m2/s] [81] 

HT Evolution Coef. kE,HT 2.0∙10-3exp(-34/RT) [m/s] [48] 

TF Evolution Coef. kE,TF (DTF/DT2)∙kE,HT [m/s] -- 

 Another important consideration for evolution is the mass transport of salt occurring 

underneath the surface of the salt-gas interface. Even in the static salt irradiations, the small amount 

of convection occurring in the salt crucible likely had an influence on the evolution rate, as shown 

in the mechanism diagram in Figure 2.16. For example, tritium generated in the ~200g of Flibe in 

the Suzuki et al irradiation would have roughly a 2cm average diffusion length to reach the salt 

surface and evolve into gas. If the salt was perfectly stagnant, then the characteristic time of 

evolution could be estimated by the diffusion length squared divided by the diffusivity. Using the 
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Calderoni et al diffusivity of 2.86∙10-9 m2/s at 600ºC results in a characteristic time of about 2300 

minutes. However, as shown in Figure 2.17, the tritium release rate approached equilibrium after 

only 120 min. It was observed experimentally by Suzuki et al that bubbling of helium gas through 

Flibe further increased the evolution mass transfer coefficient by agitating the salt [88]. 

Furthermore, tritium evolution to the primary system off-gas of the MSRE was the largest release 

path from the reactor - accounting for over 44% of the total tritium generation [38]. In the MSRE, 

the off-gas system was tied to the pump which included a spray ring designed to strip xenon from 

the fuel salt [90]. Increased mass transfer in the pump bowl system can promote evolution both by 

increasing the evolution mass transfer coefficient as well as creating a larger surface area for gas-

liquid contact compared to static salt. However, accurately modeling the mass transfer conditions 

at the salt-gas interfaces of a FHR require detailed design information of the primary pumping 

systems, which is not currently available. 

 

2.4. Tritium Permeation in Metals 

2.4.1. Permeation Mechanisms in a FHR 

 The ability of tritium to permeate through metals makes tritium management in FHRs a 

unique challenge compared to other radionuclides. As with tritium diffusivity, the tritium 

permeability in metals is an Arrhenius function which increases exponentially with temperature 

[76]. As a result, tritium will have a high degree of mobility in candidate structural materials at 

FHR operating temperatures [91].  

 Tritium and other hydrogen isotopes diffuse through metals in a monatomic state [48, 76]. 

Thus, the first step in the permeation process is the dissociation of T2 into T atoms at the metal 

surface. The flux of T2 atoms to the surface, jd,T2, is related to the partial pressure of T2 gas above 

the surface and a dissociation rate constant, kd, as shown in equation 2.45. At the surface, 

dissociated tritium can also recombine into T2 and reenter the gas phase. As shown in equation 

2.46, the recombination flux is proportional to a rate constant, kr, times the square of T 

concentration at the metal surface [92]. At equilibrium, the dissociation rate will equal the 

recombination rate and the partial pressure can be related to surface concentration through equation 

2.47. The proportionality of dissolved hydrogen in metal to the square root of partial pressure is 

known as Sievert’s law, and the constant KS in equation 2.47 is the Sievert’s law constant or the 

hydrogen solubility of the metal [76]. 
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Eq. 2.45 𝑗𝑑,𝑇2
= 𝑘𝑑𝑝𝑇2

  

Eq. 2.46 𝑗𝑟,𝑇2
= 𝑘𝑟𝑐𝑇

2  

Eq. 2.47 𝑐𝑇 = 𝐾𝑆√𝑝𝑇2
     

 In practice, the dissociation coefficient is difficult to measure and the Sievert’s law constant 

is commonly used for analysis instead. A permeability is also defined for metals as the combined 

product of diffusivity and solubility. Although, here the diffusivity refers to monatomic T and the 

solubility has units of mol/m3-Pa1/2 to reflect the square root dependence with pressure [91]. A 

similar procedure as to the one described for salt permeation studies is used to measure the tritium 

transport properties in steel. In summary, the steady state flux of tritium through a metal sample is 

used to determine the permeability, the time-dependence of flux is used to analyze diffusivity, and 

the measured permeability divided by diffusivity results in the calculated solubility [91]. The flux 

of tritium through a 1-dimensional Cartesian geometry of thickness L is shown in equation 2.49.  

Eq. 2.48 Φ𝑀𝑒𝑡𝑎𝑙 = 𝐷𝑇𝐾𝑆  

Eq. 2.49 𝑗𝑇2,𝑆𝑡𝑒𝑎𝑑𝑦 =
Φ𝑀𝑒𝑡𝑎𝑙

𝐿
(√𝑝𝑇2,𝑈𝑝

− √𝑝𝑇2,𝐷𝑜𝑤𝑛
)  

 As with the salt permeation experiments, the downstream partial pressure pT2,Down is usually 

neglected if the permeating tritium is continuously removed [76]. However, the downstream metal 

surface tritium concentration will not necessarily be zero unless the resistance of recombination is 

also negligible. From equation 2.46, it is shown that the recombination flux will decrease when 

the tritium concentration in the metal is low or if the recombination rate constant is reduced. In the 

case of negligible permeation resistance, a uniform tritium concentration in the sample, and a 

dominating recombination resistance, the flux of tritium can be calculated as shown in equation 

2.50. Therefore, it is possible to gauge whether a permeation experiment is diffusion limited or 

surface-recombination limited based on the permeation flux dependence with T2 partial pressure. 

In Figure 2.19, the permeation rate of deuterium through 304L stainless steel is shown as a function 

of temperature and D2 pressure. As partial pressure of D2 was reduced, the measured permeation 

rate deviated from a square root pressure dependence and approached a linear relationship [93]. 

Eq. 2.50 𝑗𝑇2
= 𝑘𝑟𝐾𝑆

2𝑝𝑇2
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Figure 2.19. Deuterium permeation rate through 304L stainless steel as a function of temperature 

and D2 pressure. Pressure dependence of permeation rate changed as the partial pressure was 

reduced [93]. 

 Recombination resistance is also dependent on the rate constant, which captures properties 

of the underlying material as well surface conditions like oxidation and other impurities [94]. The 

recombination rate constant is a thermally activated parameter which can also be expressed by an 

Arrhenius equation. A variety of measured recombination coefficients are shown in Figure 2.20 

for experiments with stainless steel. Figure 2.20 also shows coefficients calculated as a function 

of temperature in a theoretical model with upper and lower bounds based on a “sticking coefficient” 

of 0.5 and 5e-5 [95]. The theoretical model is fairly complex and contains several inputs [95]. 

Instead of the full theoretical form, the upper and lower bounds can be fit with simple equations 

as shown in Table 2.9 based on the data in Figure 2.20.  

Table 2.9. Upper and low bound data fits for a theoretical recombination coefficient with various 

sticking coefficients [94, 95]. 

Recombination Condition Sticking Coef. Value 

Upper Bound 0.5 1.31exp(-50.5/RT) [m4/mol-s] 

Lower Bound 5e-5 1.19∙10-4exp(-49.8/RT) [m4/mol-s] 
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Figure 2.20. Measured recombination rate constants for hydrogen isotopes on stainless steels 

along with calculations from a theoretical model. References to experiments provided in [94]. 

 In order to keep the effects of bulk permeation and surface reactions separate, permeability 

of materials should only be reported from experiments that verify diffusion-limited transport [76]. 

Therefore, diffusivity data can be compared with less obstruction from experimental procedures 

like surface preparation or testing environment. Another possible experimental difference is the 

isotopic effect in diffusivity from the selected hydrogen isotope. Experimental results examining 

the isotopic effect on permeability of austenitic stainless steel are shown in Figure 2.21. In some 

studies, the ratio of hydrogen to deuterium permeability was similar to the square root of two and 

constant with temperature as predicted by theoretical behavior [96]. Other results show a larger 

deviation between isotopes, which was more significant for 304SS than 316SS and larger at lower 

temperatures [97]. Diffusivity and solubility measurements from experiments that confirmed 

diffusion-limited permeation are shown in Figure 2.22 and Figure 2.23. All measurements are with 

hydrogen and 316 stainless steel and therefore the diffusivities are multiplied by (1/3)1/2 to 

represent tritium. While a larger isotopic effect may exist, using the square root mass ratio provides 

a conservative estimate in order to prevent under prediction of tritium permeation. 
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Figure 2.21. Ratio of hydrogen to deuterium permeabilities measured for various austenitic 

stainless steels. The isotopic effect for 316SS was similar to the square root of 2 and roughly 

constant with temperature, as predicted by Graham’s law [97]. 

 

Figure 2.22. Diffusivity measurements of hydrogen in 316 stainless steel scaled to represent 

tritium diffusion. References provided in Table 2.10. 
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Figure 2.23. Sievert’s law solubility coefficients for hydrogen in 316 stainless steel. References 

to experimental measurements provided in Table 2.11. 

Table 2.10. Experimental measurements for hydrogen diffusivity in 316 stainless steel. 

Diffusivities in each experiment were measured over the temperature range provided. Since all 

measurements were conducted with hydrogen, the diffusivities are reduced by a factor of (1/3)1/2 

to represent tritium. 

 DT Measurement Temp Range Value [m2/s] DT at 600ºC [m2/s] Ref. 

Gromov et al 950-625K 2.40∙10-7exp(-53.7/RT) 1.47E-10 [98] 

Sun et al 473-703K 2.77∙10-7exp(-51.6/RT) 2.26E-10 [99] 

Grant et al 502-863K 4.21∙10-7exp(-6300/T) 3.10E-10 [100] 

Kishimoto et al 873-1173K 7.51∙10-7exp(-54.0/RT) 4.42E-10 [101] 

Tanabe et al 500-1200K 3.65∙10-7exp(-47.8/RT) 5.04E-10 [91] 

 

Table 2.11. Measurements of Sievert’s law solubility of hydrogen in 316 stainless steel. 

KS Measurement Temp Range Value [mol/m3Pa1/2] KS(600ºC)[mol/m3Pa1/2] Ref. 

Gromov et al 950-625K 0.488exp(-9.0/RT) 0.141 [98] 

Sun et al 473-703K 1.41exp(-12.5/RT) 0.252 [99] 

Grant et al 502-863K  1.92exp(-1890/T) 0.220 [100] 

Kishimoto et al 873-1173K 0.714exp(-12.5/RT) 0.128 [101] 

Tanabe et al 500-1200K  0.427exp(-13.9/RT) 0.0629 [91] 
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2.4.2. Permeation Barrier Coatings 

 Limiting permeation of tritium through the reactor system is a potential option to simplify 

tritium management in a FHR. Generally speaking, tritium partitioning and storage technologies 

are most effective when staged closest to the point of generation or release [102]. Therefore, 

allowing excessive tritium permeation into the ambient air of the reactor building or the working 

fluid of a power cycle may create a situation where the concentration is too dilute to allow for 

efficient capture. A permeation barrier coating is one potential option to reduce tritium release 

through structural metals into undesirable regions of the FHR power plant. 

 A simple model to analyze permeation barrier effectiveness is through the composite 

permeation model [103]. In this interpretation, tritium must fully permeate through a barrier layer 

as well as the underlying metal to transit through the material. As shown in equation 2.51, 

permeation flux will decrease with a larger barrier or metal thickness (LB and LM) or when the 

permeability of the barrier or metal (ФB and ФM) is reduced. Note that this form of the equation 

assumes a 1-D slab geometry, a driving partial pressure on the upstream side, and a negligible 

downstream tritium partial pressure. According to equation 2.51, the effective permeability of the 

metal is significantly reduced when LB/ΦB is much greater than LM/ΦM. In principle, this is not 

difficult to achieve since the hydrogen permeability of candidate coating materials is generally 

orders of magnitude lower than for stainless steel, as shown in Figure 2.24. A review of several 

more coating materials is also provided elsewhere [104]. However, it is important to note that the 

permeability measurements for barrier materials vary significantly in literature [76], and depend 

on material characteristics like microstructure or grain size [105]. Despite the differences in 

experimental measurements, several coating options exist that can create a significantly lower 

effective permeability when applied to stainless steel even for small coating thicknesses. For 

example, tungsten and erbia have permeabilities roughly three orders of magnitudes lower than 

316SS as shown in Figure 2.24, and thus the permeation resistance of a steel subrate would be 

doubled according to equation 2.51 if a W or Er2O3 coating was applied with a thickness of 0.1% 

of the base 316SS metal. 

Eq. 2.51 𝑗𝑇2
=

√𝑝𝑇2

𝐿𝐵/Φ𝐵 + 𝐿𝑀/Φ𝑀
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Figure 2.24. Hydrogen permeability of 316 stainless steel [91], along with candidate permeation 

barrier coating materials gold [106], tungsten [105], erbium oxide [107], silicon carbide [76], 

aluminum oxide [76], and fine-grain graphite [108]. 

The permeability of coating materials is often so low that transport through the coating 

itself can be effectively neglected, and only permeation through gaps and defects needs to be 

considered. This treatment is referred to as the areal-defect model [103], as shown in equation 2.52. 

The model is essentially permeation though the base metal, but scaled to the ratio of defect area 

(Ad) to total interface surface area (AS). Additionally, the effective length (Leff) is used instead of 

metal thickness to account for any additional distance tritium must travel through the metal to 

reach defect sites. The areal defect model can help explain why experimental measurements for 

hydrogen permeation often are much higher than expected permeability through the pure coating 

material. For example, permeation results for alumina coatings on stainless steel were several 

orders of magnitude higher on average than pure alumina for the measurements shown in Figure 

2.25. In the areal-defect model, defects could refer to cracks in the coating material, grain 

boundaries, porosity, or any material imperfection that allows tritium to permeate faster than in 

the base coating material. An example of microcracks observed in an alumina permeation barrier 

coating on stainless steel is shown in Figure 2.26 [49]. 
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Eq. 2.52 𝑗𝑇2
=

𝐴𝑑

𝐴𝑆

Φ𝑀

𝐿𝑒𝑓𝑓
 √𝑝𝑇2

  

 

Figure 2.25. Comparison of hydrogen permeation flux measurements for 316SS and aluminized 

stainless steels at 101 kPa H2 and various temperatures. From [103]. 

 

Figure 2.26. Cross-sectional SEM image of an alumina coating and transition coating layers on 

316 SS (a) along with the top view of the polished alumina (b). Microcracks in the coating layer 

were observed with a FIB-milled cross-section (c). From [49]. 
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 Another factor supporting the areal-defect model is the observed temperature dependence 

of the permeation rate in coated samples. As shown in Figure 2.25, the slope of the permeation 

rate verses inverse temperature for two of the four measurements by Forcey et al roughly followed 

that of the 316 stainless steel substrate and was significantly lower than for pure alumina [109]. 

Similar behavior was observed with measurements of effective permeabilities of Al2O3/TiC 

coatings on steel, as shown in Figure 2.27 [110]. Since the slope of the permeation rate on an 

Arrhenius plot is proportional to the activation energy, similar slopes for coated and uncoated 

samples indicates that permeation through the substrate material is the rate limiting step for the 

permeation process [76]. If a significant fraction of permeation was occurring through the coating 

material, instead of just coating defects, then the activation energy for the coating would be 

reflected in the measured effective permeability of the sample. The similar slopes in permeability 

versus inverse temperature for the bare metal and coated samples in Figure 2.27 thus support the 

areal-defect model instead of the composite permeation treatment. A consequence of the areal-

defect model is that the permeability of the chosen barrier material is less important than the ability 

to create low-defect coatings of the material with sufficient adhesion to the substrate. In other 

terms, an extremely low permeability material is not useful as a permeation barrier coating if 

tritium can bypass the coating through defects in the material. 

 

 



75 

 

 

Figure 2.27. Effective deuterium permeability of Al2O3/TiC coated steel with and without the 

presence of liquid lead-lithium. Temperature dependence of permeation (i.e. slope of the 

permeability curves) through coated samples was similar to that of bare 316L. From [110]. 

While the areal-defect model may be a conceptually accurate calculation methodology, the 

actual interfacial defect area of a coating material is impractical to explicitly measure for 

engineering scale surfaces. Permeation performance from experimental results is often reported 

using a permeation reduction factor (PRF) instead. The PRF is the ratio of the permeability of the 

bare metal (ФM) to the effective permeability of the equivalent sample with the coating applied 

(Фeff), as shown in equation 2.53 [111]. The PRF can also be written in terms of the permeating 

tritium flux in the case of a thin barrier compared to the substrate material (LB<<LM), as shown in 

equation 2.54. Since the PRF includes characteristics of the coatings as well as the substrate 

material, care should be taken when applying a PRF experimental measurement to model of a 

different base material or significantly dissimilar substrate thickness [111]. 

Eq. 2.53 𝑃𝑅𝐹 = Φ𝑀/Φ𝑒𝑓𝑓  

Eq. 2.54 𝑗𝑇2,𝑏𝑎𝑟𝑒 =
√𝑝𝑇2

𝐿𝑀/Φ𝑀
  𝑗𝑇2,𝑐𝑜𝑎𝑡𝑒𝑑 =

√𝑝𝑇2

(𝐿𝐵 + 𝐿𝑀)/Φ𝑒𝑓𝑓
  

 
→  𝑃𝑅𝐹 ≅

𝑗𝑇2,𝑏𝑎𝑟𝑒

𝑗𝑇2,𝑐𝑜𝑎𝑡𝑒𝑑
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 An important consideration for applications of permeation barrier coatings is how the 

permeation resistance of the coating material will change over time. In laboratory tests with precise 

coating application methods, PRFs for Al2O3 from 1000 to above 10000 have been measured [103]. 

For Er2O3 on F82H steel, a PRF of roughly 5000 was measured [112]. However, the permeabilitiy 

significantly increased when the same sample was used at higher temperatures, as shown in Figure 

2.28. The authors attribute the degradation in performance to cracks in the erbia layer caused by 

thermal stresses [112]. Radiation can also play a role in decreasing coating permeation resistance. 

In irradiation tests which simulated the blanket of a fusion reactor, PRFs of less than 150 were 

observed [103]. The difficulty of maintaining an ideal coating structure in a radiation field has led 

Causey et al to conclude that a PRF above 1000 “simply cannot be achieved in reactors” [76]. 

However, the issue of thermal, irradiation, or corrosion induced coating degradation can be 

alleviated by an environment that promotes growth and stability of the barrier.  For example, a 

PRF between 10 and 20 has been measured just for the native chromium oxide layer on 316SS 

[113]. In a FHR, an oxide layer could reduce permeation into and out of an intermediate nitrate 

salt [114], or reduce permeation out of the primary system to the ambient air of the reactor building 

[38]. However, an oxide layer or oxide-based coating material would not be expected to maintain 

stability on the fluoride salt-facing surfaces of a FHR [51].  

 

Figure 2.28. Deuterium permeability of Er2O3-coated F82H steel compared to an uncoated 

sample. The points and arrows indicate repeated measurements with the same sample, where the 

initial permeability increased significantly when experimental temperature increased [112]. 
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2.5. Tritium Retention in Graphite 

 Interactions of tritium with graphite are an important aspect of FHR tritium transport 

because of the large inventory of graphite in the reactor. For example, the Mk-1 FHR design 

included a 5,940 kg central graphite reflector, 43,310 kg outer reflector, 204,000 3 cm diameter 

graphite moderator pebbles, and 440,000 3 cm diameter fuel pebbles in the core [5]. There are a 

variety of ways in which tritium could potentially interact with graphite such as physisorption and 

chemisorption [4], dissociative or molecular adsorption [115], or trapping at weak and strong 

defect sites [116]. The general term ‘retention’ is adopted here to refer to tritium movement from 

dissolution in the salt phase to capture by graphite without necessarily specifying the interaction 

mechanism within the material. However, the majority of previous literature on hydrogen 

interactions with graphite only involves gaseous H2, D2, or T2, while very few studies investigate 

the role of molten salt in the retention process. Therefore, this section summarizes the total capacity 

for gaseous retention of hydrogen in graphite, the kinetics for gas retention, and then possible 

factors in which molten Flibe can influence each process. 

2.5.1. Graphite Retention Capacity 

 The amount of hydrogen gas which can be retained by graphite depends strongly on 

microstructural properties of the material. In particular, the degree of graphitization is a 

fundamental characteristic which can influence retention behavior. Graphite is typically made 

from crushed coke particles of a desired size and coal-tar pitch. The mixture undergoes several 

forming and heat treatment steps, the hottest of which is referred to as the graphitization step [4]. 

Upon heating to temperatures between 1700°C and 3000°C, carbon materials begin to form 

continuous structures primarily through the alignment of smaller crystallites of graphite in the 

material [117]. As shown in Figure 2.29, a high degree of cross linking between crystallites 

prevents homogenous graphitization from occurring. However, a sufficiently high temperature 

during the graphitization step can eventually remove cross linking behavior [118]. The 

graphitization process for various temperatures is also illustrated in Figure 2.30. 
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Figure 2.29. Two-dimensional schematic representation of graphitizing carbon (a) compared to 

the structure of non-graphitizing carbon (b). Adapted from [118]. 

 

Figure 2.30. Changes to microstructure of carbon during graphitization at various temperatures 

[119]. Adapted from [120]. 

 Degree of graphitization is important to consider because imperfections like dislocations, 

dangling carbon bonds, and porosity are the main drivers of hydrogen interactions – a fully 

crystallized and highly oriented graphite would experience very little hydrogen retention. This is 

evidenced by a review of hydrogen retention in various nuclear graphite grades by Atsumi et al 

shown in Figure 2.31 [121]. A relationship between lattice constant of the graphite and measured 

hydrogen retention was clearly observed. Lattice spacing measured by the d002 peak in X-ray 

diffraction can also be correlated to the degree of graphitization, G, according to equation 2.55 



79 

 

[122]. Therefore, the trend in Figure 2.31(a) shows that when the lattice constant approaches the 

theoretical constant for crystalline graphite, the retention of hydrogen in the graphite grade 

approaches zero [121].  

Eq. 2.55 𝐺 = 1 − 3.41(𝑑002 − 3.354)1/2  

 

Figure 2.31. Hydrogen retention for various graphite grades verses measured material 

characteristics. Samples were changed with 10 kPa of hydrogen at 1273 K. From [121]. 

 Another interesting trend is the observed increase in retention with specific surface area 

depicted in Figure 2.31(d). Nuclear graphites typically have densities between 1.7 g/cm3 and 1.9 

g/cm3 [123], while the theoretical density of crystalline graphite is 2.26 g/cm3. Therefore, roughly 

20% of the internal volume is comprised of porosity which, in certain cases, is accessible to 

hydrogen gas. Specific surface area is a measure of the available surfaces inside of a material and 

is commonly measured based on the Brunauer, Emmett and Teller (BET) method [124]. For 

graphites with a higher specific surface area, more hydrogen retention was observed which 

indicates that the hydrogen interaction is a material surface effect [121]. However, not all surfaces 

within the graphite are equivalent in terms of capacity for hydrogen retention. As shown in Figure 

2.31(c), a more robust correlation was found when Atsumi et al mapped the hydrogen retention 

onto the estimated crystallite edge area of each graphite grade [121]. This correlation supports the 
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theory that hydrogen can be retained in graphite by forming bonds with dangling carbon atoms at 

crystallite edge surfaces [123]. 

 The total solubility of hydrogen in graphite follows the square root of hydrogen partial 

pressure that was previously discussed for Sievert’s law. The square root dependence is consistent 

with a dissociative process where H2 gas splits to form C-H bonds. Furthermore, the formation of 

the C-H bond is exothermic and solubility of hydrogen decreases with increasing temperature 

[125]. Hydrogen retention verses charging pressure are shown as a function of temperature with 

two nuclear graphite grades in Figure 2.32 – both grades roughly follow a square root relationship 

with total retention [125, 126]. Solubility values for other nuclear graphite grades of interest for 

the FHR are shown in Table 2.12. 

 

Figure 2.32. Hydrogen retention shown to follow the square root of charging pressure for ISO-88 

graphite (left) and IG-110U (right) [125, 126]. Both graphites show a decrease in solubility for 

increasing temperatures. Note that the axes are flipped between graphs. 

Table 2.12. Hydrogen Sievert’s law constants for solubility in nuclear graphite grades. Graphite 

density, ρ, in units of g/cm3 is used to convert solubilities into units of mol/m3-Pa1/2. 

Graphite Grade Density ρ KS [mol/m3-Pa1/2] KS at 600ºC Ref. 

ISO-88 1.90 g/cm3 (89.3ρ)∙1.22e-4exp(19/RT) 2.84e-1 [126] 

ISO-880U 1.90 g/cm3 1e6(ρ/12.01) exp(-15.8+2640/T) 4.47e-1 [123, 125] 

IG-110U 1.77 g/cm3 1e6(ρ/12.01)exp(-14.5+2190/T) 9.13e-1 [123, 125] 

POCO AXF-5Q 1.84 g/cm3 1e6(ρ/12.01) exp(-15.6+2590/T) 4.99e-1 [125, 127] 
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 The solubility measurements in Figure 2.32 are useful for understanding the total amount 

of hydrogen retained in graphite for a given temperature and partial pressure. However, the curves 

do not provide any information into the trapping mechanisms responsible for retention. One 

method to examine underlying retention characteristics is with Thermal Desorption Spectroscopy 

(TDS). In a TDS experiment, a graphite sample can be charged with hydrogen gas until the sample 

is fully saturated, then the sample is quenched and the desorption phase of the experiment begins. 

Typically, samples are desorbed with a linear temperature ramp which allows the desorption rate 

to be examined as a function of temperature. An example desorption experiment with ISO-880U 

graphite charged with D2 gas at 1273K is shown in Figure 2.33 [115]. 

 The desorption profile shows that deuterium release from graphite is not a simple function 

of temperature, but instead desorption occurs in distinct peak structures. Total release from each 

peak was estimated and correlated with the various D2 charging pressures as shown on the right in 

Figure 2.33. Desorption from the lowest temperature peak increased linearly with charging 

pressures, which led the authors to conclude that molecular adsorption of D2 in graphite pores was 

responsible for Peak 1 [115]. Peaks 2 and 3 follow roughly a square root relationship with charging 

pressure, although Peak 3 deviates significantly for low pressures. Because the position of peak 2 

was altered by the charging pressure, Atsumi et al proposed that Peak 2 was desorption assisted 

by a recombination process – where a higher concentration of deuterium in the graphite led to 

more recombination and a lower peak release temperature [115]. The highest temperature peaks 

numbered 3 and 4 should correspond to trapping sites within the graphite. Peak 3 was assumed to 

be the dangling carbon bonds at crystallite edge sites that were previously discussed, which are 

also referred to as Trap 2 sites [115, 128]. An even higher energy trapping site (Trap 1) is proposed 

at interstitial clusters inside of the crystallites [128]. It was concluded that the highest temperature 

peak was responsible for the strongest energy trapping sites [115]. A schematic for hydrogen 

bonding at Trap 1 and Trap 2 sites is shown in Figure 2.34 [128]. 
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Figure 2.33. Thermal desorption profile for ISO-880U graphite charged with D2 gas at 1273K 

and various pressures until saturation, then desorbed with a linear temperature ramp of 0.1K/s. 

Deuterium release rate is plotted as a function of desorption temperature (left) [129]. Total D2 

release from peaks identified in the desorption profile were correlated to the charging pressure 

(right) [115]. 

 

 

Figure 2.34. Illustration of H-C bonding at weak trapping sites at graphite crystallite edges and 

strong trapping sites at interstitial clusters. From [128]. 
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 The pressure dependence of strong energy trapping sites is displayed in the Peak 4 plot of 

Figure 2.33. While the retention in other peaks grows with additional charging pressure, the strong 

trapping remain roughly steady. Therefore, the strong trapping retention is likely limited by the 

total amount of Trap 1 sites available in graphite. The average Peak 4 retention line in Figure 2.33 

corresponded to a retention of roughly 1.35∙108 D2 molecules per gram of graphite, which can be 

converted to a strong trap concentration of 8.5 mol/m3. Saturation of high-energy trapping sites 

was also observed by Causey et al in POCO AXF-5Q graphite [127]. In their experiment, retention 

in a graphite sample did not increase at 1473K when charging pressure was raised from 0.66 Pa to 

66 Pa [127]. The trap concentration based on the measured retention was 1.7∙10-5 traps/C atom or 

2.6 mol/m3. Lastly, strong trapping was observed for A3-3 matrix carbon by charging with H2 gas 

at various pressures, desorbing the sample for 15 minutes at 700ºC, and repeating the absorption 

step, as shown in Figure 2.35 [130]. A detailed description of the experimental setup and procedure 

are available elsewhere [116]. An average of the strong trapping measurements after saturation at 

roughly 10 kPa of H2 yields a trap concentration of 7.9 mol/m3. Details of the three strong trapping 

measurements are summarized in Table 2.13. 

 

Figure 2.35. Measured total hydrogen retention as a function of pressure for A3-3 matrix carbon 

at 700ºC. After a 15 minute desorption at temperature under vacuum, the procedure was repeated 

to measure the weak retention. The difference between the total and weak isotherms is deemed 

the strongly trapped hydrogen. From [130]. 
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Table 2.13. Summary of high-energy trap concentration measurements in nuclear graphite. 

Graphite Grade Measurement Technique Trap concentration [mol/m3] Ref. 

ISO-880U TDS 8.5 [115] 

POCO AXF-5Q Absorption 2.6 [127] 

A3-3 Absorption-Desorption 7.9 [130] 

 Another important factor for understanding hydrogen retention capacity in graphite for 

reactor applications is the interaction between neutron damage and trapping. In retention studies 

on irradiated graphites shown in Figure 2.36, hydrogen solubility increased dramatically for both 

strong and weak (Trap 1 and 2) sites. The additional retention from neutron damage saturated at a 

fairly low level of roughly 0.2 displacements per atom (dpa) [131]. For context, the central graphite 

reflector of the Mk-1 FHR was calculated to experience 2.21 dpa per year of reactor operation [5]. 

An increase in hydrogen trapping sites can be explained by changes in the graphite microstructure 

caused by neutron damage. For example, neutron irradiation increases the disorder in graphite and 

leads to a lower degree of graphitization, which is correlated with hydrogen retention as shown in 

Figure 2.37 [132]. 

 

Figure 2.36. Hydrogen retention in IG-430U graphite for Trap 1 and 2 sites for various 

irradiation fluences. Samples were charged with hydrogen at 1273K and ~10 kPa. From [131]. 
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Figure 2.37. Hydrogen retention verses degree of graphitization measured by X-ray diffraction 

for irradiated and unirradiated samples. Graphites were charged at 1273K with 101 kPa of H2 

until saturation [132]. 

 Hydrogen retention increases from irradiation also depend on the temperature of the 

radiation environment. Irradiations of various graphite grades presented in Figure 2.38 all led to 

significant increases in measured Trap 2 retention. However, each graphite grade saw less 

hydrogen retention in Trap 2 sites for irradiations at 541-582K verses a lower temperature of 416-

456K [133]. The amount of decrease in hydrogen retention at the higher irradiation temperature 

varied significantly among the graphite grades studied. Trap 2 defect sites were observed to anneal 

out at lower temperatures than Trap 1 sites, but elevated hydrogen retention was observed for both 

trapping sites in irradiated samples even after annealing up to 1873K [133]. Total hydrogen 

retention in IG-110U and IG-430U graphite samples was also less for irradiations at 600ºC 

compared to irradiations at less than 200ºC [132]. Therefore, irradiation experiments at 

representative temperatures and neutron fluences are important for predicting the total tritium 

retention capacity for graphite components in a FHR. 
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Figure 2.38. Hydrogen retention in weak trapping (Trap 2) sites for various graphite grades 

irradiated to a fluence of 3.9∙1023 n/m2 and then charged at 1273K and 10 kPa H2. From [133]. 

 

2.5.2. Tritium Transport in Graphite 

 The uptake of tritium into graphite components of a FHR is constrained by the total 

retention capacity as well as the kinetic limitations of transport inside graphite – both phenomena 

are important to understand in order to make accurate predictions of the tritium distribution in 

future FHR designs. Retention kinetics for hydrogen gas charging in graphite can be broadly 

observed from the TDS experiments plotted in Figure 2.39. Samples of ISO-880U graphite were 

all desorbed in linear temperature ramps of 0.1 K/s, but the D2 gas charging times and temperature 

varied as shown in the plot [129]. The TDS experiment allows for the amount of tritium in each 

trapping site after the gas retention step to be examined. For the higher temperature retention 

experiment at 1273K, the desorption profile began to approach the profile of saturated graphite 

after roughly 20 minutes of charging. In contrast, the retention study at 973K showed a much 

slower retention rate since deuterium in each peak structure remained roughly an order of 

magnitude below saturation even after hours of charging [129]. Therefore, the retention process 

for each retention mechanism in graphite is facilitated by an increase in temperature. Total 

retention as a function of charging time in Peaks 4 and 5 from Figure 2.39 fit well with calculated 

results from a diffusion model, thus a diffusion-controlled process was proposed to describe how 

deuterium fills trapping sites inside graphite [129]. 
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Figure 2.39. Thermal desorption of ISO-880U graphite samples heated at 0.1K/s after charging 

with 42 kPa of D2 gas at 973K (left) and 1273K (right) for various charging times. From [129]. 

 The characteristic diffusion length in the retention process was also proposed as the size of 

filler grains in the graphite, rather than the geometric dimensions of the graphite samples. In TDS 

measurements of graphites charged with 40 kPa of D2 at 1273K, the maximum desorption rate 

occurred at a lower temperature for graphites with a lower grain size [123]. In Figure 2.40, the 

peak release temperature increases from ISO-880U, IG-110U, IG-430U, to ETP-10, which have 

grain sizes of 5, 14, 14, and 40 microns, respectively [123]. If the diffusivity of deuterium was 

similar inside the filler grains of each graphite grade, then the finer grains would reach full 

desorption earlier in the test procedure, which also explains the decrease in peak desorption 

temperature for the TDS experiments. Further evidence of grain-based diffusion is provided by 

isothermal desorption of tritiated graphite by Röhrig et al [134]. In their experiment, the ratio of 

measured reduced tritium diffusion coefficients (units of s-1) between two HTGR graphite grades 

was similar to the ratio of squares of the grain radius in each graphite [134]. Lastly, Atsumi et al 

did not observe a shift in peak desorption temperature during a TDS experiment when the graphite 

sample size was reduced from 1.0 mm to 0.45 mm [126]. Therefore, they also suggested that 

desorption was limited by diffusion in the graphite grains and not in the bulk material [126]. 
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Figure 2.40. Thermal desorption spectra for various graphite grades and one carbon-fiber 

composite (CX-2002U). The temperature of maximum D2 release was related to the grain size of 

each graphite. From [123]. 

 While the diffusivity of tritium in graphite will increase with temperature, the solubility 

will ultimately dictate the amount of tritium retention in graphite when temperature becomes 

sufficiently high. For the isochronal absorption experiments by Causey et al shown in Figure 2.41, 

total retention increased in each 90 minute charging experiment up until roughly 1500K. The 

experiments after 1500K show a decrease in total retention with increasing temperature [108, 127]. 

At the lower temperatures, retention was kinetically limited by the diffusion of tritium into graphite 

and therefore the total retention after the 1.5 hour charge fell short of the equilibrium concentration. 

For the higher temperatures, the graphite was fully saturated but the total tritium solubility 

decreased because of additional detrapping at elevated temperatures. The retention results in 

Figure 2.41 also show good agreement with tritium transport model calculations of 10μm grains 

of POCO AXF-5Q graphite made with the DIFFUSE code [108]. Causey et al used the retention 

results and transport model to fit a value of tritium diffusivity in AXF-5Q graphite, which is shown 

along with other diffusivity measurements in Table 2.14. In each measurement the activation 

energy of diffusion is quite high, varying from roughly 250 to 300 kJ/mol. The high activation 
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energy led Atsumi et al to conclude that diffusion of hydrogen in graphite was actually a sequence 

of trapping and detrapping, rather than pure diffusion, which can be interpreted as an overall 

diffusion-like process [135].   

 

Figure 2.41. Tritium retention in POCO AXF-5Q graphite observed after 1.5 hours of gas 

charging at 0.66 Pa at the indicated temperatures. Measured retention results are compared to 

modeled results with the DIFFUSE code [108]. 

Table 2.14. Compiled results for tritium diffusivity in nuclear graphite, DT,g. The ISO-880U 

diffusivity was not explicitly reported, but is estimated from a figure in reference [129]. 

Graphite Grade DT,g [m2/s] DT,g at 600ºC Ref. 

ISO-88 1.38∙10-4exp(-251/RT) 1.33∙10-19 [126] 

ISO-880U 8.11∙10-4exp(-305/RT) 4.61∙10-22 [129] 

POCO AXF-5Q 9.3∙10-5exp(-270/RT) 6.56∙10-21 [108] 

ASI-500, AL2-500, 

HTGR Matrix  

4.0∙10-6exp(-268/RT) 3.71∙10-22 [134] 

 Other previous experimental measurements of hydrogen diffusivity in graphite vary 

significantly in both diffusivity magnitude and temperature dependence [136]. Only a subset of 

literature experiments with similar graphite grades and testing procedures are shown in Table 2.14. 

One example of a testing condition which can influence diffusivity data is the partial pressure of 

hydrogen present. Gas charging studies for three grades of graphite presented in Figure 2.42 show 
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that an increase in hydrogen pressure accelerated the absorption rate in all cases [136]. Additional 

hydrogen also had some effect on the absorption rate activation energy, but the results were not 

consistent among the graphite grades as shown by the slope of the lines at each pressure. The 

apparent diffusivity measurements in experiments with IG-110U graphite at 1273K are shown in 

Figure 2.43 in comparison to a proposed sigmoidal fit [136]. Additional research would be required 

to confirm the correct form of the change in diffusivity with pressure. However, a sigmoid fit with 

a mean shift is used here since the diffusivity increase appears to saturate at high hydrogen 

pressures and there should also be a non-zero diffusivity when hydrogen overpressure is zero. For 

example, the diffusivities measured in the thermal desorption experiments by Atsumi and Röhrig 

should be comparable to the zero overpressure condition since measurements occurred in 

evacuated furnaces and the only hydrogen present was the small amount desorbing from the 

sample [126, 134]. The data fit in Figure 2.43 can be used to estimate the change in diffusivity 

caused by hydrogen pressure. Using the ratio of the sigmoid fit to the diffusivity at zero pressure, 

a diffusivity amplification factor, A, can be calculated as shown in equation 2.56.  

 

Figure 2.42. Hydrogen absorption rate for various temperatures and hydrogen pressures for IG-

110U (a), IG-430U (b), and ISO-880U (c). 
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Figure 2.43. Observed hydrogen diffusivity in absorption experiments with IG-110U graphite at 

1273K and various charging pressures. From [136]. The data is fit with a sigmoid function. 

Eq. 2.56 𝐴 = (
7.388 ∙ 10−15

0.1284 ∙ 10−15
) (

1

1 + exp (−0.329(𝑃[𝑘𝑃𝑎] − 12.3))
)  

 A significant decrease in the diffusion activation energy was observed for IG-110U tested 

in a hydrogen saturated condition of 37 kPa [136]. The measured energy of 125 kJ/mol is 

significantly less than the activation from other diffusivity measurements described in Table 2.14, 

and is also similar to the 121 kJ/mol activation energy of D2 diffusion through pores of ISO-88 

measured by Atsumi et al [126]. One possible explanation of the reduction in activation energy is 

that the high hydrogen pressures result in a larger fraction of occupied trapping sites in the graphite. 

Therefore, instead of trapping and detrapping at open sites, hydrogen tends to diffuse only though 

open pores in graphite once the number of vacant sites in sufficiently low. When the hydrogen 

pressure is below the saturation condition, both molecular diffusion through open pores and 

trapping in the graphite grains may occur. A complete illustration of the hydrogen retention process 

is shown in Figure 2.44 starting from uptake of H2 into open pores, the trapping-detrapping 

diffusion process in grains, and finally trapping at high-energy sites in the crystallites [137]. 
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Figure 2.44. Illustration of hydrogen transport mechanisms in graphite open porosity, diffusion 

in filler grains, and trapping sites in crystallites. From [137]. 

 Since diffusion in graphite grains is typically the rate limiting step for hydrogen retention, 

most retention models in previous studies do not factor in any considerations for molecular 

diffusion of hydrogen in graphite pores. For example, the DIFFUSE code results in Figure 2.41 

were calculated for a single graphite filler grain modeled as a sphere [127]. Therefore, the model 

assumes that all grains inside the graphite were exposed to the same partial pressure of tritium 

during the 1.5 hour charging period. In high temperature or high partial pressure situations, the 

uniform concentration of hydrogen in graphite open pores is a reasonable assumption. However, 

tritium diffusion in graphite pores may be a significant factor in a FHR because temperatures and 

tritium partial pressures will be significantly lower than that of previous absorption studies. 

Graphite components in a FHR also have length scales much larger than the approximately 

millimeter thick samples used in most gas charging studies, which may result in significant tritium 

concentration gradients inside FHR graphite reflectors or fuel pebbles. Modeling tritium diffusion 

in graphite pores is one method to resolve these concentration gradients in the retention model. 

However, the available data for hydrogen diffusivity in graphite pores is very limited in literature.  

 As previously discussed, Atsumi et al calculated a pore diffusion coefficient for ISO-88 

from TDS experiments [126]. Pore diffusion was distinguished from other mechanisms by 

considering that the desorption of Peak 1 corresponded to the release of D2 retention in pores. 

Causey et al used a low temperature absorption study to estimate the tritium diffusivity in pores of 

POCO AXF-5Q graphite [108]. Therefore, the authors assumed that diffusion into grains was 
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negligible at low temperatures because of the high activation energy in the trapping and detrapping 

process. Thermal desorption experiments with helium as a proxy for hydrogen are another possible 

way to investigate gas diffusion in graphite pores. Helium has a similar molar mass to D2 and can 

simulate the pore diffusion without any interference from interactions with trapping sites in 

graphite. Atsumi et al studied the thermal desorption of helium from various grades of nuclear 

graphite using a procedure similar to that of the hydrogen experiments [138]. While the diffusivity 

was not explicitly determined in the paper, a fit of the desorption profile can be used to calculate 

the helium diffusivity, as shown in Figure 2.45 for ISO-880U and IG-110U. The best available 

comparison between diffusivity measurements with hydrogen and helium are the ISO-88 and ISO-

880U measurements, since ISO-880U is a higher purity grade with similar characteristics to ISO-

88. As shown in the compiled pore diffusivity measurements in Table 2.15, the D2 pore diffusivity 

in ISO-88 is roughly double the ISO-880U helium diffusivity at 600ºC. However, both 

measurements are significantly higher than the pore diffusivities of AXF-5Q and IG-110U graphite. 

A large spread in hydrogen grain diffusivity was also displayed in Table 2.14, which can reflect 

differences between graphite grades as well as overall uncertainty in the data. Therefore, a main 

limitation towards understanding tritium transport in graphite is a lack of precise measurements 

on the underlying transport phenomena.   

Table 2.15. Measurements of tritium molecular diffusivity in graphite pores, DT2,p. Values for 

ISO-880U and IG-110U graphite were fit from thermal desorption experiments with helium. 

Graphite Grade Measurement Technique DT2,p [m2/s] DT2,p at 600ºC Ref. 

ISO-88 TDS 1.47∙10-1exp(-121/RT) 8.50∙10-9 [126] 

POCO AXF-5Q Absorption 1.2∙10-4exp(-86.8/RT) 7.70∙10-10 [108] 

ISO-880U TDS (Helium) 2.05∙10-4 exp(-77.5/RT) 4.74∙10-9 [138] 

IG-110U TDS (Helium) 1.59∙10-5exp(-85.0/RT) 1.31∙10-10 [138] 
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Figure 2.45. Thermal desorption of helium from ISO-880U and IG-110U graphite charged with 

101 kPa of He for 1 hour and desorbed at 10ºC/min [138]. The desorption data was used with a 

diffusion model to fit a diffusivity for helium in graphite pores. 

 

2.5.3. Influence of Molten Flibe on Tritium Retention 

 The previously described mechanisms for tritium transport and retention in graphite are 

only directly applicable to tritium dissolved as T2 or HT gas in the Flibe coolant of a FHR, since 

the bulk of previous studies on hydrogen isotope retention in graphite were conducted with 

H2/D2/T2 gas charging. This section describes a few examples of ways molten Flibe can influence 

the retention process from tritium generation, speciation, and physical properties of the salt itself. 

In situations where the influence of Flibe is non-negligible, the applicability of a HT/T2 gas 

retention model should be evaluated and a more detailed transport model may be required for FHR 

results. 

 One potential discrepancy between tritium gas charging in graphite and tritium retention 

from Flibe comes from the tritium generation process itself. The tritium production reaction with 

lithium-6 is highly exothermic, and produces an ejected triton with an energy of 2.7 MeV following 

the neutron reaction [139]. If the ejected triton fully slows down in the salt, it could then be 
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expected to speciate into different chemical forms of the factors discussed in Section 2.2. However, 

there is also a possibility that the triton will be recoil implanted if it is born near graphite within 

the range of 2.7 MeV ions in Flibe. A range calculation for tritium ions in Flibe is shown below in 

Figure 2.46, which resulted in an average penetration depth of 47.1μm based on calculations with 

the SRIM code. 

 

Figure 2.46. Range of 2.7 MeV tritium ions in 1.94 g/cm3 Flibe calculated with SRIM. 

 Based on the SRIM range results, tritium retention can only occur through recoil 

implantation if it is born at a distance within roughly 50 μm of graphite. The MSRE can be used 

an example to assess the significance of recoil implantation to overall retention in graphite. An 

example MSRE fuel channel is shown on the left in Figure 2.47 below. The oval-shaped channel 

has an area of 287.5 mm2 of which 3.63 mm2, or 1.3%, is within a linear distance of 50 μm from 

the graphite wall. If the tritium generation is uniform in the salt throughout the fuel channel, then 

the 1.3% would represent the amount of tritium generated by lithium-6 which could be implanted. 

According to the isotopic generation numbers for the MSBR in Table 2.1, lithium-6 is expected to 

account for 50% of the total tritium generation. The other Flibe reactions, like with lithium-7, are 

endothermic and thus would have substantially lower triton recoil ranges. Therefore, 50% of the 

1.3%, or 0.65% of total tritium retention can be explained by recoil retention in the MSRE. 

However, an estimated 15% of the total tritium generation throughout the MSRE operating lifetime 

was observed in the graphite moderator of the core [140].  
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Figure 2.47. Control rod and moderator lattice in the MSRE with an example of a typical fuel 

channel. From [141]. 

 The tritium concentration profile observed in the MSRE graphite also does not appear to 

be consistent with a recoil implantation process. Tritium content was analyzed in one of the 

removable graphite moderator stringers pictured in Figure 2.47 after the MSRE operating period 

was finished. The concentration profile was measured by successive cuts perpendicular to the 

graphite surface made with a 1.57 cm diameter rotating milling cutter [140]. Tritium concentration 

at the mean depth of each cut is plotted as a function of depth from the salt-graphite surface in 

Figure 2.48. The recoil range of tritons generated by lithium-6 was previously calculated to be 

32μm for 1.89g/cm3 pyrolytic graphite [142]. The tritium concentration in the MSRE graphite 

doesn’t show any steep drop-off after the recoil range. Instead, it appears the tritium concentration 

decreases as continuous function of depth, which could be explained by a slow diffusion process 

into the MSRE graphite. 
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Figure 2.48. Tritium content in samples of the graphite moderator stringers after operation of the 

MSRE. The depth of measurements refers to the average of the starting depth and final depth in 

each sample taken from the graphite. From [140]. 

 Another assumption in the previous section was that tritium diffuses as a gas inside the 

pores of the graphite, and therefore the graphite pores are not infiltrated by molten Flibe. Molten 

salt uptake into pores of the MSRE’s moderator was inhibited by the physical properties of the 

CGB grade graphite. The graphite underwent multiple impregnation steps during fabrication to 

achieve an accessible porosity of only 4%, which was a precaution taken to reduce the penetration 

of fuel salt into the graphite pores [143]. Clean coolant salts without dissolved fuel result in less 

stringent graphite impregnation requirements for FHRs. However, molten Flibe infiltration is still 

a concern because it could damage graphite during melting and freezing cycles and could also 

affect the buoyancy of fuel and moderator pebbles in the salt. Flibe intrusion could potentially 

influence tritium retention in graphite by providing a mechanism for additional penetration of 

tritium into the graphite bulk. The main defense against Flibe intrusion is to use a graphite with a 

small enough pore size to prevent wetting of the graphite by salt. Four graphite grades were 

evaluated for Flibe intrusion by measuring the weight gain of samples before and after immersion 

in Flibe at 700ºC for 20 hours with results shown in Figure 2.49 [144]. An argon overpressure was 
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also adjusted for each experiment. At a certain critical pressure, the surface tension of the salt is 

overwhelmed and salt intrusion into the graphite begins to occur. The critical pressure increased 

with decreasing average pore sizes, which were 25μm, 4μm, 2μm, and 0.83μm for NBG-18, NG-

CT-10, IG-110, and NG-CT-50, respectively [144]. As shown in Figure 2.49, Flibe infiltration is 

not expected to occur at atmospheric pressures for graphite with pore size at or smaller than the 

2μm for IG-110. 

 

Figure 2.49. Weight change and cumulative infiltration of molten Flibe with various graphite 

grades tested at 700ºC for 20 hours. From [144]. 

 An additional unknown in the Flibe-graphite system is the extent to which TF will interact 

with graphite. If TF can evolve to the off-gas above a salt, it will also likely diffuse as a gas into 

the open pores of graphite. Since retention in pores is a low portion of overall retention, the amount 

of total TF retention will depend on whether or not TF can engage with the same trapping sites as 

for T2, or if there are additional trapping sites which can retain TF but not T2. In tritium transport 

models made during the MSRE program, it was assumed that both TF and T2 are retained equally 

by graphite [38]. However, in radiochemical analysis of the MSRE graphite after reactor operation, 

the graphite samples tested were dissolved in a boiling mixture of H2SO4 and HNO3 and thus the 

chemical form of retained tritium could not be directly observed [140].  
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 Better understanding of TF interactions with graphite is one motivation for additional 

experimental investigation into tritium retention in the Flibe-graphite environment. As shown in 

previous sections, even for T2 there are also significant uncertainties caused by the spread in data 

reported on transport and trapping properties. Furthermore, most research on adsorption of 

hydrogen isotopes in graphite has been carried out at temperatures and charging pressure well 

above the relevant FHR range. Beyond retention in graphite, the integrated effects of tritium 

generation, speciation, and transport in molten Flibe create a range of uncertainties which make 

the tritium distribution in a FHR difficult to accurately predict. The tritium transport phenomena 

and current available data discussed in this section are important to understand in order to grasp 

the scope and limitations of models that can calculate tritium transport at the reactor-scale. In this 

study, observations from Flibe irradiation experiments at the MIT Reactor were analyzed in order 

to assess tritium transport behavior and identify knowledge gaps. Lessons learned from irradiation 

experiments were then used to propose a method for calculating tritium retention in system-level 

tritium transport models. Ultimately, the updated system-level model was used to explore tritium 

management strategies for a commercial-scale FHR. 
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3. Tritium Distribution in MITR Fluoride Salt Irradiations 

 The In-core fluoride-salt (FS) irradiations at the Massachusetts Institute of Technology 

Reactor (MITR) provide valuable insight into tritium transport mechanisms at prototypical FHR 

conditions. In particular, the tritium analysis of graphite samples from MITR experiments are the 

first retention measurements of graphite irradiated in Flibe since the MSRE program at ORNL. 

Measured partitioning between the irradiation off-gas and retention in graphite samples can also 

be used to determine the tritium distribution in each irradiation. To date, three in-core fluoride salt 

experiments have been completed at the MITR, which are denoted chronologically as FS-1, FS-2, 

and FS-3. The run dates for each experiment were September 13th to October 29th of 2013, July 8th 

to August 12th of 2014, and November 8th to December 18th of 2016 for FS-1, FS-2 and FS-3 

respectively. One additional irradiation, FS-4, was also conducted in the MITR graphite reflector 

on April 26th and 27th of 2018. The unique features of the irradiation facility and test capsules are 

described in this section along with important observations on tritium transport and retention in 

graphite gained from each irradiation. 

3.1. In-Core Experiment Design and Irradiation Facility 

 The three in-core Flibe experiments each contain similar features and design elements, but 

lessons learned from each test lead to design improvements for subsequent experiments. One 

common feature, for example, was the use of IG-110U graphite as the salt containing crucible 

material. The grade IG-110U refers to a high purity isotropic graphite manufactured by Toyo 

Tanso [17], and a large quantity of IG-110U procured prior to the FS-1 irradiation was used to 

manufacture crucibles and certain test samples for all three irradiations. Graphite crucibles prior 

to salt and test sample loading are shown in Figure 3.1. As shown in the figure, the number of axial 

graphite crucible sections increased from 1 to 3 from FS-1 to FS-3, respectively. Additional 

dimensions for the graphite crucibles in each experiment are provided in Appendix A. The graphite 

axial sections were contained inside of a Nickel 201 capsule with an Inconel 800H upper cap. 

Nickel was selected for chemical resistance against corrosion from salt vapor and unstable 

fluorides which can potentially be produced by radiolysis, although significant corrosion was not 

expected from normal experimental conditions. The Inconel 800H alloy was chosen to add strength 

for the threaded region which sealed the capsule body to the upper cap [40]. 
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Figure 3.1. FS-1 graphite crucibles (left) and FS-2 graphite (center) along with nickel capsule 

used for east test. The FS-1 graphite holes are 1 cm in diameter and nickel capsules have similar 

diameters. Graphite crucibles for FS-3 are pictured on the right. From [17, 145]. 

 Each in-core irradiation required Flibe with high levels of lithium-7 enrichment to prevent 

excessive tritium generation. There are currently no commercial suppliers for lithium-7 enriched 

to the levels required for FHR applications. For example, PWRs use enriched lithium-7 as an 

additive to the reactor coolant, but only at enrichments of 99.95% [30]. The salt for MITR Flibe 

irradiations was donated by ORNL and was sourced from the secondary coolant loop of the MSRE. 

The MSRE primary salt was enriched to 99.995% lithium-7, but the secondary Flibe coolant had 

a lithium-7 content between 99.990% and 99.991% as measured during the initial salt purification 

[57]. Prior to the MITR irradiations, the MSRE salt was regenerated to an acceptable chemical 

quality to alleviate potential degradation from decades of storage at ORNL [16]. The purification 

process resulted in Flibe with impurity levels of nickel, iron, and chromium that were below the 

targets set for the MSRE program [39]. Salt after the purification process is shown in Figure 3.2. 

Qualitative observations that demonstrate the salt quality and low impurity concentrations are the 

white color and large, translucent grains. 
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Figure 3.2. FS-1 Flibe (left) and FS-2 and FS-3 Flibe (right) after purification. From [60]. 

The Flibe salt, test samples, and graphite crucibles are sealed by the capsule and the process 

tubing in the primary gas boundary. Beyond the capsule region, the irradiation experiment 

assembly was contained in an additional secondary encapsulation, referred to as the ‘thimble.’ The 

thimble creates a gas-tight barrier with the MITR water and a separate gas region where tritium 

permeation from the capsule could be monitored. Titanium is used as the thimble material due to 

its relatively low neutron cross section and suitable decay time. The thimble occupies a fuel 

element slot in one of the central MITR core positions, as shown in Figure 3.3. Reactor water flow 

outside of the thimble provides heat removal for the titanium wall, which must be cooled 

sufficiently to prevent the onset of nucleate boiling with the primary water as specified by the 

MITR license requirements [146]. A cooled thimble wall is also useful for Flibe irradiation 

applications because it reduces tritium permeation through the titanium boundary and prevents 

tritium losses prior to the measurements. 
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Figure 3.3. Arrangement for the FS-2 thimble (left) in the MITR core with other fuel elements 

removed and cross section of the FS-3 thimble and capsule internals, with samples pictured in 

yellow (right). From [40]. 

The primary source of heating for each Flibe experiment was nuclear heat from gamma 

and neutron energy deposition in the capsule materials. The heating rate can be calculated from a 

MCNP full core model of the MITR core which includes the fluoride salt experiment. For a MITR 

core power of 5.9 MW, the MCNP-calculated heating rates for the nickel, graphite, and Flibe in 

FS-3 were 2.5, 2.4, and 2.3 W/g respectively [40]. The desired irradiation temperature of 700ºC in 

the capsule is maintained by varying the ratio of helium to neon in the thimble sweep gas, where 

neon is added to decrease the gas thermal conductivity and raise temperatures. Using the MCNP-

calculated heating rates, the capsule temperature profile was simulated using the ANSYS Fluent 

CFD code. Fluent models with 100% helium and 100% neon conditions produce the lower and 

upper limits for the experiment operating range, as shown in Figure 3.4, [40]. 
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Figure 3.4. Thermal analysis for the FS-3 capsule with 100% helium thimble sweep gas (left) 

and 100% neon (right). Each model is shown with a separate temperature scale. From [40]. 

 Capsule and thimble regions are continuously swept with an inert gas throughout the 

irradiation. The thimble contained a helium-neon mixture for temperature control, while the 

capsule gas is supplied with only helium. Total gas flow rates near 100 cc/min in each region were 

used, and gas flow inlets were placed towards the bottom of the capsule or thimble and swept 

upwards [17]. Each experiment was designed to allow for separate tritium sampling in each off-

gas stream using a water bubbler trapping system supplied by TYNE Engineering [147]. A 

conceptual diagram of the water bubbler is shown in Figure 3.5. In the first three vials, water-

soluble tritium forms are readily captured. Possible sources of water soluble tritium from the Flibe 

irradiations can be HTO, T2O, or TF. The vials are placed in series in order to confirm that tritium 

is not carried out of the vial sets in significant quantities. There was usually an order of magnitude 

decrease in tritium concentration between vials, with less than 1% of the total tritium in each set 
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contained in the third vial. After the first three-vial set, the process gas stream is combined with a 

He-1%O2 mixture in a furnace maintained at 450ºC. The palladium-coated alumina catalyst in the 

furnace oxidizes the insoluble forms of tritium, such as T2 and HT, into soluble forms. Converted 

HT and T2 are then captured in the second set of vials in the same manner as the initial set. The 

gas flowing out of the bubbler system passes through a backup water collector and a charcoal filter 

before exiting the reactor building ventilation system. 

 

Figure 3.5. Conceptual diagram of the 6-vial water bubbler and catalyst furnace. 

 After collection in the water bubbler, the tritium concentration can be analyzed through 

liquid scintillation counting (LSC). A small sample of water from each vial is added to a 

scintillation mixture of PerkinElmer Opti-Fluor liquid which is then counted with a Packard TRI-

CARB 2900TR Liquid Scintillation Analyzer [17]. The LSC specimens were prepared using 16 

mL of scintillation fluid and a 0.1 mL sample of water from the vial taken with a micropipette. 

Volumes of each fluid were selected to create a condition where a beta particle decay would result 

in full energy deposition inside the fluid. Beta decay energies are determined by the detector, which 

are separated into energy bins to represent tritium, carbon-14, and phosphorus-32. Tritium has the 

lowest energy bin from zero to 18.6 keV, therefore the LSC can discriminate between tritium and 

high-energy beta emitters, although activity from other bins was typically very low compared to 

measured tritium. The total tritium content in each water bubbler vial is calculated based on the 

specific activity in the 0.1 mL sample. The tritium trapped in the vial sets divided by the time the 

vials were exposed to the off-gas stream results in a coarse calculation for the tritium release rate 

from the in-core experiment. 
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3.2. Tritium Release Measurements  

 There were several additional objectives of the MITR in-core Flibe irradiations beyond the 

tritium transport measurements discussed in this section. A wide range of candidate FHR materials 

were tested as well as Flibe salts at different chemical redox potentials to assess corrosion under 

irradiation [145]. In order to represent the neutron flux levels and temperatures expected in an 

FHR, these fluoride salt irradiations were carried out in the MITR core, where the spatial 

dimensions and allowable materials of each test are significantly constrained. Therefore, the 

tritium released from the experiment had to be trapped and measured by an external system on the 

reactor top. One challenge for the tritium release measurements in the MITR irradiations, and all 

other similar tritium experiments, is preventing losses and holdup of tritium during the transit 

through the gas piping from the in-core experiment to the tritium measurement systems. 

Experience gained from each in-core experiment provided insights into improved design features 

which enhanced the tritium sampling capability from one experiment to the next. 

 Quantifying the tritium production rate prior to the experiment is an essential step in 

understanding the tritium release observations. Before the irradiations took place, the amount of 

tritium generation was calculated with MCNP in units of mCi/MWd, where the megawatt-days 

refers to integrated power from the MITR core. Among the in-core irradiations FS-1, FS-2, and 

FS-3, the most significant factor in tritium production was the mass of Flibe loaded into the 

crucible, as shown in Table 3.1.  However, the FS-4 production rate was orders of magnitude 

higher than the previous three experiments even though the salt mass was the lowest. This is 

because the FS-4 salt used natural-lithium Flibe at 7.59% Li-6 compared to the 0.01% Li-6 

enriched salt used in the in-core irradiations [41]. Furthermore, the FS-4 tritium production rate is 

roughly two orders higher than the enriched salt irradiations despite the irradiation taking place in 

the MITR graphite reflector port where fast flux is negligible and thermal flux is roughly 1 order 

of magnitude lower than in-core [146]. Since the irradiation took place in a different facility and 

contained no graphite test samples, the FS-4 irradiation is not discussed in this section. Additional 

description of the FS-4 irradiation and tritium measurements are available elsewhere [49]. For the 

in-core irradiations, the calculated tritium generation values allow the observed release 

measurements from each experiment to be analyzed in terms of an overall tritium distribution. 
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Table 3.1. Flibe mass and tritium production from each MITR irradiation calculated by MCNP. 

The FS-4 experiment used natural-lithium Flibe while all others had lithium-7 enrichment. 

Experiment Flibe Inventory [g] 3H Production Rate [mCi/MWd] 

FS-1 121.2 2.63 

FS-2 326.4 7.64 

FS-3 101.5 2.71 

FS-4 35.0 181 

 

3.2.1. Tritium Release from Inert Off-Gas in FS-1 and FS-2 

 Several unexpected trends were observed in the tritium release measurements from FS-1. 

As shown in Figure 3.6, the initial capture rate measured in the capsule sweep gas was about 10% 

of the total estimated tritium generation rate. Release from the capsule decreased to less than 1% 

of the generation a few days into the experiment. A similar decreasing trend was also observed for 

tritium in the thimble sweep gas. Measured collection rates significantly lower than the calculated 

tritium generation rate suggest tritium interactions with the sweep-gas tubing prevented tritium 

from reaching the water bubbler system placed on the reactor top. Sweep gas flow and tritium 

sampling continued for several days after the 1000 hour irradiation when the reactor was shut down. 

In Figure 3.6, the collection rate appears to be unaffected by the reactor shutdown even though 

tritium production stopped after day 41 of the experiment. Therefore, the tritium measurements 

during FS-1 most likely reflected only the tritium coming to the water bubbler after a significant 

holdup time caused by interactions with the tubing. However, this explanation is not consistent 

with the higher collection efficiency observed during the beginning of the irradiation. It is possible 

that impurities such as oxygen or moisture in the gas tubing lines changed the surface conditions 

on the tubing interior which led to more interaction sites for tritium as the experiment progressed.  
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Figure 3.6. Tritium measurements in the FS-1 capsule and thimble regions as measured by the 

water bubbler system with periodic sampling and liquid scintillation counting. The observed 

release rate in each region was significantly lower than the calculated generation rate. 

 An additional issue observed in the FS-1 irradiation was a flow restriction which developed 

in the capsule off-gas line and interrupted tritium sampling near day ten of the experiment. The 

hypothesis for the flow blockage was condensation of volatile fluorides on the cold surfaces of the 

tubing above the heated zone [17]. Therefore, the FS-2 design used a modified the capsule line 

which was increased to a 1.27 cm (½-inch) diameter to reduce sensitivity to deposited vapors. A 

nickel flow-diverter plate was also added above the salt crucibles in order to force flow towards 

the cooler capsule upper plenum wall before exiting the exhaust line, thereby causing condensation 

onto the capsule walls instead of the tubing port. The release measurements in Figure 3.7 show 

that the added design improvements allowed for tritium sampling in both the capsule and thimble 

regions throughout the duration of the experiment. However, a collection rate of less than 1% was 

observed compared to the predicted generation rate, as seen in the FS-1 test. While the quantity of 

tritium release was lower than expected, the relative amounts measured between the capsule and 

thimble in FS-1 and FS-2 demonstrate that tritium was able to readily permeate through the nickel 

capsule at the irradiation temperature of 700ºC. 
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Figure 3.7. Tritium releases observed during the FS-2 irradiation plotted against the predicted 

generation rate. 

 Chemical form of captured tritium release during FS-1 and FS-2 was also monitored using 

the water bubbler system. The fraction of soluble tritium was calculated for each data point in 

Figure 3.6 and Figure 3.7, which is defined as the total activity in vials 1 to 3 prior to the catalyst 

furnace divided by the sum of activity in vials 1 to 6. Over half of the tritium measured at all points 

in both FS-1 and FS-2 was in a soluble form. The trend of solubility fraction shown in Figure 3.8 

also shows some dependence of tritium chemical form on the experiment duration. At the 

beginning and end of each irradiation, the tritium release had a higher fraction of solubility than 

during the middle portions of the experiment. The trend with experiment duration also has some 

relation to the irradiation temperature, since samples were taken as the experiments were 

approaching their target temperatures as well as when the reactor was shut down and the salt 

capsules were cool [147]. One possible explanation is that gamma radiation from fission products 

in the MITR fuel could create free fluorine gas through radiolysis when the salt was frozen and 

the reactor was shut down prior to or after the irradiation period. It was observed during the MSRE 

program that irradiation of frozen Flibe liberates fluorine as a gas, but thermal recombination 

converts F2 radiolysis products back to stable fluoride forms at temperatures above roughly 100ºC 
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[148]. Another explanation is the interaction of tritium with oxides on the tubing walls. In 

deuterium permeation studies with oxidized 316SS, the chemical form downstream of the sample 

shifted from D2 to D2O at temperatures below 500K [113]. However, it is difficult to make any 

conclusions about the overall chemical forms of tritium in each experiment since the low collection 

rate meant the majority of tritium was unaccounted for in FS-1 and FS-2 release measurements. 

 

Figure 3.8. Ratio of tritium in vials 1-3 of the water bubbler verses tritium in all vials used to 

determine the fraction of tritium soluble in water during FS-1 and FS-2. Soluble forms would 

indicate either HTO/T2O or TF while insoluble forms would be HT/T2. 

 

3.2.2. Tritium Release from Off-Gas with H2 Addition in FS-3 

 A major change between FS-1/2 and FS-3 was the addition of hydrogen to the off-gas 

streams of the capsule and thimble to combat parasitic interactions of tritium with the gas tubing. 

The use of hydrogen in the first two experiments was avoided so that added hydrogen would not 

interfere in tritium interactions with sample materials in the capsule. For example, additional 

hydrogen could occupy trapping sites in graphite samples and crucibles of each experiment and 

prevent further retention by tritium. Because of the low tritium collection efficiency in FS-1 and 

FS-2, the decision was made to add a 50 cc/min He-3.5%H2 (3.5% H2 by volume) injection into 
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the 100 cc/min flow streams of the FS-3 capsule and thimble regions. Design precautions were 

made to limit the amount of hydrogen which could enter the capsule or thimble regions near the 

irradiation zone. The He-3.5%H2 was added to the capsule flow gas stream in a separate flow tube 

which discharged into the central exhaust tube downstream of the capsule top. For the thimble, 

hydrogen was added in a junction near the thimble flange. Therefore, in both cases He-3.5%H2 

was injected into flow gas streams past the end of the encapsulated regions so that hydrogen could 

saturate interaction sites in the tubing in between the irradiation zones and the tritium bubbler 

system. 

 The hydrogen addition in FS-3 had a profound effect on the chemical form of tritium 

measured in the water bubbler system. As shown in Figure 3.9, the fraction of soluble tritium was 

below 1% for the majority of the irradiation in both the capsule and thimble regions. Like FS-1 

and FS-2, there was also an increase in soluble tritium in samples at the beginning and end of the 

irradiation. A surprising result was the elevated soluble fraction in the thimble compared to the 

capsule – TF evolution would only occur in the capsule region and would register as soluble tritium. 

Therefore, the influence of TF in the capsule was likely less significant than HTO produced by 

interactions with oxide or moisture impurities in the process tubing. If the added hydrogen was 

able to back-diffuse into the capsule irradiation zone, then isotopic exchange in the salt phase could 

have produced HT in the same manner as in the Flibe irradiations conducted by Suzuki et al [44, 

48]. Another possibility is that hydrogen was not present near the capsule, but isotopic exchange 

still converted HTO or TF into HT in the gas phase or on metal surfaces in the off-gas tubing. 
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Figure 3.9. Fraction of soluble tritium in the three MITR in-core Flibe irradiations. Hydrogen 

addition into the FS-3 sweep gas resulted in predominantly insoluble tritium (T2/HT) measured 

in the tritium water bubbler. 

 The addition of hydrogen into the sweep gas of the FS-3 experiment makes it difficult to 

determine what the original chemical form of tritium was upon release from the salt. However, the 

hydrogen addition significantly improved the tritium collection efficiency compared to FS-1 and 

FS-2. The measurements in Figure 3.10 show that the sum of tritium release in the capsule and 

thimble region was comparable to the total tritium generation rate. With the improved release 

measurements, more details are added to the FS-3 release plot in order to further describe tritium 

accountancy from the irradiation. For example, the tritium generation rate in Figure 3.10 accounts 

for changes in lithium-6 concentration during the experiment, which lead to an overall decrease in 

tritium generation rate of 3.3% after 40 days of MITR operation [41]. The MITR power was 

constant at 5.5MW during the 960-hour FS-3 irradiation except for a 3 hour downpower during 

the second day, which is neglected in this analysis.  
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Figure 3.10. Tritium release from the capsule and thimble regions of the FS-3 experiment during 

the irradiation in comparison to the calculated total production. Uncertainty in tritium generation 

is represented in the shaded red region. 

 As shown in Figure 3.10, the sum of tritium releases in the capsule and thimble from the 

latter half of the experiment begins to approach the total generation rate. However, there is a 

notable low release rate from the capsule at the beginning of the experiment which increases 

towards equilibrium over roughly a 15 day period. The difference between the total releases and 

the generation rate can be used to estimate the amount of tritium retained inside the capsule 

materials. Since the bubbler could only sample one region at a time, a simple linear interpolation 

method was used to calculate the release rate in the unsampled region [18]. While other factors 

exist, the uncertainty in the tritium generation rate was calculated based on the uncertainty in 

lithium-6 concentration of the Flibe. During production of the MSRE secondary loop Flibe, 22 

separate batches were made and the lithium isotopic assay was assessed in each batch. Of the 

batches listed, 13 had a lithium-6 wt% of 0.009 while 9 were measured at 0.010 [39]. Weighting 

each measurement by the kilograms in the batch and taking the standard deviation of the group 
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results in a relative standard deviation in the Li-6 value of 6%. Since Li-6 supplied 65% of total 

FS-3 tritium generation [41], the contribution of Li-6 composition uncertainty to the total tritium 

generation uncertainty is 4%. The integral of the tritium generation rate in Figure 3.10 along with 

the calculated uncertainty produces a calculated total tritium generation of 589±24 mCi during the 

FS-3 experiment. 

 For the capsule release rate uncertainty, the relative standard deviation is used from the 7 

capsule data points starting with the point at day 12.7. Similarly for the thimble region, 6 thimble 

data points are used staring at day 16.7 until the point at day 38.0 (the point at day 39.6 includes 

some of the reactor shutdown period so it was not used in the thimble standard deviation). These 

relative standard deviations are 14% and 17% for the capsule and thimble, respectively. While the 

same measurement process is used for both regions, the difference in standard deviation between 

the thimble and capsule could be explained by different temperature and gas flow fluctuations in 

the regions along with unique tritium interactions with other materials present. Considering the 

overall release, there was then 350±49 mCi collected from the capsule and 110±19 from the 

thimble, which results in a total measured release with uncertainty propagated is 460±53 mCi. 

Therefore, the difference between tritium generation and the total release accounts for 22%±10% 

of the total tritium generation. Analysis of graphite samples after the irradiation was conducted to 

better understand whether or not retention in graphite could explain a significant fraction of the 

unreleased tritium.  

 

3.3. Post-Irradiation Tritium Desorption of Graphite Samples 

 With tritium generation and releases quantified, understanding the amount of tritium 

retained in graphite components of each in-core irradiation was a vital step remaining towards 

understanding the tritium distribution of the experiment. Monitoring tritium contained in samples 

is a unique challenge because of the weak beta decay signal with a maximum energy 18.6 keV and 

no associated gamma emissions [149]. Therefore, accurately counting tritium in graphite typically 

requires an effective way of extracting the radioisotopes out of the sample. Several extraction 

methods are described in literature, such as dissolution of graphite in perchloric acid, dissolution 

in nitric and sulfiric acid, and combustion with oxygen [150, 151, 140]. A destructive technique 

like dissolution or combustion is useful for quantifying the total tritium content in a sample, but 

perturbs information on the storage mechanism and chemical form of tritium during the 
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measurement process. A less disruptive technique is oxidative thermal desorption, where samples 

are heated in the presence of oxygen to covert tritium to HTO and facilitate desorption [149]. 

Oxidative thermal desorption can provide information on desorption rate as a function of 

temperature, but will still convert tritium to HTO during desorption. Desorption of graphite 

samples against vacuum is another option used previously with studies on gas charging of 

hydrogen and deuterium [115, 126], but for tritium analysis this would require a complex vacuum 

system capable of handling tritium loads. Therefore, desorption of samples in inert gas was used 

in this work in order to best preserve the chemical form of trapped tritium and produce information 

for tritium desorption mechanisms. 

3.3.1. Desorption of FS-2 Graphite Samples in a Steel Vessel Furnace 

 The design of a custom thermal desorption furnace for the MITR graphite samples was 

also informed by the lessons learned during tritium release measurements from FS-1 to FS-3. 

Several design features were added to prevent tritium interactions prior to the tritium measurement 

systems. Off-gas tubing as well heater internal surfaces create possible tritium interaction sites 

which can impede the measurement. Therefore, the furnace used an Ar-4%H2 sweep gas mixture 

to saturate surface sites with hydrogen, as in the FS-3 test. For the furnace application, argon was 

suitable as the base gas instead of helium because the furnace was an out-of-core application. In 

addition to surface interactions, tritium permeation through the heater wall was a potential issue. 

A copper tube cooling water jacket was wrapped and brazed to the 304 stainless steel furnace 

vessel in order to cool the steel vessel and reduce the wall permeability. The water was circulated 

through a chiller throughout the experiment, with a typical cooling water outlet temperature below 

30ºC. The water bubbler system used in FS-3 and described in Figure 3.5 was paired with the 

desorption experiment. Furnace internal components and the water cooling jacket are shown in 

Figure 3.11. 
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Figure 3.11. Steel vessel thermal desorption furnace cutaway drawing of internal features (left) 

and outer vessel showing the cooling coil (right). Water circulating through the exterior copper 

coil cools the body of the furnace to prevent tritium permeation losses. From [18]. 

 High-temperatures required for the desorption furnace were enabled by a molybdenum 

disillicide heating coil provided by Micropyretics Heaters International. A large coil zone of 2.75” 

diameter and 5.5” height allowed flexible sample geometries to be tested. Around the heater, a 

cylindrical molybdenum heat shield radiatively insulated the coil. The heat shields are formed by 

cylindrical sheets in the lower assembly and circular plates that connect to the upper flange, as 

shown in light blue in Figure 3.11. Electrical isolation between the coil and furnace is provided by 

an alumina rod that connects the upper heat shields and insulating fittings that secure the coil to 

the upper flange. While the heating coil was capable of output temperatures up to 1850 ºC, the 

furnace in practice could only reach a maximum temperature of around 1000ºC, as measured by 

the thermocouples under the alumina sample. The heat shields only provided limited insulation 

and the active cooling of the furnace wall was a significant heat sink. A porous or ceramic 

insulation material in addition to the molybdenum sheets inside of the furnace vessel could raise 

achievable sample temperatures, but would create additional tritium interaction sites that might 

disturb the measurement process. The temperature limitations were a notable limitation of the 

initial steel furnace design. 

 Compared to the FS-3 release measurements, tritium analysis with the desorption furnace 

was greatly improved by the addition of a TYNE Engineering Model 7045 Tritium in Air Monitor. 
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The TYNE monitor produces a live readout of tritium activity in uCi/m3 of the furnace off-gas 

during the experiment, which is important for extracting kinetic information of tritium desorption 

from samples. In contrast, the water bubbler system can only measure tritium release rates by 

pausing gas flow and sampling the vials periodically. The TYNE system was originally intended 

for reactor use during FS-3, but an equipment failure made it unavailable prior to the irradiation. 

The planned configuration in FS-3 was a two-pass flow through the ion chamber array. On the first 

pass, the gas is counted for beta decay in chamber M1 and ionization from gamma rays are 

compensated by chamber C1. The gas stream then flows through the water bubbler which captures 

both soluble and insoluble tritium. A second pass is then made through the ion chamber so that 

radioisotopes in the gas stream which pass through the bubbler, Ar-41 in particular, can be counted 

by M2/C2 and subtracted from the first-pass measurement to determine the tritium activity. 

Because tritium is the predominant radionuclide expected in the desorption furnace sweep gas, 

only a single pass is used and the second set of chambers is left open to the laboratory atmosphere 

for the furnace application. In addition to M1/C1 and M2/C2, a smaller fifth chamber in the center 

is used for a high range of tritium activities from 1000-999,999 uCi/m3. The five-chamber system 

is shown below in Figure 3.12. 

 

Figure 3.12. Configuration for the TYNE Tritium in Air Monitor ion chambers. M1 and C1 

measure tritium and compensate for gammas, respectively. The second set of chambers are used 

to subtract out Ar-41, but are not needed in the desorption furnace application. 
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 Since the ion chamber was originally calibrated for use with air, a correction must be 

applied for the particular sweep gas used in each experiment. The ion chamber detects the specific 

activity of tritium in a gas by measuring an ionization current. Converting the ionization current 

to a specific activity requires knowledge of the amount of energy required to produce an ion pair 

in the particular gas, which is referred to as a W factor with units of eV lost per ion pair produced. 

The W factor depends on the characteristics of the gas, type of radiation, and radiation energy, but 

is a relatively weak function of either variable [152]. Complied W factors for electron decays in 

various gases are shown in Table 3.2, which roughly correspond with the first ionization potential 

of the gas [153]. The ionization current, Ig, is inversely proportional to the W factor [154], and 

thus the ion chamber measurement of specific activity, Cg, can be converted to the appropriate 

condition using a ratio of W factors as in equation 3.1. There is limited guidance in literature 

regarding the treatment of specific gas mixtures, so a simple weighted average is used to produce 

a W factor of 26.8 for Ar-4%H2. Therefore, measurements from the ion chamber are multiplied by 

0.793 to represent the true specific activity in the argon hydrogen mixture. 

Eq. 3.1 𝐶𝑔 ∝ 𝐼𝑔𝑊𝐴𝑖𝑟 ∙ (𝑊𝐴𝑟/𝐻2
/𝑊𝐴𝑖𝑟)     

Table 3.2. Complied first ionization energies and W factor values for electrons in various gases. 

From [153]. 

Gas 
First Ionization 

Potential [eV] 

Electron W-Value 

[eV/ion pair] 

Ar 15.7 26.4 

He 24.5 41.3 

H2  15.6 36.5 

N2 15.5 34.8 

Air  -- 33.8 

O2  12.5 30.8 

CH4  14.5 27.3 

 The ion chamber only measures specific activity of a gas stream, and thus the flow rate 

must be measured in order to calculate the total tritium desorption rate from samples in the furnace. 

Total tritium release in a desorption profile can then be calculated based on the integral of the gas 

flow rate times the specific activity reading for the duration of the test as shown in equation 3.2. 

Flow of the Ar-4%H2 sweep gas was held at a constant 312 cc/min by an Omega FMA5412A flow 

controller. For TDS experiments, a higher flow rate is desirable in order to minimize the delay 

between desorption and measurements during temperature changes. However, the flow rate in the 
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furnace needed to stay below roughly 500 cc/min, where excessive splashing in the bubbler vials 

starts to entrain water in the gas flow. Four timed measurements of flow into an evacuated 

graduated cylinder were used in order to calibrate the measurement for the particular gas mixture 

and the resulting times had a relative standard deviation of 4%. A He-1%O2 gas mixture supplied 

to the catalyzer furnace was less rigorously controlled, and was adjusted to 25 cc/min according 

to the rising-bead visual flow meter on the bubbler front panel. Based on the bubbling rate in water 

vials of the He-1%O2 flow compared to the calibrated flow stream, the He-1%O2 was likely 

significantly higher than the 25 cc/min indicated on the rising-bead meter. The combined furnace, 

ion chamber system, and water bubbler setup is shown in Figure 3.13. 

 

Figure 3.13. Thermal desorption facility used for FS-2 samples. Desorption occurs in the steel 

vessel furnace, gas flows into the ion chamber, and then tritium is trapped in the water bubbler. 
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 The desorption furnace underwent a series of tests with tritiated water and one FS-1 

crucible section prior to tests with FS-2 research samples. A thorough description of the initial 

furnace trials and shakedown testing is described elsewhere [18]. In summary, the initial 

experiments helped to refine a desorption testing procedure and provided confidence in the ability 

of the furnace to efficiently collect tritium in the sweep gas. An example procedure for a 0.07595 

gram sample of ARB graphite is shown below in Figure 3.14. A linear temperature ramp of 0.1 

K/s was used for the sample, although the steel vessel furnace had some difficultly staying near 

the set point during heater pulses at temperatures below roughly 500°C. The furnace could achieve 

a maximum temperature between 960°C and 970°C, but the temperature ramp rate started to drop 

below the programmed slope after roughly 950°C. An additional temperature ramp down and hold 

at 800°C was used to allow for additional desorption and prevent rapid furnace cooling which 

could cause backflow of water into the tritium bubbler. As shown in Figure 3.14, a second 

temperature ramp of the sample at faster rate of 0.14 K/s led to a noticeable amount of desorption 

compared to the first cycle. Each sample underwent two ramp cycles as in the procedure shown in 

Figure 3.14 in order to assess the amount of tritium remaining in the sample which could be 

desorbed in the furnace temperature range. The ratio of first and second desorption amounts are 

shown in Table 3.3. Since the runs took place on different days over the course of two months, all 

values are corrected based on the day of measurement back to time time-center of the FS-2 

experiment (July 26th, 2014) to normalize for tritium decay. For example, the IG2-6 measurement 

occurred on March 3rd, 2018 and therefore 18.3% of the tritium retained from the FS-2 experiment 

would have decayed by the time the sample was measured. 
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Figure 3.14. Desorption ramp procedure for FS-2 sample ARB-4 showing an initial temperature 

ramp of 0.1 K/s, a 20 minute ramp down to 800 C and a 10 minute hold. The profile is repeated 

for each sample with a 0.14 K/s ramp. 

The first furnace trial of an irradiated sample used a fractured upper section of the FS-1 

IG-110U crucible labeled GC1-1. Additional description and measurements from the GC1-1 test 

are available elsewhere [18]. As shown in Table 3.3, the GC1-1 sample had a tritium inventory 

roughly 5 times greater than the other samples which was unexpected since the position of the 

GC1-1 section in the FS-1 crucible was partially above the salt-fill level. The next sample tested, 

IG2-4, also saw an unexpectedly high 31% carryover of tritium from the first to second desorption 

cycle. Since the IG2-4 activity was lower than the GC1-1 sample, the high carryover can be 

explained by residual tritium from GC1-1 left in the furnace due to insufficient purging. For the 

tests after the IG2-4 sample, there was significantly less carryover with an average second:first 

desorption ratio of 11% for the remaining 7 samples. Assuming the same fractional decrease for a 

large number of repeated runs, the 11% suggests that the total tritium collected from each sample 

should be within 1-2% of the maximum releasable value [41]. 
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Table 3.3. Total tritium release from samples with the steel vessel furnace after first and second 

desorption cycles. Runs are ordered chronologically based on testing date starting from GC1-1. 

Values are increased to account for decay between FS-2 and sample testing. 

Sample Initial Release [mCi] Second Ramp [mCi] Second/First 

GC1-1 0.4459 0.0841 19% 

IG2-4 0.1668 0.0524 31% 

IG2-5  0.1021 0.0138 13% 

IG2-6 0.0843 0.0099 12% 

ARB-4  0.0727 0.0090 12% 

IG2-8  0.1307 0.0125 10% 

ARB-8  0.1734 0.0138 8% 

ARB-9 0.0540 0.0068 13% 

ARB-6  0.0696 0.0046 7% 

 The samples noted in Table 3.3 originated from larger disc samples immersed in Flibe 

during the FS-2 experiment. For desorption testing with the steel furnace, the IG-110U disc #2 and 

ARB disc #1 were used. The IG-110U sample discs were machined from the same supply of 

graphite used to produce the FS-2 and FS-3 crucibles. The ARB samples were provided by ORNL 

and are comprised of 64 wt% natural graphite, 16 wt% synthetic graphite, and 20 wt% resin blend. 

Details on the ARB fabrication process and material characterization are available in an ORNL 

report [155]. The IG-110U and ARB samples were contained in the sample crucible compartment 

during the FS-2 irradiation and thus would have experienced similar conditions of tritium uptake 

from the salt. A pre-irradiation photo of the FS-2 crucibles loaded with samples and Flibe salt is 

shown on the left in Figure 3.15. To allow for additional tests with each sample, the graphite discs 

were cut with a low speed saw in a fume hood capable of handling irradiated materials. After 

sectioning, the graphite pieces had a dose rate of roughly 0.1 mR/hr on contact [18]. An example 

subsection labeling diagram for the ARB graphite disc is shown on the right in Figure 3.15. 
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Figure 3.15. FS-2 graphite crucibles loaded with samples and filled with Flibe prior to irradiation 

(left). After the irradiation test, sample graphite samples were extracted from Flibe and cut into 

multiple subsections (right). Graphite crucibles were 39.7 mm in outer diameter and the graphite 

samples were 19mm in diameter and 2mm thick. 

The first set of experiments after the GC1-1 initial test aimed to examine tritium trapping 

mechanisms through thermal desorption spectroscopy at various temperature ramp rates. In this 

method, the temperature at which the peak desorption rate occurs can be related to the activation 

energy [115]. The IG-110U internal subsections numbers 4, 5, and 6 were used for the ramp rate 

analysis since samples without the circumferential edge faces were expected to have more 

consistent tritium retention characteristics. Overall, the ramp rate study with the steel furnace was 

not successful in producing a measurement of desorption activation energy. As previously 

discussed, the IG2-4 data was contaminated by residual tritium from the GC1-1 test which could 

have influenced the desorption profile. Also, the IG2-6 test experienced a heater malfunction at 

700°C and had to be cut short and repeated before a desorption peak could be observed. The 

desorption profiles from IG-110U sample internal sections 4, 5, and 6, along with edge section 

number 8 are shown together in Figure 3.16, where each tritium desorption rate in μCi/s is 

normalized to the mass of the graphite subsection. Only the portion of the desorption measurement 

is shown where the temperature followed the programmed linear ramp rate. Each plot spans from 

the experiment start at room temperature up until the ramp rate fell below 75% of the prescribed 

value near the maximum furnace temperature. 
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Figure 3.16. Desorption profile from IG-110U sample sections at various ramp rates. The IG2-6 

test is broken up into two runs because of an unexpected heater malfunction in the first test. 

 While the previous thermal desorption experiments were not successful in identifying 

tritium retention mechanisms, they still could provide useful information on the total amount of 

tritium in each sample subsection. From the results in Figure 3.16, it also appeared that the amount 

of tritium retention per subsection mass was higher for the edge section number 8 than for the 

internal sections 4, 5, and 6. This was also clearly observed for subsections of the ARB graphite 

shown in Figure 3.17. The integral of the desorption profile as well as the height of the peak 

desorption rate at roughly 675°C both increased for edge samples ARB-8 and ARB-9 compared 

to the internal sample ARB-4. For each sample, the amount of Flibe-facing surface area per sample 

mass is also shown in the legend of Figure 3.17. Surface area was calculated with ImageJ using 

photos of each sample near a reference distance as in Figure 3.18. Uncertainty in the area 

calculation was assessed by observing the spread in areas from multiple photos of the same sample. 
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Figure 3.17. Tritium desorption profile from ARB internal subsection 4, and two edge 

subsections 8 and 9 with Flibe-facing surface area per sample mass indicated in the legend. All 

samples were desorbed at 0.1 K/s. 

 

Figure 3.18. Photos of ARB-8 (left) and ARB-9 (right) used for the area calculation in ImageJ. 
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 The Flibe-facing area, mass, and ion chamber-measured tritium content of each sample 

subsection is shown in Table 3.4 along with group averages for the IG-110U and ARB sections. 

Overall, the salt-facing area was a better predictor for tritium content than sample mass as gauged 

by the relative standard deviation of measurements for each graphite type. Therefore, based on the 

furnace desorption measurements it appeared that tritium desorption was more pronounced near 

the salt-graphite surface, rather than evenly distributed throughout the samples. The relative 

standard deviation of the area calculation was 3.2% on average, while the standard deviation of 

μCi/mm2 measurements was 10% for the IG-110U samples and 17% for the ARB samples. Thus 

the standard deviation of the entire measurement process cannot be explained by the area 

calculation alone and includes other factors such as ion chamber background counts, range 

switching effects, slight differences in temperature ramping procedure, and potential differences 

in tritium retention among the sample subsections. 

Table 3.4. Ion chamber measurements for total tritium from samples along with measurements 

normalized by salt-facing surface area and by mass. Diving by area produced more consistent 

measurements within each sample group. 

Sample Mass [g] Area [mm2] 
Total Tritium 

[mCi] 

Tritium/Area 

[μCi/mm2] 

Tritium/Mass 

[mCi/g] 

IG2-5 0.07086 41.1±1.7 0.1158 2.82 1.634 

IG2-6 0.06147 36.1±2.2 0.0942 2.61 1.532 

IG2-8 0.06128 43.6±0.4 0.1433 3.29 2.338 

   Average: 2.91 1.835 

   σrelative: 10% 20% 

ARB-4 0.07595 41.9±0.3 0.0817 1.95 1.076 

ARB-6 0.08722 48.2±1.1 0.0741 1.54 0.850 

ARB-8 0.15265 122±2 0.1872 1.53 1.226 

ARB-9 0.02721 26.6±1.8 0.0608 2.28 2.234 

   Average: 1.83 1.347 

   σrelative: 17% 39% 

 The ion chamber was chosen as the preferred tritium analysis system since it produced a 

lower spread in measurements than observed with the water bubbler [18]. However, the water 

bubbler was still useful for assessing the chemical form of tritium present in the desorption gas 

stream. The fraction of water-soluble and insoluble tritium captured in the bubbler after each 
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sample desorption is shown in Figure 3.19. To prevent contamination between runs, a new set of 

glass vials and clean deionized water were used for each sample. Nonetheless, there appears to be 

a relationship between soluble tritium and the order of the runs as listed in chronological order of 

run date from left to right in Figure 3.19. The GC1-1 initial sample had the highest solubility 

fraction of 51%, which was thought to be caused by starting the temperature ramp too quickly 

before the furnace had changed over to an Ar-H2 atmosphere. If there was remaining oxygen from 

ambient air in the furnace, tritium and hydrogen in the desorption gas could be converted to HTO 

and then be counted as soluble tritium. After the GC1-1 test, all other samples first underwent a 

purge of Ar-4%H2 for at least 30 minutes prior to the desorption phase of the experiment. 

Therefore, one possible explanation for the decreasing soluble fraction is that HTO from the GC1-

1 test was dispersed onto furnace internal surfaces or gas tubing which then was purged over time 

in the subsequent experiments. For the sample IG2-6 and the remaining sections, the fraction of 

insoluble tritium was over 80% of the total in each run. 

 

Figure 3.19. Fraction of soluble and insoluble tritium detected with the water bubbler system 

from experiments with IG-110U and ARB graphite in the steel furnace. 

 One issue in the solubility analysis is the potential influence of hydrogen in the Ar-4%H2 

sweep gas on the chemical form of tritium collected from each sample. Results of FS-3 and 

previous Flibe irradiations clearly show that excess hydrogen can shift tritium chemical form to 
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HT through isotopic exchange reactions [44, 18]. In the steel desorption furnace, the effect of 

hydrogen was examined by testing one sample, ARB-6, in a pure argon sweep gas. As shown in 

Figure 3.19, the resulting soluble fraction for ARB-6 was similar to other ARB sections tested in 

the Ar-4%H2 gas. However, the sweep gas composition did have a noticeable effect on the tritium 

desorption profile measured as a function of temperature. Compared to the 4%H2 gas, the test in 

pure Ar raised the peak desorption temperature of the ARB-6 sample roughly 150°C higher than 

for ARB-4, as displayed in Figure 3.20. The large discontinuity in the ARB-6 profile was caused 

by the ion chamber switching from low- to high-range measurement chambers. Range switching 

in the TYNE ion chamber occasionally had a seamless effect on the count rate, but in other cases, 

like the ARB-6 run, the change was very significant. The peak shift further into the desorption 

experiment could be caused by additional interactions and holdup of tritium in the furnace and 

transfer tubing without the saturation of surfaces by excess H2. Another possibility is that H2 in 

the sweep gas accelerated the diffusion of tritium out of the graphite sample and thus led to faster 

desorption of the sample and an earlier peak in the Ar-4%H2 tests. Increased diffusion of D2 in 

graphite was observed at partial pressures even below 4000 Pa in previous gas charging studies 

with IG-110U [136]. 

 

Figure 3.20. Influence of hydrogen in sweep gas composition between two ARB internal 

subsections desorbed at 0.1 K/s. The discontinuity in the ARB-6 measurement was caused by the 

ion chamber shift from low to high range. 
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 One final observation from the steel furnace desorption tests was the presence of a high-

temperature desorption peak observed in roughly half of the previously described runs. Deuterium 

gas charging studies on nuclear graphites have previously identified and discussed several 

desorption peaks which correspond to different trapping sites within graphite [115]. From the 

furnace tests alone, it is difficult to determine which trapping sites are responsible for the peak 

structures of the FS-2 sample desorptions. Furthermore, the high-temperature peak was mainly 

observed in samples tested towards the beginning of the set and was absent in the later runs. For 

example, in Figure 3.17 a peak beginning at 950°C was seen for ARB-4, but was not observed for 

the ARB-8 and ARB-9 samples tested afterwards. One explanation for the peak is again 

contamination in the furnace from the GC1-1 test run, which could have deposited HTO 

throughout the furnace internal surfaces. For the majority of the desorption experiment, the furnace 

body remains cool near the temperature of the water in the outer cooling jacket. Towards the 

maximum ramping temperatures, the furnace body also would also heat up to a temperature of 

roughly 100°C. Therefore, the upper temperatures of the experiment could also correspond to a 

condition where HTO impurities in the furnace also begin to evaporate and could appear in a high-

temperature peak structure. To better investigate high-temperature tritium desorption in graphites 

from MITR Flibe irradiations, the next sets of experiments were conducted in a new furnace design 

with higher possible operating temperatures. 

3.3.2. Desorption of FS-2 Samples in a Quartz Tube Furnace 

 The tritium desorption experiment was converted to a quartz tube furnace after successful 

demonstration of a similar facility in the FS-4 irradiation experiment [49]. Operating limits of the 

tube furnace permit a maximum heater temperature of 1100°C indefinitely or 1200°C for less than 

one hour. Desorption experiments were conducted with linear temperature ramp rates using a 

maximum temperature of 1150°C or less to provide margin against the designated limit. Heater 

temperatures were measured with a thermocouple installed near the furnace coils, while the sample 

temperature was measured with a sheathed thermocouple inside of the quartz tube. A heater 

temperature of 1150°C corresponded to a maximum temperature of 1000-1050°C near the sample. 

Therefore, the quartz tube furnace provided roughly 100°C of additional desorption temperatures 

above the range of the previous steel furnace. The quartz tube extends far enough out of the furnace 

zone where the ends are cool enough to be sealed by a steel flange that compresses a double set of 

silicone O-rings with maximum operating temperatures of 300°C. During testing, the flange 
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temperature reached a maximum of about 120°C at peak furnace temperatures. Quartz has a low 

permeability for tritium over the operating range of the furnace and therefore no effort was made 

to actively cool the tube. A portable tritium monitor was used to sample lab air during desorption 

experiments with both furnaces and a leak of tritium through the gas boundary was never detected. 

The quartz tube furnace desorption facility is described in Figure 3.21. 

 

Figure 3.21. Quartz tube furnace with tritium measurement systems (left). Inside the furnace, an 

Inconel-sheathed thermocouple is positioned though one of the ceramic tube insulators while the 

samples rest on a high-temperature compatible sample tray in the quartz tube (right).  

 The first tritium desorption tests with the quartz tube furnace used the remaining 

subsections of the IG-110U disc tested with the steel vessel furnace in order to compare the 

collection efficiency of each facility. Since the tube furnace has a lower overall internal surface 

area than the steel furnace and thus potentially less interaction with tritium, an initial attempt was 

made to test a sample in a pure argon sweep gas without added hydrogen. Switching from Ar-

4%H2 to pure argon was also motivated by the reasonably high collection rate observed for the 

AR2-6 sample, which was less than the ARB sample average but higher than the AR2-8 sample in 

terms of measured μCi/mm2 displayed in Table 3.4. However, the pure argon test with the IG2-9 

sample in the quartz furnace resulted in a lower than expected amount of tritium desorption. The 

ramping procedure was repeated once with argon again, and then twice with Ar-4%H2. A summary 

of runs with the sample is shown in Table 3.5, which shows that a significant fraction of tritium 
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was recovered upon switching the sweep gas in the third and fourth repeated runs. The same 

bubbler vials were used for the four runs and were samples after each test showed an increase in 

the total percentage of soluble tritium recovered at each stage. However, the source of soluble 

tritium was unclear since the furnace was also exposed to the lab atmosphere after each test and 

tritium could have interacted with moisture or oxygen in the ambient air.  

Table 3.5. Summary of the first set of runs in the quartz tube furnace with repeated desorption 

measurements on a subsection of FS-2 IG-110U graphite. Each test used a ramp rate of 0.1 K/s 

up to sample temperature of 1050°C. 

Sample Sweep Gas  3H Desorption [mCi] Run/First Run Total Soluble 3H 

IG2-9-1 Ar 0.0311 -- 12% 

IG2-9-2 Ar 0.0055 18% 19% 

IG2-9-3  Ar-4%H2 0.0084 27% 23% 

IG2-9-4 Ar-4%H2 0.0042 14% 24% 

 The low measurements for total desorbed tritium and high carryover on repeated runs with 

the IG2-9 sample prompted a switch back to the Ar-4%H2 sweep gas. Another subsection of FS-2 

IG-110U graphite was desorbed to better understand the tritium collection efficiency of the quartz 

tube furnace system. The desorption profile from the IG2-10 sample is shown in Figure 3.22, along 

with the first test of sample IG2-9 in the quartz tube furnace and a desorption profile of IG2-8 from 

the previous furnace. The desorption procedure was repeated for the IG2-10 sample, which 

resulted in 3% of the tritium measured in the second desorption compared to the first temperature 

cycle. The measured tritium per Flibe-facing surface area of the IG2-10 sample is compared to 

IG2-9 and the average of other samples tested in the previous furnace design in Table 3.6. 

Compared to the average of IG-110U samples from the steel furnace, the IG2-10 sample had a 

higher μCi/mm2 measurement and was above the standard deviation of the previous group. 

Therefore, the quartz tube furnace can either desorb the samples more thoroughly than the steel 

furnace or the system has a lower rate of parasitic losses prior to tritium measurement. However, 

further comparison was not possible due to a lack of remaining sample subsections from the FS-2 

IG-110U #2 disc. Overall, the test of the IG2-10 sample provided confidence in the ability of the 

quartz tube furnace to conduct sample desorptions with a performance comparable or better than 

the steel furnace design. 
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Figure 3.22. First desorption profiles of samples IG2-9 and IG2-10 in the quartz tube furnace 

compared to IG2-8 from the steel furnace design. All samples were desorbed in a linear 

temperature ramp of 0.1 K/s. 

Table 3.6. Summary of comparison tests with the same sample of IG-110U graphite from FS-2. 

IG2-9 was tested with pure Ar sweep gas while IG2-10 and IG2-5, -6, and -8 used Ar-4%H2. 

Sample Furnace  3H per Area [μCi/mm2] Carryover Total Soluble 3H 

IG2-9 Quartz 1.04 37% 24% 

IG2-10 Quartz 3.31 3% 6% 

IG2-5,6,8 Avg.  Steel 2.91±0.29 12% 16% 

 The sample subsection analysis was repeated to confirm the observation of surface-limited 

retention with higher possible desorption temperatures in the quartz tube furnace. For this study, 

the FS-2 IG-110U sample #1 was used and sectioned according to the diagram in Figure 3.23. The 

IG1-7 subsection in Figure 3.23 was fractured during the cutting process and therefore was not 

used. As shown in Figure 3.23, the IG1-2 section was further cut after its initial desorption run, 

but the remaining tritium in the subsections was too low to produce useful results and are not 

discussed. Overall larger subsections were used compared to the previous IG2 sample in order to 

promote the majority of the desorption profile into the high range of the ion chamber and avoid 

range switching near the desorption peak.   
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Figure 3.23. Sectioning diagram for the FS-2 IG-110U#1 sample. The IG1-2 sample was 

sectioned again into three pieces after its initial desorption. IG1-7 was unintentionally fractured 

during the sectioning process. 

 The IG-110U#1 sample subsections were tested in a similar ramping procedure to IG-

110U#2. A maximum furnace set point of 1150ºC was used, which results in a temperature 

measurement from the thermocouple near the sample of 1050-1100ºC. After the maximum 

temperature, a 30 minute ramp down to 900ºC was used to prevent rapid cooling and backflow of 

the furnace. The samples were not cycled for a second run due to restrictions on laboratory time, 

but are preserved in storage if a second desorption is required at a later date. The low 3% carryover 

of the IG2-10 sample measurement provides some confidence that the total desorption in the quartz 

tube furnace is near the maximum releasable value after single run cycles. Desorption profiles for 

the three edge samples IG1-5, 6, and 8 are shown in comparison to one internal section, IG1-1, in 

Figure 3.24. The edge samples IG1-6 and IG1-8 show significantly larger tritium desorption peaks 

compared to IG1-1 when normalized to sample mass. However, the edge sample IG1-5 was 

noticeably below IG1-1. One possible explanation is that the IG-110U#1 sample disc was not fully 

submerged in the salt during the FS-2 experiment, and a portion of the sample which included the 

IG1-5 edge was not exposed to tritium directly from Flibe. 
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Figure 3.24. Desorption profile for edge samples IG1-5, 6, and 8 compared to internal sample 

IG1-1. All samples were desorbed in a linear ramp of 5ºC/min in Ar-4%H2. 

 Despite the inconsistency between edge samples, the subsection desorption results reveal 

a similar conclusion to results from the previous furnace design – the standard deviation of tritium 

content normalized by sample Flibe-facing surface area is roughly half of that when measured 

tritium is normalized to sample mass. The standard deviation for tritium per area values is also 

shown to reduce significantly in Table 3.7 if the IG1-5 sample is removed as an outlier. Therefore, 

the IG-110U#1 sample disc from FS-2 also shows some indication that tritium retention in the 

graphite was not homogenously distributed, but more dependent on the surface area of the sample 

in contact with Flibe. It is also important to note that the IG1 μCi/mm2 average was roughly 40% 

higher than the IG2 sample measured in the quartz furnace. The increased retention could be 

explained by differences in sample temperature or tritium concentration in salt caused by a slightly 

different position of samples in the FS-2 irradiation capsule. However, there should be minimal 

discrepancies caused by the sample material itself since both IG-110U sample discs were prepared 

from the same graphite block. As with the majority of desorption tests in the steel furnace, the 

dominant form of tritium captured by the water bubbler from IG1 sections was also in an insoluble 

form, either HT or T2.  
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Table 3.7. Summary of tritium desorption measurements with the IG-110U#1 sample from FS-2. 

Sample Mass [g] 
Area 

[mm2] 

Total Tritium 

[mCi] 

Tritium/Area 

[μCi/mm2] 

Tritium/Mass 

[mCi/g] 

Soluble 
3H 

IG1-1 0.14594 81.3±3.1 0.360 4.43 2.467 2.9% 

IG1-2 0.14502 84.0±3.7 0.405 4.82 2.793 3.3% 

IG1-3 0.15568 89.0±3.0 0.404 4.54 2.595 2.5% 

IG1-4 0.13376 80.9±5.9 0.358 4.43 2.676 3.6% 

IG1-5 0.07281 71.1±1.8 0.175 2.46 2.404 4.0% 

IG1-6 0.07984 72.6±0.1 0.499 6.87 6.250 4.8% 

IG1-8 0.05355 60.8±0.2 0.348 5.72 6.499 3.5% 

   Average: 4.75 3.669 3.5% 

   σrelative: 28% 50.5%  

  σrelative without IG1-5: 19% 49.9%  

 

3.3.3. Measurement of Desorption Activation Energy 

 A thermal desorption spectroscopy measurement was conducted again with the FS-2 IG-

110U samples after the previous unsuccessful attempt with the steel furnace. For this study, the 

activation energy of the tritium desorption process can be inferred from the desorption rate as a 

function of temperature during linear temperature profiles if multiple ramp rates are applied. The 

quartz tube furnace was better suited for the measurement because it offered more accurate 

temperature control during the linear ramp and a wider range of possible ramp rates due to less 

restrictive temperature limits. In order to best maintain consistent tritium retention characteristics 

among samples, only the internal subsections IG1-1, 2, 3, and 4 were used for the TDS study.  

 The applied temperature profiles and desorption rates as a function of time are shown in 

Figure 3.25 below. As previously discussed, the IG1 sample subsections were cut larger than for 

IG2 to keep the ion chamber in the high range for most of the experiment. For the IG1-1 sample, 

the Ar-4%H2 flow rate was also reduced to 234 cc/min, which would further elevate the tritium 

sweep gas concentration for a given desorption rate. After the IG1-1 run, it was clear that tritium 

desorption rate was well above the chamber’s low range, and therefore the flow rate was increased 

for the remaining samples to 546 cc/min to reduce the delay between desorption and tritium 

measurement. The change in flow rate had a detrimental effect on the trends in the desorption 

profiles. As seen in Figure 3.25 for IG1-2, 3, and 4, there was a noticeable relationship observed 

between peak desorption rate and temperature ramp rate, but the IG1-1 peak desorption rate was 
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roughly the same as IG1-2 despite the different ramp rate. The slower flow rate for IG1-1 could 

effectively smear out the desorption profile and produce a wider profile with a lower peak value. 

Additionally, the gas flow could influence the heat transfer inside the tube and change the 

temperature of the sample. Since the thermocouple is placed above the sample, but does not 

directly contact it, the true sample temperature could be noticeably different than the thermocouple 

reading for various flow rates. Because of these inconsistencies, the IG1-1 measurement was 

dropped from the analysis for activation energy measurement. 

 

Figure 3.25. Temperature and tritium desorption profiles for FS-2 IG-110U#1 internal sample 

subsections desorbed at various ramp rates. All samples were tested with Ar-4%H2 sweep gas. 

 For the IG1-2, 3, and 4 samples, the expected trend was observed for peak desorption rate 

as a function of temperature. As shown in Figure 3.26, the slowest ramp rate of 3ºC/min with IG1-

3 resulted in a peak desorption rate at the lowest temperature of the set. A decreased ramp rate 

provides additional time for desorption prior to reaching a given temperature, and thus slower ramp 
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rates lead to more thorough desorption and shifts peak desorption rates to lower temperatures in 

the experiment. A similar trend was observed in TDS tests of ISO-880U graphite charged with D2 

gas [123]. The integral of the desorption verses time profiles were also used to calculate the total 

tritium in each sample subsection listed in Table 3.7. 

 

Figure 3.26. Desorption rate as a function of temperature for the FS-2 IG-110U#1 internal 

sample subsections tested with 546cc/min of Ar-4%H2 and various ramp rates. 

 The temperature at which the peak desorption rate occurs can be used to determine the 

activation energy of the desorption process through the differential thermal analysis method 

developed by Kissinger [156]. The method was originally proposed for thermal decomposition of 

clays, but has seen wide use to study other phenomena [157]. A generic derivation can be applied 

for any thermally activated process that follows a first-order relationship with an Arrhenius rate 

constant as shown in equation 3.3. Here, x refers to the fraction of tritium desorbed from the sample, 

k is the desorption rate constant, A is a pre-exponential constant, Ea is the desorption activation 

energy, R is the universal gas constant, and T is the experimental temperature. Kissinger has 

demonstrated that the maximum reaction rate corresponds to the relationship shown in equation 

3.4, where Tmax is the temperature at the maximum dx/dt [156]. Rearranging the maximum 

condition allows activation energy to be calculated from the slope of ln(β/T2
max) verses 1/Tmax as 

shown in equation 3.5, where β is the ramp rate of dT/dt. 
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Eq. 3.3 
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 As summarized in Section 2, the desorption of tritium from graphite occurs in a high 

activation energy process. Therefore, relatively small changes in the temperature position of the 

desorption peak can register as a large change in activation energy. One potential issue with the 

tube furnace in terms of thermal desorption spectroscopy measurements is the lag between 

desorption of tritium from the samples and measurement in the ion chamber. The largest potential 

region for time-lag is within the tube furnace itself, which has an internal volume of 1200cc 

compared to 93cc in the high range ion chamber and roughly 10cc of tubing volume. An attempt 

was made to correct for the flow delay using the relation shown in equation 3.6. The correction 

uses a simple assumption of a uniform concentration of tritium in the sweep gas, Cg, throughout 

the tube. Therefore, the molar balance of tritium in the tube increases with the true sample 

desorption rate, R(t), and decreases from the molar flow of tritium out of the tube, Cg times the 

volumetric flow rate V̇. The original desorption profiles and flow adjustments are shown in Figure 

3.27. As shown in the figure, the flow correction is largest for the fastest temperature ramp rate 

with IG1-4 since in that case the relative delay was the most significant. 

Eq. 3.6 
𝑑𝐶𝑔

𝑑𝑡
=

𝑅(𝑡) − 𝐶𝑔𝑉̇

𝑉𝑇𝑢𝑏𝑒
 →  𝑅(𝑡) = 𝑉𝑇𝑢𝑏𝑒

𝑑𝐶𝑔

𝑑𝑡
+ 𝐶𝑔𝑉̇ 
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Figure 3.27. Original desorption profiles along with adjustments for delay from sweep gas flow 

according to equation 3.6. 

 Peak temperature and ramp rate data taken from Figure 3.27 are plotted for the activation 

energy calculation in Figure 3.28. The slope of the original and flow-adjusted lines led to 

calculated activation energies of 189 kJ/mol and 260 kJ/mol, respectively. Data from the IG1 

desorption study is also summarized in Table 3.8. As determined by the R2 values of the linear 

regression, the flow-adjusted values led to a slightly better fit. While the flow adjustment adds 

uncertainty to the calculation, the estimated uncertainty in the desorption furnace mass flow 

controllers is relatively low at 4% [18]. The flow-adjusted activation energy measurement of 260 

kJ/mol is also more consistent with the activation energies for diffusion of tritium in graphite grains 

[126, 108]. Therefore, it is also possible that the observed tritium desorption profiles from the FS-

2 samples are controlled by a diffusion process through the graphite. Thermal desorption 

experiments were also previously used to measure the activation energy of high-energy detrapping 

from ISO-880U graphite [123]. However, for the IG1 sample there was only one prominent peak 

observed. A higher-energy trapping peak might be inaccessible with the tube furnace temperature 

range. Another possibility is that the amount of tritium present in the high-energy trapping sites 

was too low to create a prominent signal.  
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Figure 3.28. Kissinger plots of the original and flow-adjusted data used for calculating the 

desorption activation energy. Flow-corrected data produced a slightly better fit. 

Table 3.8. Summary of results from the activation energy measurements with the FS-2 IG1 

sample. The temperature ramp rate, β, was calculated from the sample thermocouple over the 

range of data from 600ºC-900ºC. 

Sample β [K/s]  TMax [ºC] Flow-Adj. TMax [ºC] 

IG1-2 0.06473 714.7 703.5 

IG1-3 0.04844 698.1 693.1 

IG1-4  0.09731 724.3 713.1 

  Ea: 189 kJ/mol Ea: 260 kJ/mol 

 

3.3.4. Chemical Form of Tritium in the FS-1 Graphite Crucible 

 The 1000 hour FS-1 irradiation presented another opportunity to examine tritium retention 

in graphite. While there were no graphite samples in the FS-1 test matrix, the IG-110U crucible 

itself was examined using thermal desorption in the quartz tube furnace. In this study, roughly 

4.5mm thick axial sections were cut with a low speed saw from the FS-1 crucible graphite, as 

shown in Figure 3.29. The graphite crucible sections used contained only silicon carbide samples 

and non-fueled surrogate Triso particles, and thus there were limited metallic impurities in the 
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crucible which would have elevated dose rates. A photo of the full FS-1 crucible prior to irradiation 

is shown in Figure 3.30. Molten Flibe and other samples were extracted from the graphite crucibles 

before sample sectioning for the tritium analysis took place. The top surface of the first section 

was 43mm above the bottom of the crucible and subsequent sections were cut moving towards the 

bottom face. Therefore, the designation LGC or “lower graphite crucible” was used to distinguish 

the samples from the broken upper piece, GC1-1, used for shakedown testing of the steel furnace. 

 

Figure 3.29. FS-1 experimental capsule and IG-110U graphite crucibles (left). One graphite 

crucible section was cut into several axial slices after the irradiation (right). 

 

Figure 3.30. The FS-1 crucible loaded with samples and Flibe in a glovebox prior to irradiation. 

Samples for tritium analysis originated from the lower third section. From [17]. 



142 

 

 The FS-1 crucible sections offered a unique opportunity to examine loosely bonded tritium 

on the samples since they were not cleaned prior to sectioning. In contrast, the IG1, IG2, and ARB 

samples from FS-2 were soaked in deionized water overnight to dissolve any Flibe remaining on 

the graphite. Tritium dissolution was monitored during the sectioning of the FS-1 graphite samples 

in the roughly 200mL of water used as a lubricant for the saw blade. After each sample was cut, it 

was soaked in a beaker with 100mL of water for roughly two minutes in order to remove loose 

particles. One of the crucible sample sections (LGC-1) was soaked for an additional hour in a fresh 

100 mL beaker to examine if additional leaching could occur. Periodic 0.1 mL samples were taken 

for LSC analysis during the hour, as shown in Figure 3.31. The LSC measurements were ten 

minute counts, which resulted in a relative uncertainty between 1% and 3% based on counting 

statistics. Some scatter in the plot can be explained by insufficient mixing in the beaker before 

LSC samples were taken. Water in the soaking beaker was only lightly stirred in order to prevent 

damage to the submerged graphite sample.  

 

Figure 3.31. Tritium removed from the LGC-1 sample by 100 mL of deionized water as a 

function of soaking time based on 0.1mL samples taken at the given times. 

 Liquid scintillation counting of each water source showed 5.6 μCi of tritium in the cutting 

water tray and 1.2 μCi in the post-cutting soaking beaker. If tritium in the tray and beaker is divided 

evenly among the five samples prepared, and every sample is assumed to have 0.4 μCi of residual 

tritium that can be removed by extended soaking, as observed for LGC-1, then 1.8 μCi of easily 

removable, water soluble tritium was present on each graphite crucible section. Possible sources 
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are tritium contained in frozen salt residue on the graphite surface, TF retained in the graphite, or 

retained tritium which was converted to HTO during storage of the graphite. Tritium at high energy 

trapping sites in the graphite is not expected to easily dissolve into water during soaking. 

 The FS-1 graphite crucible sections were also desorbed in the quartz tube furnace following 

the water soaking analysis. Because of an observed lower tritium collection rate and high scatter 

observed in previous measurements with the water bubbler system compared to the ion chamber, 

the sweep gas was switched to Ar-0.5%H2. The purpose of reducing the sweep gas hydrogen 

concentration from 4% to 0.5% was to increase the efficiency of the catalyst furnace in reacting 

HT/T2 into HTO to promote tritium capture in water vials 4 through 6. Reducing excess H2 was 

thought to decrease competition with HT/T2 in the catalyzer and produce a higher conversion rate 

into HTO. A lower hydrogen concentration also potentially reduces the influence of the sweep gas 

on the chemical form of tritium, although in both 0.5% and 4% cases the concentration of H2 is 

much greater than the tritium concentration in the sweep gas measured during desorption 

experiments. The 0.5%H2 mixture was produced by adding a second mass flow controller and 

mixing a cylinder of argon with the previous Ar-4%H2 cylinder into the tube furnace sweep gas 

supply inlet. 

 For the first three sections, a variable temperature ramp rate study was conducted to 

measure the activation energy of desorption. However, a thermocouple grounding issue occurred 

during the LGC-2 desorption which made mapping the desorption rate onto temperature difficult. 

The crucible sections were also much larger than the FS-2 samples previously tested and required 

special sample trays cut from machinable alumina. After the LGC-2 test, discoloration on the 

quartz tube was observed and the sample trays for the remaining experiments were switched to 

quartz cylinders cut from a 2.54 cm diameter tube. Switching from an opaque ceramic to the 

transparent quartz sample tray could have influenced the sample temperature in a way that was not 

measured by the thermocouple in the furnace. Therefore, an inconsistent trend was observed 

compared to the results from the IG1 sample. Temperature and desorption measurements from the 

LGC-1, 2, and 3 crucible sections are shown in Figure 3.32. The LGC-1 procedure was repeated a 

second time and a total desorption of 2% compared to the first run was observed. Since the LGC-

1 test had the highest ramp rate and thus the least amount of desorption time, the 2% value could 

be considered as an upper limit to the remaining amount of tritium in the samples which could be 

desorbed by a second run in the quartz tube furnace. 
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Figure 3.32. Temperature and tritium desorption profiles as a function of time for FS-1 graphite 

crucible sections LGC-1, 2, and 3. A 359cc/min sweep gas flow of Ar-0.5%H2 was used. 

 Another important observation from the graphite crucible tests was that the peak desorption 

rate occurred at temperatures greater than 800ºC, compared to 675ºC-725ºC measured in the 

previous FS-2 IG-110U desorption experiments. The increase in peak desorption temperature was 

believed to be caused by the lower concentration of H2 added to the furnace sweep gas. To test the 

theory, a sixth crucible section was cut and desorbed at a further reduced concentration of Ar-

0.1%H2, but with the same total gas flow rate. Desorption verses temperature for LGC-4 and 5 

tested with Ar-0.5%H2 are plotted with the Ar-0.1%H2 LGC-6 test in Figure 3.33. The peak 

desorption rate occurred at 829ºC and 826ºC for LGC-4 and 5 respectively and 929ºC for LGC-6. 

Therefore, the decreased hydrogen concentration in the LGC-6 test sweep gas resulted in a peak 

temperature increase of roughly 100ºC. The shift in peak temperature could have been caused by 

an acceleration of tritium diffusion out of the graphite samples with elevated H2 present [136]. 
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Figure 3.33. Desorption profile for the remaining FS-1 IG-110U graphite crucible sections at 

ramp rates of 5ºC/min. A peak shift in the LGC-6 desorption profile was caused by a lower H2 

concentration in the sweep gas. 

 Total measured tritium content in the FS-1 graphite crucible samples is shown in Table 3.9 

below. Tritium content is again increased to account for decay and a W factor ratio of 0.783 is 

applied for the Ar-0.5%H2 sweep gas. The values in Table 3.9 represent the tritium retention in 

the samples at the time-center of the FS-1 irradiation, or October 6th, 2013. Flibe-facing surface 

area was determined by taking several micrometer measurements of the sample thickness near the 

crucible holes. The thickness was then used to calculate the cylindrical area of the inner holes since 

the diameter was known from fabrication. As shown in the relative standard deviations in Table 

3.9, the Flibe-facing surface area was a slightly more consistent normalization for tritium content 

than sample mass. However, since the samples were intended to be axial slices of the same vertical 

geometry there should ideally have been the same amount of Flibe-facing area per sample mass. 

Therefore, the μCi/mm2 and mCi/g measurements are not useful for examining surface-limited or 

volumetrically-saturated retention. The tritium per area measurement is likely more consistent 

since it can partially account for deviations in the angle of cuts on the top and bottom faces of each 

sample. However, it is clear that the FS-1 crucible samples resulted in less tritium retention per 

sample mass than the previous FS-2 measurements. The LGC set contained roughly 5 times less 

tritium per mass than the FS-2 IG1 sample, which roughly corresponds to the specific areas of the 
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samples (181 mm2/g for FS-1 LGC and 690 mm2/g for FS-2 IG1, on average). Therefore, it is also 

likely that the FS-1 graphite samples experienced tritium retention concentrated near the Flibe-

graphite interface, rather than homogenous retention in the crucible.  

Table 3.9. Tritium measurement summary from the FS-1 IG-110U crucible sections. 

Sample Mass [g] 
Area 

[mm2] 

Total Tritium 

[mCi] 

Tritium/Area 

[μCi/mm2] 

Tritium/Mass 

[mCi/g] 

Soluble 
3H 

LGC-1 1.55791 302±11 1.206 3.99 0.7741 1.3% 

LGC-2 1.69241 296±11 1.196 4.04 0.7067 1.4% 

LGC-3 1.20344 220±12 0.921 4.19 0.7653 2.5% 

LGC-4 1.86737 325±12 1.438 4.44 0.7701 2.0% 

LGC-5 1.54778 269±10 0.998 3.71 0.6448 4.1% 

LGC-6 2.19866 407±27 1.929 4.74 0.8774 13.7% 

   Average: 4.18 0.7564 4.2% 

   σrelative: 8.6% 10.3%  

 Tritium solubility results in Table 3.9 also show a similar trend to the FS-2 IG1 sample, 

where the majority of tritium was measured in an insoluble form as HT or T2. One clear outlier, 

however, was the LGC-6 sample tested with the Ar-0.1%H2 sweep gas. The LGC-6 sample also 

saw drastically less tritium per sample mass than the other five samples as measured by the water 

bubbler. An average of 0.242 mCi/g was measured for the LGC-1 through LGC-5 samples 

compared to 0.091 mCi/g for LGC-6. A malfunction with catalyst furnace could have occurred 

where soluble tritium was collected at the same rate but a greater fraction of insoluble tritium was 

able to pass through the water bubbler. Removing the LGC-6 sample, the remaining five crucible 

sections saw an average soluble tritium percentage of 2.3%. The average soluble percentage from 

the FS-2 IG1 sample was higher at 3.5% even though the samples were tested with Ar-4%H2 

instead of Ar-0.5%H2. Therefore, it does not appear that the percentage of soluble tritium measured 

with the tube furnace is a strong function of the concentration of H2 added to the sweep gas. For 

the first five FS-1 crucible samples, 2.3% of the 1.083 mCi average measured corresponds to 25μCi, 

which is totals to 26.8μCi or 2.5% of tritium retained per sample in a soluble form when the amount 

from the water leaching measurement is included. The low soluble fraction measured on the FS-1 

crucible sections and other samples provides justification for focusing on insoluble forms of HT 

or T2 when examining tritium retention mechanisms in graphite in the molten Flibe environment. 
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3.3.5. Observations from the Desorption of FS-3 Graphite Samples 

 Tritium desorption measurements of FS-3 graphite samples are important for 

understanding the distribution and partitioning of tritium in the Flibe experiments. As discussed 

previously, the FS-3 test was the only MITR Flibe in-core irradiation where a significant fraction 

of tritium release in the off-gas was observed. Therefore, desorption testing of the FS-3 samples 

helps to frame the total tritium retention in graphite in terms of the calculated generation and 

observed release. However, as the largest test of the three irradiations, 95 total graphite samples 

were present in FS-3 along with the three IG-110U crucibles. The desorption tests of five graphite 

samples from FS-3 presented in this section can provide preliminary values to help quantify the 

overall tritium retention, as well as identify important factors in graphite retention mechanisms 

through analysis of the desorption profiles. Samples used in this study were 8 mm diameter, 2 mm 

thick discs – the same geometry used for 70 of the 95 FS-3 samples. The remaining 25 samples 

were larger 8 mm diameter, 16 mm height cylinders reserved for mechanical testing [40]. Seven 

IG-110 disc samples from the #4 compartment of the upper crucible are shown in Figure 3.34.  

 

 

Figure 3.34. IG-110 graphite disc samples from the upper crucible compartment #4 (U4) shown 

prior to irradiation. The first sample is the deepest submerged in the salt. 

 The graphite disc samples were inserted in groups of seven into the crucible compartments, 

where the samples in each compartment were all of the same graphite grade. Compartments were 

machined with additional slots which maintained the discs in a vertical position with flat faces of 

the disc perpendicular to the crucible upper face. The crucible design and dimensions are shown 

in Figure 3.35 – an identical design was used for the upper and lower crucibles. Samples are 
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inserted according to the number of the set, with the #1 sample being the first and thus the deepest 

in the crucible compartment. A metal plate in contact with each crucible upper face was in contact 

with the #7 samples and thus a contact chain from sample to sample kept the graphite discs 

submerged in the salt. Temperature was measured with a thermocouple in a smaller hole drilled 

near the edge of each crucible (feature B in Figure 3.35). The thermocouple measured the 

temperature at the middle of the salt compartment depth and thus was most representative for the 

#3 and #4 samples in the seven sample sets. Graphite crucibles assembled onto the FS-3 test 

assembly are shown in Figure 3.36. 

 

Figure 3.35. Lower and upper crucible design for FS-3. Disc samples are vertically oriented by 

the slots machined into the five salt compartments. All dimensions are in inches. 
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Figure 3.36. Graphite crucibles and nickel capsule cover in an assembly test prior to Flibe filling 

and the FS-3 irradiation. 

 The first desorption tests with the FS-3 samples used IG-110U discs from the lower 

crucible #3 compartment (L3) and aimed to confirm previous results on effects of H2 in the 

desorption sweep gas. As shown in the tritium desorption profiles of Figure 3.37, there was a 

noticeable shift in the peak desorption rate to higher temperatures as the H2 concentration was 

decreased between samples from 4%, to 1%, and then 0.25%. The initial desorption peak occurred 

at a temperature of 865ºC, 901ºC, and 953ºC for L31, L32, and L33, respectively. Observing the 

peak shift at the relatively high concentrations of 4% and 1% H2 helps to rule out interactions of 

tritium in the quartz tube as the cause of the desorption peak shift. Therefore, the desorption tests 

with the FS-3 L3 samples provides evidence supporting that hydrogen in the sweep gas accelerates 

diffusion of tritium in the graphite samples and leads to an earlier desorption peak at higher H2 

concentrations. 
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Figure 3.37. Applied temperature profile and desorption rate as a function of time for IG-110U 

sample discs from the lower crucible of FS-3. Samples were desorbed at 5ºC/min with various 

sweep gas compositions. An ion chamber range switch obstructed the L33 measurement. 

 There were several key differences between the FS-3 sample desorptions and the previous 

results shown from FS-1 and FS-2. The most obvious is the presence of a second peak near the 

maximum temperature of the tube furnace. In this case the peak is not fully resolved and the 

desorption rate starts decreasing because the furnace temperature reaches its maximum set point. 

A higher temperature peak was observed in some of the early steel furnace measurements, but 

could have been explained by tritium contamination from previous testing. No high-temperature 

peak was seen in the quartz tube furnace tests with the IG-110U crucible sections from FS-1 and 

the IG1 sample from FS-2. Since these samples all originated from the same IG-110U graphite 

source, there should be minimal differences in material properties that could influence tritium 

retention. 

 Other significant features of the FS-3 L3 sample desorptions were the elevated position of 

the initial desorption peak and the much lower overall tritium retention. The L31 peak desorption 

temperature of 865ºC with Ar-4%H2 was even higher than the 827.5ºC average of the LGC-4 and 
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LGC-5 samples despite their use of Ar-0.5%H2 sweep gas. Peak desorption rates for L31, L32, 

and L33 were also roughly an order of magnitude lower than the LGC samples in terms of μCi/s 

per sample mass. All of the differences between the L3 desorption profiles and the FS-1 and FS-2 

samples can potentially be explained by the addition of He-3.5%H2 into the FS-3 sweep gas.  

 While He-3.5%H2 injection occurred downstream of the irradiation zone, even a small 

amount of hydrogen back-diffusion into the capsule or permeation from the thimble to capsule 

could create a situation where hydrogen present near the graphite greatly outnumbered tritium. For 

example, the equilibrium tritium release rate in the capsule was estimated to be 9.83 mCi/day 

during FS-3 [18], which corresponds to 1.57∙10-6 mol T/m3 in the 150 cc/min capsule sweep gas. 

In comparison, the concentration of H in He-3.5%H2 is roughly six orders of magnitude higher at 

to 2.844 mol/m3. Considering just the salt instead of the gas, if the 589 mCi of tritium generated 

during the FS-3 irradiation never left the 101.5g of Flibe in the capsule, the concentration of T in 

the salt would be 0.388 mol/m3, and thus still lower than the hydrogen concentration in He-3.5%H2. 

 When the hydrogen concentration exceeds the tritium concentration, both hydrogen and 

tritium will be retained in graphite, but the amount of overall tritium retention in the multi-isotope 

case will be less than if there were only tritium present. This can be explained by the square root 

relationship with hydrogen solubility in graphite – as total hydrogen partial pressure increases, a 

lower relative amount of H and T will be retained from the gas phase. If the solubility followed a 

linear relationship with partial pressure, then equal fractions of hydrogen and tritium would be 

retained in the graphite at any given partial pressure. The multi-isotope effects between H and T 

solubility in graphite helps explain why the FS-3 samples had significantly higher peak desorption 

temperatures than FS-1 and FS-2. It is likely that the total retention of H and T in the FS-3 graphite 

was much greater than T alone in FS-1/2, and FS-3 samples could even have approached 

volumetric saturation. If tritium in the FS-3 graphite was evenly dispersed throughout the volume 

instead of concentrated near the surface, then the total diffusion length for desorption would 

increase for the FS-3 samples which would also be reflected in an increase in the peak desorption 

temperature. 

 Another significant observation from the FS-3 tritium analysis was the difference in 

desorption profiles between samples irradiated in the lower and upper crucibles. In addition to the 

three L3 samples, two IG-110 discs from the upper crucible #4 compartment (U4) were desorbed 

in the quartz furnace. The U43 sample desorption profile shown in Figure 3.38 displays a 
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substantial increase in the high-temperature peak compared to L31. A repeated desorption of the 

U43 sample shows that the first peak at roughly 850ºC was thoroughly desorbed, but significant 

fraction of tritium remained in the high-temperature peak. The most significant difference between 

the lower and upper crucibles was the irradiation temperature during FS-3. Since FS-3 had the 

largest test capsule among the MITR Flibe irradiations, there was also a notable temperature 

gradient from the bottom to top of the irradiation zone. Thermocouples positioned near the axial 

center of each crucible read an average of 600.3ºC, 698.6ºC, and 719.4ºC for the lower, center, 

and upper crucibles, respectively. The increase of over 100ºC in irradiation temperature for the 

upper crucibles may have assisted in tritium diffusion towards, and bonding with, high-energy 

trapping sites. These result show some consistency with retention studies by Causey et al, where 

trapping at high energy sites became significant at temperatures above 1000K [127]. Since the 960 

hour FS-3 irradiation was much longer than the 1.5 hour experiments by Causey et al, the transition 

to high energy trapping sites could occur at a lower temperature. 

 

Figure 3.38. Comparison of samples irradiated in the upper and lower crucibles of FS-3. Both 

samples were tested at 5ºC/min with Ar-4%H2. 
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 Observing surface-limited retention or volumetric saturation was also important for 

understanding whether or not additional hydrogen had influenced the FS-3 graphite tritium 

retention characteristics. Therefore, the subsection analysis was repeated for the #4 IG-110 sample 

disc in the upper crucible #4 slot (U44). The FS-3 sample discs were significantly smaller than 

previously used for FS-2, and thus the number of subsections had to be reduced to 4 total. As 

shown in Figure 3.39, the U44 sample was cut off-center in order to create samples that varied in 

mass as well as Flibe-facing area. Complied desorption profiles in Figure 3.40 show similar results 

to that of the U43 sample, where the first desorption peak at roughly 850ºC was significantly 

smaller than a high-temperature peak near the furnace maximum range. Another important 

observation was the similarity of mass-normalized desorption rates between samples, despite the 

variation of specific surface areas from 818 mm2/g to 983 mm2/g. 

 

Figure 3.39. Subsection labeling diagram for the FS-3 IG-110 sample U44 from the upper 

crucible. 
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Figure 3.40. Desorption verses temperature for the FS-3 IG-110 sample U44 subsections tested 

with ramp rates of 5ºC/min and Ar-4%H2 sweep gas. 

 Total tritium content from the subsection desorption tests are shown in Table 3.10. Tritium 

measurements are again adjusted to the time-center of the FS-3 irradiation (November 28th, 2016) 

to account for the decrease in activity from decay. Sample Flibe-facing area still provided a slightly 

more consistent normalization than sample mass as seen in other subsection desorption testing. 

However, the relative difference in group standard deviations between μCi/mm2 and mCi/g 

measurements was less than that measured for FS-2 samples – tritium per mass had twice the 

relative standard deviation for the IG1 sample, 2.3 times for the ARB sample, and was a factor of 

2.6 higher than tritium per area for IG2, compared to a factor 1.7 for U44. As shown in Figure 

3.41, a zero-intercept linear fit between tritium content and sample mass had a slightly higher R2 

value than for tritium content verses area, in part because a wider range existed between sample 

mass than for sample area. The subsection analysis cannot conclusively show that the U44 sample 

had a homogenous distribution of tritium, but there was clear evidence that U44 was closer to 

volumetric saturation than the FS-2 samples.   
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Table 3.10. Tritium desorption results from the subsections of FS-3 upper crucible sample U44. 

Sample 
Mass 

[g] 

Area 

[mm2] 

First Desorption 

[mCi] 

Tritium/Area 

[μCi/mm2] 

Tritium/Mass 

[mCi/g] 

Soluble 
3H 

U44-1 0.02086 20.5±0.5 0.00640 0.312 0.3068 17% 

U44-2 0.03266 29.8±1.0 0.00845 0.284 0.2587 0.9% 

U44-3 0.05111 44.2±0.9 0.01277 0.289 0.2499 3.3% 

U44-4 0.07235 59.2±0.2 0.01891 0.319 0.2614 0.7% 

   Average: 0.301 0.2692  

   σrelative: 5.7% 9.5%  

 

 

Figure 3.41. Tritium content versus sample mass and area for the subsections of FS-3 IG-110 

sample U44. Sample mass led to a slightly better fit than sample area in terms of a zero-intercept 

linear relationship. 

 Results from the FS-3 sample desorption measurements are summarized together in Table 

3.11. Because of the significant differences in tritium content between lower crucible and upper 

crucible samples, a separate average was used for each group. The significant amount of tritium in 

the high-temperature peak also resulted in a large amount of additional desorption in the repeated 

runs, where 19.1% of the initial release was observed for the U43 sample second run and 38.1% 

occurred for U44-1. A lower fraction in the second run was seen for the U43 sample because the 

maximum furnace set point was raised from the typical value to observe more of the high-
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temperature peak. The resulting maximum temperature was 37ºC higher for the U43 sample 

compared to U44-1 and thus a more complete desorption occurred. Because of the high additional 

desorption, another column is added to Table 3.11 to account for the remaining tritium in the 

samples which could be desorbed by the quartz tube furnace. An infinite amount of additional runs 

at with 19.1% carryover would lead to a total amount of tritium in the sample being 23.6% greater 

than the initial measurement – for the U44 carryover of 38.1% the total amount would be 61.5% 

greater than the initial run. Unfortunately a second desorption of an L3 sample was not conducted, 

but the lesser of the two increase factors was applied in Table 3.11 because of the relatively lower 

amount of desorption from the high-temperature peak. The desorption results show that on average 

the U4 samples had three times more tritium content than the L3 samples. As previously stated, 

the higher irradiation temperature of 719.4ºC in the upper crucible during FS-3 compared to 

600.3ºC in the lower crucible is believed to be the cause of both the increased high-energy trapping 

as well as the elevated total tritium in the U4 samples. 

Table 3.11. Tritium content in the L3 IG-110U and U4 IG-110 samples from the FS-3 irradiation 

Sample Mass [g] 
Area 

[mm2] 

First Run 

[mCi] 

Predicted 

Total [mCi] 

Tritium/Area 

[μCi/mm2] 

Tritium/Mass 

[mCi/g] 

L31 0.18285 152 0.0216 0.0267 0.176 0.1459 

L32 0.18068 152 0.0198 0.0245 0.161 0.1353 

L33 0.18459 152 0.0260 0.0321 0.211 0.1741 

    Average: 0.183 0.1518 

    σrelative: 14% 13% 

U43 0.17906 151 0.0702 0.0868 0.574 0.4849 

U44 -- -- 0.0465 0.0752 0.486 0.4350 

    Average: 0.530 0.4599 

    σrelative: 12% 7.7% 
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3.4. Tritium Distribution in FS Irradiations and Summary of Observations 

3.4.1. Estimation of Overall Tritium Retention in Graphite 

 Examining the distribution of tritium between release from the salt and retention in graphite 

is important for understanding overall tritium transport behavior as well as consistency between 

measurements from the FS-1, FS-2, and FS-3 irradiations. Since only a small subset of graphite 

samples were tested from each experiment, total retention calculations rely on a method for 

extrapolating the tritium desorption results to predict retention on other graphite components. One 

beneficial factor is IG-110U graphite samples were tested from each experiment and were also 

sourced from the same supply of graphite as the salt-containing crucibles in each test. Therefore, 

the tritium retention measurements are representative of a large fraction of the graphite material 

present in each test capsule. However, as demonstrated by the FS-3 desorption results, temperature 

gradients as well as differences in tritium concentration throughout the salt are potential reasons 

why retention levels in graphite could vary throughout the capsule. The analysis in this section 

therefore provides only a preliminary accounting of the tritium distribution from each in-core 

irradiation. 

 For FS-1, the total graphite retention can be estimated by taking the tritium content per 

Flibe-facing area measured from the six crucible sections multiplied by the total surface area of 

graphite in contact with the salt. The FS-1 measurements themselves did not measure whether 

tritium was homogenously distributed in graphite or concentrated near the surface. However, 

tritium content per area is used here since the results were more consistent with the FS-2 IG-

110U#1 sample, where 4.18 μCi/mm2 and 4.75 μCi/mm2 were measured between FS-1 LGC and 

FS-2 IG1 samples, respectively. The tritium per mass measurements were significantly farther 

apart since 0.7563 mCi/g was measured for FS-1 but 3.669 mCi/g was observed for FS-2. The FS-

1 crucible had six compartments 10.3 mm in diameter and 143 mm in depth, which results in a 

total internal surface area of 28,263 mm2 [158]. Area multiplied by 4.18∙10-3 mCi/mm2 corresponds 

to 118 mCi of total tritium retention in the graphite crucible, and a retention of 19.6% considering 

the 602.5 mCi of total generation from FS-1 [158]. Using the same 4% uncertainty in generation 

rate discussed for FS-3 along with the 8.6% uncertainty in LGC μCi/mm2 measurements, the 

uncertainty in retention is 9.5% of 19.6% or 1.9% overall. Therefore, based on the area 

extrapolation method the retention of tritium in the IG-110U crucible graphite accounted for 

19.6±1.9% of the tritium generated during FS-1.  
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 After the FS-1 experiment, a small piece of Flibe was measured to have a tritium content 

of only 1.5 nCi/mg, although it was expected that this measurement should be a lower bound [147]. 

This concentration would result in a total of 0.18 mCi in all of the FS-1 salt, which is much lower 

than the 118 mCi of tritium estimated in the crucible graphite. Tritium retention could have also 

existed in the Hastelloy N, 316SS, SiC/SiC, and Triso particle samples tested in FS-1, but these 

samples were not examined. The total surface area of samples was 6763 mm2 or about 17% of the 

area of the crucible. Metallic samples also have a lower expected solubilty for tritium than graphite 

- the solubility of tritium in graphite is roughly five times higher than 316 stainless steel at 700ºC 

[91, 126]. Therefore, the estimation of tritium retention in the graphite crucible should account for 

the majority of tritium retention in the FS-1 capsule materials. 

 An integrated MITR power of 74.2 MWd occurred during the FS-2 irradiation which 

resulted in 566.9 mCi of total tritium generation [145]. In contrast to the FS-1 desorptions, the 

subsection analysis of the FS-2 IG-110U#1, IG-110U#2, and ARB#1 samples did demonstrate that 

tritium per Flibe-facing area was a more consistent measurement than tritium per sample mass. 

Therefore, the same previous procedure is used to estimate the total retention in the FS-2 graphite. 

The two crucibles had a total Flibe-facing area of 45,882 mm2 along with 1380 mm2 of IG-110U 

samples and 1377 mm2 of ARB.  

 Samples from FS-2 were desorbed in both the steel furnace and quartz tube designs, but 

the quartz tube furnace should be considered the more representative measurement because of 

improved features like higher maximum temperature and better temperature control. An average 

of 4.75∙10-3 mCi/mm2 was measured for the IG1 subsections along with 3.31∙10-3 mCi/mm2 from 

the IG2-10 subsection. While the difference between samples is significant, it is important to 

consider both for the full extrapolation because the spread in samples could be representative of 

the true changes in tritium retention throughout the FS-2 capsule graphite. Therefore, an average 

of 4.03 mCi/mm2 can be used to calculate a retention of 191 mCi of tritium in the IG-110U 

crucibles and disc samples. The ARB graphite was not tested in the tube furnace, but the retention 

can be estimated by taking the ratio of ARB to IG-110U measurements in the steel furnace times 

the IG1 value which results in 2.53∙10-3 mCi/mm2. Therefore, the total estimated retention in FS-

2 graphite is 194 mCi and the retention accounts for 34% of the total tritium generation. Assuming 

that the uncertainty in retention is equal to the 28% measured for the IG1 subsection set and 

generation uncertainty is again 4%, the retention fraction with uncertainty would be 34±10%. 
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 In contrast to FS-1 and FS-2, desorption from the FS-3 graphite samples showed that 

tritium content had a relatively stronger trend with sample mass. Therefore, total retention can be 

estimated based on mass of graphite instead of Flibe-facing area. The discrepancy between 

retention in samples from lower and upper crucibles requires a separate accounting in each zone. 

A total graphite mass of 464.71 g was present in the FS-3 capsule [40], which consisted of 145.45 

g each in the lower and upper zones and 173.80 g in the center crucible. The L3 sample retention 

of 0.1518 mCi/g then results in 22.08 mCi along with 66.89 mCi from the 0.4599 mCi/g in U4. 

Tritium retention in the center crucible was not measured, but a value of 0.4061 mCi/g can be 

estimated from a linear interpolation based on the 698.6ºC irradiation temperature of the center 

crucible compared to 600.3ºC and 719.4ºC for L3 and U4, respectively. The total retention 

predicted in the center crucible is then 70.58 mCi and the overall retention of 159.55 mCi is 27.1% 

of the total generation. The uncertainty in retention is the quadratic sum of the 2.92 mCi, 6.79 mCi, 

and 5.14 mCi uncertainties of retention in the lower, center, and upper crucibles, respectively, or 

9.00 mCi. Combined with a 4% uncertainty in generation, the overall retention in FS-3 is 

27.1±1.9%. Repeating the same analysis with Flibe-facing area instead of mass yields a total 

retention of 4±1%. Therefore, the extrapolation based on mass appears to be more appropriate 

considering the results from the FS-1 and FS-2 irradiations. Tritium retention results from the three 

irradiations are summarized in Table 3.12. 

Table 3.12. Compiled results for the percentage of total tritium generation in each experiment 

estimated to be retained in graphite. 

In-Core 

Irradiation 

Irradiation 

Time [hr] 

Retention in 

Graphite 
Method of Calculation 

FS-1 1000 19.6±1.9% 
Retention extrapolation based on 

Flibe-facing area 

FS-2 300 34±10% 
Retention extrapolation based on 

Flibe-facing area 

FS-3 960 27.1±1.9% 
Retention extrapolation based on 

graphite mass 

FS-3 960 4±1% 
Retention extrapolation based on 

Flibe-facing area 

FS-3 960 22±10% 
Difference between release and total 

generation 
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 The estimations for tritium retention in graphite shown in Table 3.12 reveal important 

features of tritium measurements from the FS-1, FS-2, and FS-3 in-core irradiations. Finding that 

the estimated retention in the FS-3 graphite based on the mass-based extrapollation represents the 

difference between generation and release within the margin of error provides some confidence in 

the values of tritium retention measured in thermal desorption experiments. The release 

measurements from FS-3 also show that tritium evolution to the capsule gas was lowest at the 

beginning of the irradiation, then release increased over a roughly 15-day period before stabilizing. 

If the increase in release rate was caused by a decreasing rate of retention in graphite, then the 

elevated retention in the FS-2 experiment could also be explained by the fact that FS-2 had the 

lowest in-core irradiation time. The differences in retention between the experiments motivates the 

need for understanding how tritium retention rates in graphite changes over time in the molten 

Flibe environment. 

 While the estimated graphite retention percentages of total generation in Table 3.12 allow 

for simple comparisons between experiments, it is worth reiterating that these values provide only 

a partial accounting of tritium from each irradiation. Only a small subset of material from each 

experiment was used to extrapolate the total tritium conent in graphite, as previously discussed. 

The FS-1 and FS-2 experiments also contained metallic samples immersed in the salt, which were 

not analyzed for tritium inventory - the full sample matrix from each irradiation experiment is 

provided in Appendix A. Tritium releases from the irradiation capsule were only measured in 

significant quantities during the FS-3 experiment due to the addition of H2 into the capsule and 

thimble sweep gas. From all experiments, residual tritium on the gas tubing surfaces or within the 

capsule and tubing metal itself is also another potential final tritium location which was not 

measured. A summary of all tritium measurements relevant to tritium accounting from each 

experiment is provided in Table 3.13. For reference, graphite samples were soaked in water prior 

to all tritium desorption measurements, but the water was only analyzed for tritium content with 

the FS-1 LGC samples. The water soaking showed 0.0018 mCi of easily removable water-soluble 

tritium per sample, which is extrapolated in Table 3.13 to represent the full crucible mass. Flibe 

after FS-1 was also analyzed for tritium content by dissolution in water, which measured 1.5 

nCi/mg of Flibe and thus a total extrapolated salt inventory of 0.18 mCi. 
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Table 3.13. Summary of tritium generation calculations and tritium analysis measurements from 

each MITR irradiation. All values in mCi. 

In-Core 

Irradiation 

Tritium 

Generation  

Tritium 

Release 

Graphite 

Water Soaking 

Graphite Thermal 

Desorpion 

Salt Dissolution 

in Water 

FS-1 603±24 -- 10.17 2118±10 10.18 

FS-2 567±23 -- -- 2194±54 -- 

FS-3 589±24 460±53 -- 1160±9 -- 

1Extrapolated to experiment total based on mass 
2Extrapolated to experiment total based on Flibe-facing surface area 

3.4.2. Observations from Thermal Desorption of Graphite Samples 

 One central motivation of using thermal desorption for tritium analysis instead of other 

techniques like combustion or dissolution in acid was to observe the release of tritium from the 

graphite samples as a function of temperature. The temperature-dependent desorption rate can then 

be used to examine the tritium retention mechanisms in graphite which occurred as a result of the 

MITR in-core Flibe irradiations. Since the measurements in this section are the only thermal 

desorption studies available on tritium retention from molten Flibe irradiations, the next most 

suitable comparisons are gas charging and thermal desorption of deuterium in nuclear graphites, 

of which several studies have been conducted [115, 127]. Deuterium desorption as a function of 

temperature is shown for several graphite grades in Figure 3.42 [159]. Desorption profiles show 

an initial peak between 600K and 700K which was proposed to be caused by molecular retention 

of D2 in graphite pores [115]. The pore retention peak was only noticeable for some grades, and 

was also shown to follow a linear relationship with charging pressure [115]. The pore desorption 

peak was not observed in tritium desorption profiles in this work, which can be explained by the 

low tritium partial pressure expected in Flibe during the MITR irradiations. A maximum D2 

desorption rate occurred between 1300K and 1400K, which was 1346K and 1384K for ISO-880U 

and IG-110U, respectively according to Figure 3.42 [159]. Differences between peak position 

among the graphite grains were explained by grain sizes, where ISO-110U had the lowest grain 

size at 5 μm, was the fastest to desorb thoroughly, and thus had the earliest peak desorption 

temperature [123]. Another peak can be seen from the results, which is the most clear for ISO-

880U at 1664 K. The high temperature peak was explained by the presence of high-energy trapping 

sites within graphite crystallites [115]. 
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Figure 3.42. Thermal desorption spectra of deuterium in several nuclear graphite grades charged 

with 42 kPa D2 for 8-30 hours at 1000ºC and desorbed at 6ºC/min. From [159]. 

 The mechanism for the 1300K-1400K D2 desorption peak was proposed as deuterium from 

crystallite edge trapping sites released in a diffusion-controlled process through the graphite filler 

grains [115]. It is possible that the initial desorption peak from the FS-1, FS-2, and FS-3 sample 

desorptions also shares this mechanism. One supporting data point was that the desorption 

activation energy for the peak in FS-2 IG1 samples was calculated to be 260 kJ/mol, which is 

similar to the 251 kJ/mol and 270 kJ/mol grain diffusion activation energies for ISO-88 and POCO 

AXF-5Q graphites, respectively [126, 108]. Therefore, it is reasonable to assume that tritium 

desorption from the initial IG1 peak was also controlled by a diffusion process through graphite 

grains. However, the temperature location of the peak was significantly different between the 

tritium desorption measurements in this work and the D2 gas charging results in literature. For 

example, the peak desorption rate for the IG1-1 subsection occurred at 1020K while the IG-110U 

graphite had a maximum desorption at 1384K [159], even though both desorption experiments 

used ramp rates of 6ºC/min. One explanation is that the FS-2 samples were not fully saturated, 

which was observed in the subsection analysis of the ARB, IG1, and IG2 samples. An insufficient 

saturation would result in a higher concentration profile near the outer surface, a lower average 
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diffusion length required for desorption, and thus an earlier peak temperature in a desorption 

profile. Similar results were observed in the D2 gas charging studies, where a peak shift to lower 

temperatures occurred for samples charged below the point of saturation, as seen in Figure 3.43 

[123]. 

 

Figure 3.43. Thermal desorption of graphites at saturated conditions compared to profiles at 

lower charging times. The ISO-880U saturation time was 30,000s compared to 1000s for 

insufficient charging. For IG-430U, the times were 30,000s and 6000s. From [123]. 

 Another factor contributing to the lower peak desorption temperature was the presence of 

hydrogen in sweep gas of the furnace desorption experiments. The deuterium thermal desorption 

studies were all conducted against vacuum, and thus the excess hydrogen concentration can be 

treated as zero. As previously discussed, excess hydrogen can accelerate diffusion in graphite [136], 

which also leads to a lower peak temperature if release is controlled by a diffusion process. A 

comparison of graphite sample groups tested with the same ramp rates but different hydrogen 

concentrations are shown in Figure 3.44, where in all cases a lower hydrogen concentration led to 

a higher temperature location of the initial desorption peak. The relationship is best observed from 

the L3 sample set, since three different hydrogen concentrations were used. A simple exponential 
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fit of the data assuming the 4%H2 peak location as the asymptotic value is shown in equation 3.7. 

From the equation, the desorption peak with zero excess hydrogen would have occurred at 1054ºC, 

or 1327K. Subsection analysis of the FS-3 U44 sample showed that the graphite was closer to 

volumetric saturation then the FS-2 samples, which explains why the FS-3 L3 samples had a higher 

desorption peak temperature than the FS-2 ARB sample and the FS-1 IG-110U crucible sections. 

However, the predicted L3 peak temperature of 1327K is still lower than the 1384K observed for 

IG-110U in the D2 gas charging studies. The remaining 57K difference could be explained by close, 

but still insufficient saturation in the L3 samples or the 5ºC/min ramp rate used for the L3 group 

compared to 6ºC/min used in the D2 studies. Accounting for isotopic differences would move the 

results farther apart, since deuterium diffuses faster than tritium and the D2 desorption results 

would shift to slightly higher temperatures when adjusted to T2. Nonetheless, the FS-3 desorption 

results show at least some consistency with D2 gas desorption studies and do not prohibit using the 

diffusion-controlled release of tritium from trapping sites in the graphite grains as an explanation 

of the desorption mechanism in MITR measurements. 

Eq. 3.7 𝑇𝑃𝑒𝑎𝑘 = 189ᵒ𝐶 ∙ exp(−1.19 ∙ %𝐻2) + 865ᵒ𝐶   

 

Figure 3.44. Complied results for temperature of initial tritium desorption peaks verses hydrogen 

concentration used in the steel or quartz furnace sweep gas. 
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 The role of high-energy trapping sites in tritium retention from the FS-1, FS-2, and FS-3 

experiments is also important to discuss. A high-temperature peak was clearly observed in the FS-

3 sample, but was only occasionally observed in the FS-2 graphite and was not present in the FS-

1 crucible sections. As previously discussed, the cause of the high-temperature peak in the FS-2 

samples could have been a result of other tritium contamination present in the furnace from 

previous runs. Therefore, one explanation for the significant high-energy trapping in the FS-3 

samples was the possibility of additional hydrogen present from the He-3.5%H2 addition to the 

irradiation sweep gas. In hydrogen gas charging studies shown in Figure 3.45, retention in ISO-

880U graphite was observed to occur in two stages. In the first stage, the hydrogen retention 

measured from decrease in pressure corresponded well to the theoretical curve of a diffusion 

process in the graphite grains [133]. The next stage involved a slower retention rate which lasted 

for a longer duration of the experiment. Retention in two stages was explained by differences in 

trapping mechanisms, where retention in weak trapping sites occurred first before retention in 

strong sites was significant [133]. In terms of the FS-3 experiment, the tritium plus excess 

hydrogen could have caused sufficient retention in weak trapping sites where the transition to 

strong trapping began to occur. For FS-1 and FS-2, no additional hydrogen existed and tritium 

retention was likely not sufficient to fill weak trapping sites. Furthermore, the difference between 

the high-temperature peak magnitude in the L3 and U4 sample tests shows that an increase in 

temperature from 600.3ºC to 719.4 ºC had a significant role in accelerating the trapping rate of 

tritium into the high-energy trapping sites. 
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Figure 3.45. Hydrogen pressured measured during charging of an ISO-880U sample at 1273K 

where a decrease in pressure corresponds to increased retention in the sample. Hydrogen 

retention first occurs in weak trapping sites (Trap 2) followed by movement in strong trapping 

sites (Trap 1). From [133]. 

 Lastly, the chemical form of measured tritium provides some information into the tritium 

retention process in the Flibe-graphite system. In desorption tests from each experiment, the 

majority of tritium was measured in an insoluble form, of which the HT and T2 are possible. The 

average soluble tritium percentage from samples in each irradiation is shown in Table 3.14. There 

was no clear trend for measured fraction of solubility with sweep gas H2 concentration, and 

therefore isotopic exchange reactions are not believed to be a significant source of the insoluble 

tritium from the samples. Soluble tritium was also examining by soaking a graphite crucible 

section from FS-1 in water for one hour, along with measuring tritium content in water used during 

the sample sectioning process. An average tritium content of 1.083 mCi was measured for the 

thermal desorption of samples compared to 0.0018 mCi per sample observed from water leaching. 

Therefore, the amount of weakly bonded soluble tritium that can be removed by water is also small 

part of the total tritium retention.  
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Table 3.14. Summary of average soluble tritium measured by the water bubbler system in the 

samples during desorption of samples from each in-core irradiation. 

In-Core Irradiation Sample Sets Soluble 3H 

FS-1 LGC 4.2% 

FS-2 ARB, IG1, IG2 11.2% 

FS-3 L3, U3, U4 7.2% 

 In summary, observations of thermal desorption from graphite samples tested during MITR 

Fluoride salt irradiations have several similarities to studies on the retention of gaseous hydrogen 

in graphite. The activation energy of desorption from FS-2 IG-110U graphite was measured to be 

similar to that of hydrogen diffusion in similar graphite grades. Tritium desorption profiles were 

influenced by the concentration of H2 used in each experiment, and the change in desorption as 

function of temperature was consistent with the proposed acceleration of diffusion at increased H2 

partial pressures. Desorption also occurred in distinct peak structures which are indicative of the 

weak and strong trapping sites typically occupied when graphite is charged with hydrogen gas. 

Finally, the majority of tritium measured in each desorption experiment was in a chemical form 

similar to H2. Therefore, the thermal desorption measurements from the MITR in-core Flibe 

irradiations support the use of previously proposed mechanisms for hydrogen gas retention in 

graphite to explain the uptake and trapping of tritium in the Flibe-graphite environment. 
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4. Modeling Tritium Transport in Graphite under FHR Conditions 

 The degree to which tritium is retained in the FHR core graphite is important to understand 

in order to predict the tritium distribution in the reactor, tritium source term, and optimal strategies 

to mitigate environmental release. Based on experience from the MSRE as well as observations 

from the MITR Flibe irradiations, tritium uptake into graphite is expected to comprise a significant 

fraction of the overall tritium distribution. In the MSRE, it was estimated that 15% of the total 

tritium generated during the reactor’s operation was retained in the graphite moderator stringers in 

the core [57]. The tritium retention in a pebble bed FHR could potentially be higher for several 

reasons. Tritium uptake into the MSRE’s moderator could have been inhibited by the physical 

properties of the low-porosity CGB grade graphite [143]. Furthermore, in a pebble bed FHR the 

fuel and moderator elements can be circulated through the core and desorbed for tritium before 

reinsertion, which can accelerate tritium retention by continuously freeing up tritium trapping sites 

from graphite in the core. Therefore, a method for calculating the retention rate of tritium in 

graphite as a function of time is necessary to understand how tritium concentrations will evolve in 

FHR graphite components. 

4.1. Bulk-Diffusion Retention Model 

 As discussed in Section 2, the retention of gaseous hydrogen in nuclear graphite has been 

extensively studied in literature. The tritium desorption results in Section 3 also suggest that similar 

transport mechanisms from gas charging of graphite can be used to describe tritium retention in 

graphite if T2 or HT is present in Flibe. Therefore, the methods for modeling tritium retention in 

this section rely heavily on the mechanisms previously discussed in literature. However, one major 

challenge is that previous hydrogen gas charging studies typically have taken place at significantly 

higher temperatures and partial pressures compared to the expected conditions in a FHR. A typical 

method to model retention in these studies is to approximate the graphite grains as spheres and 

solve for the diffusion of tritium into the grains assuming a uniform partial pressure of hydrogen 

in the graphite pores, as depicted in Figure 4.1. If the H2 pressures varies within pores as a function 

of depth in the material, then a concentration gradient could exist in the graphite bulk. 

Understanding the concentration gradient is important because the amount of tritium at the graphite 

surface will affect the boundary condition for salt-graphite interfaces in a FHR. 
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Figure 4.1. Model for retention of hydrogen in graphite grains approximated as spheres. A 

concentration gradient in the material can exist if the partial pressure of H2 varies in the graphite 

pores. From [160]. 

  Results of tritium retention from irradiated Flibe demonstrate that the concentration 

gradient within the graphite bulk is important to resolve. In the MSRE moderator graphite, the 

tritium activity decreased roughly two orders of magnitude from surface samples to sections taken 

at a depth of 1.52 mm [57]. An additional sample of POCO graphite was exposed to the MSRE 

salt for the final 1786 hours of operation and a surface activity of 0.02 Ci/g was observed compared 

to less than 4.5∙10-5 Ci/g in the graphite interior [140]. Subsection analysis of graphite samples 

from the MITR FS-1 and FS-2 irradiations also show that tritium retention was more predominant 

near the surface than in the graphite bulk. Therefore, modeling tritium retention using a uniform 

tritium partial pressure in pores of graphite components in a FHR would likely not lead to an 

accurate prediction of the tritium concentration within the graphite bulk, especially for materials 

with large physical dimensions like the graphite reflector. 

 A simple method to represent the spatial dependence of tritium concentration in graphite 

is to combine the diffusion of tritium in pores and grains into a single bulk-diffusion process. In 

this method, there is no accounting for the heterogeneous features of the microstructure and the 

graphite is treated as a homogenous material. As shown in Figure 4.1, a smooth distribution in the 

overall retention profile can exist even if individual grains in graphite have different retention 

characteristics [161]. Since the length of diffusion in this method is the geometric dimensions of 

the graphite, rather than the scale of grain length proposed in literature, the bulk-diffusion method 

requires a new input for tritium diffusivity which has not been previously measured. 
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 The kinetics of tritium diffusion in graphite can be examined through the desorption 

profiles of nuclear graphite grades measured by Atsumi et al [123, 159]. In Figure 4.2, thermal 

desorption spectra are shown for graphite samples initially saturated with deuterium then desorbed 

in linear temperature ramps of 0.1 K/s [159]. The desorption profile of POCO AXF-5Q1 is of 

interest because POCO AXF-5Q was also tested by Causey et al in an absorption experiment at a 

low tritium partial pressure [127]. The difference between AXF-5Q and AXF-5Q1 is the purity, 

where the 5Q1 designation has a total impurity content of 5 ppm or less [162]. For grain size, 

density, and microstructure, there is minimal difference between the two grades. In the desorption 

profile, the AXF-5Q1 desorption peak at roughly 1350K is proposed to be the result of a diffusion-

like trapping and detrapping process between crystallite edge sites in the graphite filler grains [159]. 

A similar peak from desorptions of ISO-880U was fit well with a diffusion-controlled process 

[129]. Therefore, an attempt was made to reconstruct the diffusivity by modeling the desorption 

profile over the sample geometry instead of within the graphite grains. 

 

Figure 4.2. Thermal desorption profiles of various graphite grades charged with 42 kPa of D2 gas 

at 1273 K for 8-30 hours and desorbed at 0.1 K/s. From [159]. 
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 Solving for bulk-diffusion requires a solution over a representative sample geometry. The 

graphites tested in Figure 4.2 were cut from thin sheets and had dimensions of 33×5×1 mm [159]. 

Therefore, for isotropic diffusion and equal conditions on all surfaces, the concentration gradient 

during the desorption experiments would be most significant in the dimension of the 1 mm 

thickness. The concentration profile would also be symmetric through the midplane in the 1 mm 

direction, therefore a two-dimensional geometry of 5 mm in length and 0.5 mm in thickness could 

be used to represent the concentration profile in the sample. A further reduction to a one-

dimensional geometry can be justified by the length of the two-dimensional cross section being a 

factor of 10 larger than the thickness. Thus, a simplified method for calculating concentrations as 

a function of time can be carried out with Fick’s second law in one Cartesian dimension shown in 

equation 4.1. Although deuterium was used to charge the graphite samples in the Atsumi et al 

measurement, the notation for diffusing tritium, Td, is adopted here to be consistent with other 

equations in this section. 

 Since the graphite samples in the desorption experiment started at a saturated condition 

[159], an initial condition of a uniform concentration, C, is used for the simulation. The desorption 

took place under vacuum where the D2 concentration can be treated as zero. In the absence of 

surface resistance to desorption, the concentration profile at the edge of the geometry (x = xL) 

would also be near zero. These initial and boundary conditions for the desorption simulation are 

also summarized in equation 4.1. Temperature of the material can then be increased according to 

the 0.1 K/s rate used in the experiment and the diffusion-controlled desorption rate, R(t), can be 

calculated by monitoring the flux across the boundary at xL, as in equation 4.2. To fit the desorption 

profile from the experiment, the bulk diffusivity, DT,Bulk, can be varied by changing the diffusion 

activation energy, Ea, as well as the pre-exponential constant, Do, described in equation 4.3. 

Calculated desorption profiles with a varying pre-exponential constant are shown in Figure 4.3. 

The desorption simulation used a forward time centered space scheme with 100 evenly spaced 

points and a constant time step of 0.05 seconds. 

Eq. 4.1 
𝜕𝑇𝑑

𝜕𝑡
= 𝐷𝑇,𝐵𝑢𝑙𝑘

 𝜕2𝑇𝑑 

𝜕𝑥2
 ∶ 𝑇𝑑(𝑥, 𝑡 = 𝑡0) = 𝐶 ∶ 𝑇𝑑(𝑥 = 𝑥𝐿 , 𝑡) = 0  

Eq. 4.2 𝑅(𝑡) =  −𝐷𝑇,𝐵𝑢𝑙𝑘

𝜕𝑇𝑑

𝜕𝑥
|
𝑥=𝑥𝐿

  

Eq. 4.3 𝐷𝑇,𝐵𝑢𝑙𝑘 = 𝐷𝑜exp (−𝐸𝑎/𝑅𝑇)   
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Figure 4.3. Desorption simulation for POCO AXF-5Q1 graphite using a bulk deuterium 

diffusivity with an activation energy of 235 kJ/mol and various pre-exponential factors. Results 

are compared to experimental measurements from [159]. 

 The modeled results in Figure 4.3 only attempt to reconstruct the peak caused by the 

diffusion-controlled release of deuterium. Therefore, the desorption rate continues to decrease after 

the maximum desorption rate and another peak from detrapping at high-energy trapping sites was 

not represented. The initial concentration of the desorption simulation was set so that the integral 

of the profile would be similar to the experimental measurement without the high-temperature 

peak included. In this analysis, the integral of the diffusion-controlled peak was estimated to 

comprise measured desorption rates up until 1425K. Error was calculated in each simulation based 

on the sum of absolute values of the difference in desorption rates between the model and sampled 

points of the Atsumi et al experiment. Total errors for several combinations of Do and Ea are shown 

in Figure 4.4. 
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Figure 4.4. Sum of errors between modeled desorption profiles and the experimental 

measurement for POCO AXF-5Q1 graphite using a bulk diffusivity model with various 

activation energies and pre-exponential factors. 

 The compiled results in Figure 4.4 show that the bulk-diffusivity model can represent the 

experimental desorption profile reasonably well for certain combinations of Do and Ea. The bounds 

in activation energy for the analysis were chosen to represent the range of grain-diffusion 

activation energies measured in literature, assuming that a bulk-diffusivity of deuterium in graphite 

would also follow a similar temperature dependence. Pre-exponential factor bounds were then 

chosen so that the fitting error for each activation energy had a local minimum somewhere between 

the lowest and highest values of Do in each set. In general, the activation energy determines the 

rate at which desorption changes with temperature, and therefore has some control over the width 

of the diffusion-controlled desorption peak. Data from Figure 4.4, shows that the lowest error 

occurred with activation energies in the range of 230 kJ/mol to 260 kJ/mol. For activation energies 

outside of the 230-260 kJ/mol range, the peak width at the most suitable Do was either too wide or 

narrow which increased the calculated error. The minimum error in the data set occurred with an 

activation energy of 235 kJ/mol and pre-exponential factor of 0.417, which is plotted along with 

the diffusion peak data from Atsumi et al in Figure 4.5. 
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Figure 4.5. Best fit POCO AXF-5Q1 deuterium bulk-diffusivity from the Do and Ea search 

results compared to experimental measurements from [159]. 

 In comparison to experimental results, the best fit for POCO AXF-5Q1 graphite diffusivity 

is significantly larger than measured diffusion coefficients based on graphite grains, but also less 

than the diffusivity measured for graphite pores. The bulk-diffusivity is roughly four orders of 

magnitude higher than the diffusion coefficient in grains, which can be explained by the square of 

ratio of length-scales – the samples in the desorption study were 1 mm thick [159], while the grain 

size of POCO AXF-5Q graphite is 10 μm [127]. Experimental measurements for grain and pore 

diffusivities scaled to represent tritium are plotted along with the best fit for bulk-diffusivity in 

Figure 4.6. 
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Figure 4.6. Comparison of measured tritium diffusivities in graphite grains (DT,g) [126, 108, 

129], plotted along with measurements for diffusivity in graphite pores (DT2,p) [126, 108]. The 

best-fit for a bulk-diffusion coefficient in POCO AXF-5Q is in between values of pore and grain 

diffusivities. 

 The bulk-diffusivity fit from the desorption profile can be paired with a representation for 

high-energy trapping in order to better represent the overall tritium transport and retention process 

in graphite. A modified version of the equations presented by Atsumi and Morita et al are proposed 

to calculate tritium transport inside FHR graphite components with the bulk-diffusion model [136, 

163]. As shown in equations 4.4 and 4.5, two categories of tritium are tracked: tritium diffusing 

through the graphite bulk, Td, and tritium contained in high-energy trapping sites, Tt. Both 

diffusing and trapped tritium can vary in space and time, but only the diffusing tritium has a 

diffusion transport term. In contrast, trapped tritium is stationary but can increase in time as 

diffusing tritium transitions into high-energy traps. Tritium is conserved in the trapping process 

such that the increase of tritium in trapping sites at a specific location would be balanced by a 

decrease of diffusing tritium. Trapped tritium increases and decreases based on trapping and 

detrapping rate constants, or Σt and Σd, respectively, shown in equation 4.5. 
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Eq. 4.4 
𝜕𝑇𝑑(𝑥, 𝑡)

𝜕𝑡
= 𝐷𝑇,𝐵𝑢𝑙𝑘  

𝜕2𝑇𝑑(𝑥, 𝑡)

𝜕𝑥2
−

𝜕𝑇𝑡(𝑥, 𝑡)

𝜕𝑡
  

Eq. 4.5 
𝜕𝑇𝑡(𝑥, 𝑡)

𝜕𝑡
= 𝛴𝑡 𝑇𝑑(𝑥, 𝑡) − 𝛴𝑑𝑇𝑡(𝑥, 𝑡)   

 The trapping and detrapping rate constants are based on the form used for trapping 

calculations in the TMAP code [92]. However, since the TMAP expressions were developed for 

the scale of the material lattice, a modification is again required for the bulk representation of 

tritium transport in pores and grains in graphite. A modified version of the trapping rate constant 

is shown in equation 4.6. The trapping rate constant is an Arrhenius function with temperature 

which also depends on the concentration of empty trapping sites, or the total concentration of sites 

minus the current trapped tritium concentration (Ct̊ - Tt). For POCO AXF-5Q graphite, the 

concentration of high-energy trapping sites was measured at 2.6 mol/m3 [127]. Another 

simplification was to assume that the trapping rate constant in the bulk model would follow the 

same temperature dependence as the TMAP formulation, which uses a trapping activation energy, 

Et, equal to the diffusion activation energy or 270 kJ/mol as measured for AXF-5Q graphite [108]. 

The detrapping rate constant in equation 4.7 is a simple Arrhenius function with no species 

concentration dependence. A pre-exponential factor, νo, is representative of the detrapping attempt 

frequency and several sources suggest a value of 1013 s-1 [92, 164, 165]. Therefore, the remaining 

factors are the trapping rate constant pre-exponential factor, Σto, and the detrapping activation 

energy, Ed. 

Eq. 4.6 𝛴𝑡 = Σ𝑡𝑜exp (
−𝐸𝑡

𝑅𝑇
) ∙ (𝐶t

𝑜 − 𝑇𝑡(𝑥, 𝑡))  

Eq. 4.7 Σ𝑑 = 𝜈𝑜exp (−𝐸𝑑/𝑅𝑇)   

 Values of remaining trapping and detrapping parameters were assessed using the tritium 

retention measurements in POCO AXF-5Q graphite by Causey et al [127]. In the experiment, the 

tritium gas was charged into samples for 1.5 hours and at various temperatures. The four data 

points from 1200ºC to 1500ºC represent a condition where the sample is saturated, but total 

retention begins to decrease with increasing temperature because of additional detrapping [127]. 

Therefore, the saturated conditions can be used to fit trapping and detrapping parameters in order 

to represent the decrease in total retention at very high temperatures. Reaching a saturated 
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condition means that the time derivatives of Td and Tt in equations 4.4 and 4.5 would be zero at 

some point in the experiment. There would also then be no spatial dependence in either the 

diffusing or trapped tritium concentrations. In this case, the diffusing tritium would be equal to the 

value predicted by Sievert’s law and the trapped tritium concentration as a function of temperature 

could be solved for using equation 4.8. Here the Sievert’s law solubility of ISO-88 is used to stay 

consistent with other data fitting performed by Causey et al [126, 108]. The total equilibrium 

tritium retention, or sum of Td and Tt, is shown in Figure 4.7 for a Σto of 1∙109 s-1 and various 

detrapping activation energies. 

Eq. 4.8 𝑇𝑑 = 𝐾𝑆,𝑔√𝑃𝑇2
 ∶  𝑇𝑡 =

Σ𝑡𝑜 exp (
−𝐸𝑡

𝑅𝑇
)𝑇𝑑𝐶t

𝑜

Σ𝑑 + Σ𝑡𝑜 exp (
−𝐸𝑡

𝑅𝑇 )𝑇𝑑

  𝑎𝑠 𝑡 → ∞  

 

Figure 4.7 Model for equilibrium tritium retention at 0.66 Pa charging pressure in POCO AXF-

5Q graphite as a function of temperature. Results are compared to experimental measurements 

where saturation is expected [108]. 

 The best fit for Σto and Ed according to the 1200ºC through 1500ºC points of the Causey et 

al retention study occurred with a with a trapping pre-exponential factor of 1.13∙109 s-1 and 

detrapping activation energy of 437 kJ/mol. Using these parameters, the full bulk-diffusion and 

trapping model can be examined over the remaining temperature range of the experiment. For the 
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data points below 1200ºC, an equilibrium condition in the AXF-5Q graphite would not be expected. 

Therefore, a model which can solve the time and spatial dependence of equations 4.4 and 4.5 is 

required to calculate tritium retention prior to saturation. Diffusing and trapped tritium 

concentrations can be solved in a combined matrix equation based on a forward time centered 

space finite difference scheme as shown in equation 4.9. As with the desorption simulation, a one-

dimensional geometry with a symmetry condition across the center is used to represent the graphite 

sample dimensions. In the retention measurements, graphite samples were 10 mm by 15 mm sheets 

that varied from 0.36 mm to 0.42 mm in thickness [127]. Half of the average sample thickness is 

0.195 mm, which is over 50 times smaller than the next largest sample dimension, which justifies 

modeling tritium transport in the sample in only the dimension of sample thickness. An explicit 

symmetric boundary condition is used for Td
1 and Tt

1, where the superscript of 1 refers to the point 

on the symmetric boundary on the sample midplane. At the sample surface, the diffusing tritium 

concentration is set with a constant-value boundary condition with a value of KS,g(0.66 Pa)1/2 

determined by the experimental charging condition. Trapped tritium at the surface still increases 

and decreases in the same manner as the internal points, but changes in Td
N are decoupled from 

Tt
N since the diffusing tritium concentration remains fixed by the boundary condition. The 

remaining internal terms in the coefficient matrix are the finite difference representation of the 

differential equations in equations 4.4 and 4.5. 

Eq. 4.9  
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 The finite difference model was examined using a sphere geometry test case with a constant 

flux input boundary condition and zero initial concentrations. If trapping is neglected, an analytical 

solution for the diffusing tritium as function of time and radial position is available [166]. As 

shown in equation 4.10, the analytical concentration profile depends on the flux boundary 

condition, Jo, the sphere radius, R, and diffusivity, D. The values αn are the positive roots of 

αnRcot(αnR)=1, where the first six roots are used for the comparison with values of 0, 4.4934, 

7.7253, 10.9041, 14.0662, and 17.2208 [166]. To simplify the test case, a Jo of 1 mol/m2-s is used 

along with a D of 1 m2/s and R of 1m. The results of the finite difference model are shown to 

approach the analytical solution in Figure 4.8 when additional mesh points are modeled inside the 

sphere. 

Eq. 4.10 𝑇𝑑(𝑟, 𝑡) =
𝐽𝑜𝑅

𝐷
(
3𝐷𝑡

𝑅2
+

𝑟2

2𝑅2
−

3

10
−

2𝑅

𝑟
∑

sin(𝛼𝑛𝑟)

𝛼𝑛
2𝑅2sin (𝛼𝑛𝑅)

exp (−𝐷𝛼𝑛
2𝑡)

∞

𝑛=1

)  

 

Figure 4.8. Comparison of Matlab finite difference diffusion model to analytical solutions of a 

sphere with constant flux into the outer surface at three different times. Analytical solutions 

obtained from [166]. 
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 Obtaining an analytical solution for the case of diffusion and trapping is significantly more 

complicated than for diffusion alone. A solution can be derived through the Method of 

Manufactures Solutions, but only in the effective diffusivity regime where the influence of 

trapping is minimal [167]. Therefore, the finite difference model with diffusion and trapping was 

verified against a separate implementation in the commercial multiphysics code STAR-CCM+. 

Diffusion was simulated using the Passive Scalar utility in a 3 dimensional parallelepiped 

geometry. Four sides of the geometry were set to zero-flux boundaries so that diffusion occurred 

only one dimension, as pictured in Figure 4.9. A comparison of STAR-CCM+ results to the Matlab 

finite difference model is shown in Figure 4.10 for a simulated flux of 1∙10-6 mol/m2-s up to a time 

of 10 seconds. Differences between models could be caused by different spatial discretizations or 

the solution method. The STAR-CCM+ results used a second-order implicit time solver while the 

Matlab model uses a first-order explicit integration. 

 

Figure 4.9. Simulation of diffusion and trapping in STAR-CCM+ using a constant flux boundary 

condition on the left-most face and a symmetric boundary on all other faces. 
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Figure 4.10. Comparison of Matlab finite difference and STAR-CCM+ models of tritium 

diffusion and trapping. 

 Beyond the test cases, the finite difference diffusion and trapping model was also used to 

reproduce results from experimental measurements. In the case of retention studies by Causey et 

al, individual simulations were conducted for 1.5 hours of retention starting from 900 K and 

repeated every 25 K until the total retention was near the equilibrium value. There were 100 

internal mesh points in the simulation and the time step for the 900 K simulation was 1 second. 

The time step was decreased as temperature increased according to the ratio of diffusivities at 900 

K to the current temperature in order to limit temporal discretization error from run to run. Results 

from the model are compared to experimental measurements in Figure 4.11, where the modeled 

results are shown to reach equilibrium retention at temperatures roughly 200 K lower than the 

experimental data. The simulation used the tritium bulk-diffusivity calculated from the desorption 

profile of a 1 mm thick graphite sample. Since the graphite thickness in the Figure 4.11 model was 

only 0.39 mm, the bulk-diffusivity calculated with a longer diffusion length overestimates the rate 

at which the tritium concentration profile evolves in the sample. 
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Figure 4.11. Bulk diffusion and tritium retention model simulations of 1.5 hour tritium charging 

in POCO AXF-5Q graphite with 0.66 Pa T2. The modeled results reach saturation at equilibrium 

at earlier temperatures than the experimental data [108]. 

 The inconsistency in retention results between samples with different dimensions is a 

significant disadvantage of the bulk-diffusivity model. For example, when the diffusivity is tuned 

to match the results of a certain diffusion length, it may misrepresent the results at a different 

length-scale. Therefore, the bulk-diffusivity model may create a significant error if fitted values 

from the millimeter scale gaseous retention and desorption experiments are applied to the FHR, 

where graphite dimensions of interest are at least an order of magnitude larger. One compensating 

factor could be that retention in the FHR may only be significant within a few millimeters of the 

graphite surface, as observed in the MSRE [57]. However, either a retention experiment with a 

larger length scale or a direct measurement of the tritium concentration profile at representative 

FHR conditions would be required in order to better support the results from the bulk-diffusion 

retention model. 
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4.2. Pore and Grain Diffusion Model 

 Tritium retention calculations can better represent proposed retention mechanisms if 

diffusion of molecular tritium in pores and diffusion of tritium within filler grains are both 

separately modeled, instead of combining the two steps into a single bulk-diffusion process. 

Previous research has identified that the length scale of hydrogen diffusion is the size of grains 

within nuclear graphite [134, 123]. At elevated temperatures and high hydrogen partial pressures, 

total retention results agree well with diffusion models that only consider transport within graphite 

grains [126, 129]. However, an assumption in these models is that all graphite grains within the 

bulk material are exposed to the same partial pressure of hydrogen in graphite pores.   

 Because of the significant tritium concentration gradients observed in graphite from 

retention with molten Flibe [140], applying a uniform T2 pressure throughout all pores in graphite 

would likely over predict the penetration of tritium into the bulk material for the low tritium 

concentrations and 550ºC-700ºC temperature range expected in FHR designs. Modeling a tritium 

diffusion process through the pores paired with uptake and diffusion into graphite grains is one 

method to represent the varying concentrations of tritium across graphite bulk dimensions. An 

illustration of the combined hydrogen transport process in graphite is shown in Figure 4.12. Uptake 

of H2 into graphite first occurs through the open pores, labeled as Path 1 in the figure. Trapping 

and detrapping at crystallite edge sites in a diffusion-controlled process then occurs within the 

graphite filler grains (Path 2). Another process labeled Path 3 is proposed for the diffusion of 

hydrogen through basal planes of the crystallite to the high-energy trapping sites [121]. The spatial 

dependence of the high-energy trapping within crystallites can be neglected since the crystallite 

size is typically 30-200 nm [128], compared to 5-40 μm for grain size [123]. 
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Figure 4.12. Schematic for different mechanisms of hydrogen transport in graphite. From [121].  

 One disadvantage of modeling tritium transport in both pores and grains is the addition of 

another dimension into the numerical representation of graphite. At minimum, one representative 

grain needs to be modeled at each position where the tritium concentration in pores is tracked. A 

T2 concentration gradient within pores of the graphite bulk can then be linked to the evolving 

concentration profiles of tritium within filler grains at various depths from the graphite surface. 

Equations for the three tracked tritium species in graphite are shown below. In equation 4.11, the 

diffusing tritium is modeled in a similar manner to the bulk-diffusivity model. However, here the 

diffusivity of tritium in the filler grain, DT,g, is used and the equation is written in a radial geometry 

to represent grains approximated as spheres [126]. Similarly in equation 4.12, the trapped tritium 

is tracked in a spherical geometry with the radial position within the grain denoted as rg. In the 

case of the thin graphite sheets from the Atsumi et al desorption measurements or the Causey et al 

absorption study [126, 127], the bulk material can be represented by a one-dimensional Cartesian 

geometry. The diffusing tritium in pores, T2,p, is modeled over the sample dimensions instead of 

inside the pores, where the position xp in equation 4.13 refers to position in the graphite bulk. 

Modeling pore diffusion also requires a separate diffusivity for tritium transport in graphite 

porosity, T2,p. A one-dimensional illustration of the pore and grain representation is shown in 

Figure 4.13 for a one-dimension slab geometry with a symmetric center condition. An additional 

point outside the domain (xp+1) is used to apply a flux boundary condition. 
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Eq. 4.11 
𝜕𝑇𝑑(𝑟𝑔, 𝑡)

𝜕𝑡
= 𝐷𝑇,𝑔 𝛻2𝑇𝑑(𝑟𝑔, 𝑡) −

𝜕𝑇𝑡(𝑟𝑔, 𝑡)

𝜕𝑡
  

Eq. 4.12 
𝜕𝑇𝑡(𝑟𝑔, 𝑡)

𝜕𝑡
= 𝛴𝑡 𝑇𝑑(𝑟𝑔, 𝑡) − 𝛴𝑑𝑇𝑡(𝑟𝑔, 𝑡)  

Eq. 4.13 
𝜕𝑇2,𝑝(𝑥𝑝, 𝑡)

𝜕𝑡
= 𝐷𝑇2,𝑝  

𝜕2𝑇2,𝑝(𝑥𝑝, 𝑡)

𝜕𝑥2
+ s(𝑥𝑝, 𝑡)  

 

Figure 4.13. Conceptual tritium concentration profiles of a 1-D discretization for tritium 

diffusion in pores and grains of a one-dimensional graphite slab. The T2 concentration in pores is 

tracked from the slab center, Xp0, to the surface. At each pore node, a representative spherical 

filler grain of radius Rg is modeled with concentration profiles for diffusing and trapped tritium. 

 Tritium diffusing in pores is converted to grain-diffusing and trapped tritium through a 

source term, s, shown in equation 4.13. The amount of tritium transfer at each pore node obeys the 

tritium balance in equation 4.14. On the left side, the change in T2 concentration in pores after one 

time step is multiplied by the geometric volume of the node, VN, and the porosity of the graphite 

in order to determine the change in mols of tritium. The graphite porosity, φ, is calculated based 

on the density of the graphite grade and the theoretical density of crystalline graphite at 2.266 

g/cm3 [168]. A factor of 2 is also applied since tritium in pores diffuses as T2 but diffusing and 

trapped tritium in grains is tracked as T. To calculate the change in tritium within grains at the 

node, the integral of the diffusing and trapped tritium is taken over the volume of the grain. Since 

only one representative grain is modeled per node, the integral is multiplied by the number of 

grains in the node found by the ratio of node volume to grain volume, VN/VGrain. The number of 

grains is also scaled down by a factor of 1-φ to account for partial node volume of void space in 
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pores. A negative sign on the right side of equation 4.14 is used because the change in mols of 

tritium in the pores is matched by an opposite change in the grains. By rearranging and simplifying 

the equation, the tritium balance is converted to represent a T2 source term in equation 4.15. 

Eq. 4.14    2𝜙𝑉𝑁(𝑇2,𝑝
𝑡 − 𝑇2,𝑝

𝑡−Δ𝑡) = −
(1 − 𝜙)𝑉𝑁

𝑉𝐺𝑟𝑎𝑖𝑛
(∫(𝑇𝑑 + 𝑇𝑡)

𝑡

𝑑𝑉𝐺 − ∫(𝑇𝑑 + 𝑇𝑡)
𝑡−Δ𝑡

𝑑𝑉𝐺) 

Eq. 4.15 s(𝑟𝑝, 𝑡) = −
1 − 𝜙

2𝜙𝑉𝐺𝑟𝑎𝑖𝑛
(∫(𝑇𝑑 + 𝑇𝑡)

𝑡

𝑑𝑉𝐺 − ∫(𝑇𝑑 + 𝑇𝑡)
𝑡−Δ𝑡

𝑑𝑉𝐺) 

 In addition to the conservation equation, tritium in pores and grains should also obey a 

Sievert’s law relationship. As in equation 4.16, the concentration of diffusing tritium at each grain 

surface, Td
Rg, should be equal to the Sievert’s law constant in graphite, Ks,g, times the square root 

of T2 partial pressure at the pore node. The partial pressure is equal to the concentration of T2 at 

the pore node, T2,p, times the universal gas constant and temperature, R and T, if T2 in pores is 

treated as an ideal gas. Equation 4.16 creates a boundary condition for the grain surface, which 

then dictates the amount of additional diffusion into the grain at each time step and thus the amount 

of T2 added or removed from the pores with the source term. Since the grains occupy only a portion 

of the volume, while void space in pores occupies the remainder, the Sievert’s law constant is 

increased by a factor of (1-φ)-1 to provide the same total values of tritium concentration at the bulk 

scale. A similar conversion is also applied to the concentration of high-energy trapping sites in the 

crystallite. 

Eq. 4.16 𝑇𝑑
𝑅𝑔

=
𝐾𝑆,𝑔

1 − 𝜙
√𝑇2,𝑝𝑅𝑇  

 The square root of T2 partial pressure in equation 4.16 prevents the direct, simultaneous 

solution of both pore and grain concentrations using a set of matrix equations. Therefore, an 

indirect solution is used based on an iterative method. At each time step, a diffusion-only step for 

T2 in pores is conducted with the source term set to zero. Then at each pore node the T2 

concentration is varied, the surface concentration of Td in the grain is updated according to 

equation 4.16, and a diffusion and trapping step in the grain is completed. Iteration of the T2,p value 

continues until the change of tritium in pores matches the source term calculated from the updated 

Td and Tt concentration profiles. The iteration is based on a bisecting search between upper and 

lower limits, T2,High and T2,Low, described in equation 4.17. During an absorption process, the upper 
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limit of T2 concentration at a pore node is determined from the initial pore diffusion step where 

the source term is set to zero. A value of zero can be used for the lower limit, T2,Low, which doesn’t 

increase convergence time significantly as long as the converged value is closer to zero than to the 

upper limit. At each iteration, the difference between the current value of T2 in the pore node and 

the upper limit, diffusion-only value (T2,p
i - T2,p

s=0) is compared to the source term calculated from 

integrating the tritium in the grains in order to calculate the iteration error. If the error is greater 

than zero, the value of T2,p needs to be reduced and the upper limit is set to the value at the current 

iteration. The T2 value at the current pore node for the next iteration is then calculated from the 

average of updated upper and lower limits. A convergence example from the surface node in a 4 

cm diameter graphite sphere absorption test case is shown in Figure 4.14. Values in the figure 

originate from the early on in the simulation, where the retention capacity in the grains is high and 

the concentration of T2 in pores needs to be significantly reduced to match the increase in grain 

retention during the time step. 

Eq. 4.17 

𝐸𝑟𝑟 = (𝑇2,𝑝
𝑖 − 𝑇2,𝑝

𝑠=0) − 𝑠 

𝐸𝑟𝑟 > 0 ∶ 𝑇2,𝐻𝑖𝑔ℎ = 𝑇2,𝑝
𝑖  ; 𝐸𝑟𝑟 < 0 ∶ 𝑇2,𝐿𝑜𝑤 = 𝑇2,𝑝

𝑖  

𝑇2,𝑝
𝑖+1 = (𝑇2,𝐻𝑖𝑔ℎ + 𝑇2,𝐿𝑜𝑤)/2 

 

 

Figure 4.14. Pore T2 concentration iterations for the surface node (r=Rp) in a test simulation of 

flux into a 4 cm graphite sphere. A time step of 1500 seconds is used and iterations are shown for 

the third time step. Calculated T2 values decrease by a factor of two for the first ten iterations 

(left) then calculations reach the convergence value by 20 total steps (right). 
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 Since the iteration method solves for pore diffusion and grain transport separately, 

additional steps need to be taken to account for the fact that both processes happen simultaneously 

in physical systems. For example, repeating the same convergence procedure for all pore nodes 

based on the initial T2,p concentrations from the diffusion-only step would lead to increasing over-

predictions of tritium retention in grains further into the graphite bulk. To better conserve total 

tritium in each step, the concentration profile in the diffusion-only step should be reduced to 

account for tritium transfer into the grains at the previous nodes. This can be done by starting the 

iteration procedure at the pore node closet to the surface in the case of a tritium absorption 

simulation. Converging the value of T2,p also results in a calculated value for the source term, s, at 

the pore node. The pore diffusion step can then be repeated according to equation 4.13 with a 

partially-filled source term vector – the source values are included for nodes that have previously 

been calculated, but are left as zeros for the remaining positions. Repeating the diffusion step 

allows the partial source term to remove previously retained tritium in order to better calculate the 

value of T2,p
s=0 for the next pore node.  

 Concentration of T2 in pores as a function of radial position and iteration using this method 

are shown in Figure 4.15. The values were taken from the previous simulation also described in 

Figure 4.14. Compared to the initial diffusion-only step, the T2 concentration in pores needs to be 

decreased significantly to converge with the amount of retention in grains. As seen in Figure 4.15, 

more iterations are needed to further reduce the T2,p values to convergence as depth into the 

graphite sphere increases. The results shown use fully converged values for illustrative purposes, 

although in the test case the T2 concentration is reduced to nearly zero roughly 1 mm into the 

graphite sphere. To accelerate the pore and grain calculation in a larger simulation, the total 

number of iterations can be capped or the simulation at the given time step can be stopped once 

the T2,p concentration falls below a set lower limit. 
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Figure 4.15. Test simulation of 2.5∙10-10 mol T2/m
2-s flux into a 4 cm graphite sphere. Results 

are shown at t=4500s for Δt=1500s. An initial diffusion-only step is used to transport tritium into 

graphite pores. The values for T2 at pore nodes are then reduced and converged with tritium 

retention in grains. 

 While it requires an additional spatial dimension, third species of tracked tritium, and an 

iterative solution method, one important advantage of the pore and grain diffusion model is that 

each input parameter has previously been measured in literature and solutions do not require a 

fitted diffusivity. The structure of the trapping and detrapping rate constants can also be used in 

the forms previously demonstrated for the TMAP code [92]. As shown in equation 4.18, the 

trapping rate constant follows the temperature dependence of the tritium grain diffusivity and 

depends on the lattice parameter, λ, and number density, N, of the material. In this case the number 

density of carbon in a graphite crystal is used along with both the a and c lattice parameters of 

graphite. The detrapping rate constant structure is the same for both the bulk-diffusivity and pore 

and grain diffusion model. However, adjusting the trapping rate constant requires the value of the 

detrapping activation energy to be adjusted in order to maintain consistency with experimental 

results. 

Eq. 4.18 𝛴𝑡 =
𝐷𝑇,𝑔

𝜆2𝑁
(𝐶t

𝑜 − 𝑇𝑡(𝑥, 𝑡))  
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 The Causey et al 1.5 hour absorption measurements can be used again to examine the 

behavior of the pore and grain tritium retention model. Setting the time and spatial derivatives of 

equations 4.11, 4.12, and 4.13 to zero, the four highest-temperature measurements from the data 

set can be used to test the equilibrium trapping behavior. The best fit of experimental data from 

the equilibrium curve should have reproduced the values determined in the original study [127]. 

However, the authors did not state the exact values used in their model, so there are slight 

differences in the concentration of high-energy trapping sites and the detrapping energy from the 

values reported in the paper and the parameters used in this work. The trapping rate inputs fit from 

the high-temperature data points and other model parameters inputs are compiled in Table 4.1. 

Table 4.1. Summary of input parameters used for the simulation of tritium retention in POCO 

AXF-5Q graphite with the pore and grain transport model. Unreferenced parameters were fit 

from the 1200ºC through 1500ºC points of the Causey et al measurements [127]. 

Parameter Value Ref. 

DT,g 9.3∙10-5exp(-270.2 kJ/mol /RT) [m2/s] [108] 

DT2,p 1.2∙10-4exp(-86.8 kJ/mol /RT) [m2/s] [108] 

KS,g 1.22∙10-4(P [Pa])exp(19 kJ/mol /RT) [STP cc/g] [126] 

Ct
0 2.76 [mol/m3]  

Ed 418.6 kJ/mol  

λ (a) 2.464∙10-10 [m], (c) 6.711∙10-10 [m] [169] 

N 188160 [mol C/m3] [169] 

ν0 1∙1013 [s-1] [164] 

 In the retention studies by Causey et al, the total tritium contained in a sample of POCO 

AXF-5Q graphite was measured after exposure to 0.66 Pa of a D/T gas mixture for 1.5 hours [127]. 

As shown in Figure 4.16, the retention is kinetically limited in the range of 700ºC-1200ºC and the 

measured tritium falls short of the solubility limit. At higher temperatures, the graphite is saturated 

but the retention decreases because of elevated rates of detrapping. This data set was used to 

calculate a fitted diffusivity for POCO AXF-5Q using a transport model of a spherical grain in the 

DIFFUSE code [108]. The reported diffusivity along with the parameters shown in Table 4.1 can 

be used to recreate the DIFFUSE results by modeling a representative 5μm radius grain with a 

constant surface tritium concentration set by the graphite solubility (Td
Rg = KS,g(0.66 Pa)1/2) and a 
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zero initial internal concentration. When the diffusion of T2 in graphite pores is added to the model, 

the pore-grain and grain only results are similar over the 900-1100K range and then begin to 

deviate. Concentration profiles during the pore and grain model simulation are shown in Figure 

4.17. Since the T2 porous diffusivity in AXF-5Q was measured at 573-773K [108], it is possible 

that the reported diffusivity under predicts the pore diffusion at elevated temperatures. Another 

possibility is that the true diffusivity in the AXF-5Q grains is higher than the reported value, since 

the original diffusivity came from a data fit with a grain-only transport model which neglected any 

resistance to tritium retention caused by diffusion through the pores. 

 

Figure 4.16. Tritium retention in a sample of POCO-AXF-5Q graphite after exposure to 0.66 Pa 

of tritium gas for 1.5 hours [127], plotting alongside results from the pore and grain transport 

model, a simplified model of the grains only, and the predicted total solubility limit. 
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Figure 4.17. Tritium concentration profiles in simulated absorption in AXF-5Q graphite at 

800ºC. Concentration of T2 in pores is shown from the surface, xp=0.195mm, to the sample 

center, xp=0mm, in the upper row. In the center and lower rows, the concentration of diffusing 

and trapped tritium is plotter for the outer 0.6μm of the 10μm diameter graphite grains. The left 

column of Td and Tt plots concentrations at the surface-representative grain, the center column 

shows a grain at a depth of 0.1 mm from the surface, and the right column shows the innermost 

grain modeled at the sample center. 

 Another relevant experiment to examine with the pore and grain diffusion model is the 

retention study with ISO-88 graphite performed by Atsumi et al [126]. In their experiment, 10 mm 

by 10 mm sheets of graphite with a thickness of 1 mm were charged with 60 kPa of D2 gas for 5 

hours at various temperatures. As shown in Figure 4.18, the retention as a function of temperature 

shows a similar trend to the Causey et al measurements – at lower temperatures the retention is 

kinetically limited and falls short of the solubility limit, while at higher temperatures the total 

retention is driven down by a decrease in solubility of D2 in graphite [126]. Because of the high 

charging pressure, trapping and detrapping at high-energy sites is not likely a significant factor in 



193 

 

the total retention. For example, the equilibrium concentration of deuterium in ISO-88 graphite is 

51.4 mol/m3 at 700ºC and 60 kPa, while the total number of strong trapping sites was previously 

calculated to be 2.76 mol/m3. The Sievert’s law constant was originally reported as 1.9∙10-4exp(19 

[kJ/mol] /RT) in units of STPcm3/g [126]. However, this value significantly over predicts the 

retention values measured at 700ºC, 800ºC, 900ºC in the 5 hours of gas charging. Maintaining the 

adsorption enthalpy of 19 kJ/mol, the best fit for the 700-900ºC points occurred with a solubility 

of 1.22∙10-4exp(19 [kJ/mol] /RT), which was used for the modeled results in Figure 4.18 along 

with other calculations in this study where the solubility of ISO-88 is needed. One notable feature 

of the measurements is that a peak in retention was measured at 700ºC, compared to 1200ºC in the 

Causey et al study [127]. This could be a result of the longer charging time, faster diffusivity of 

ISO-88 compared to POCO AXF-5Q, or the higher charging pressure. As shown in Figure 4.18, 

the results from the pore and grain transport simulation only approach the measured results when 

the diffusivity is adjusted to account for acceleration from high D2 partial pressures. For 60 kPa, 

the diffusivity is increased by a factor of 57.5 based on the results in Figure 2.43 and the 

corresponding data fit in equation 2.56. With the acceleration factor applied, the model still under 

predicts retention at 500ºC and 600ºC. This may be because the diffusion acceleration was fit from 

data with IG-110U, not ISO-88, and the acceleration factor was assumed to be constant with 

temperature. Nonetheless, the model is able to capture the general retention trends as a function of 

temperature. 
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Figure 4.18. Measurements of deuterium retention in ISO-88 graphite after charging with 60 kPa 

of D2 for 5 hours at various temperatures. Modeled results are shown with and without a factor of 

57.5 applied to the diffusivity to account for faster diffusion at high charging pressures. 

 While the previous comparisons have focused on modeling tritium absorption, simulating 

high-temperature desorption of tritium from graphite is also of interest to tritium transport models 

of a FHR. For example, a graphite pebble recirculation system could be designed to include a 

desorption step prior to reinsertion back into the core. Desorbing graphite pebbles on each pass 

through the core is a potential method to remove trapped tritium and promote the uptake and 

removal of tritium in the reactor through retention on graphite. Because of the deviation observed 

at high temperatures in Figure 4.16, desorption calculations for the pebble recirculation application 

are carried out with the grain-only diffusion model. Desorption results from a grain-only diffusion 

and detrapping model can be compared to experimental measurements by Atsumi et al [159].  

 Thermal desorption profiles for POCO AXF-5Q1 graphite are compared to a diffusion 

model of a 5μm radius grain in Figure 4.19. Initial concentrations for the simulation are set 

according to the gas charging conditions, which were 42 kPa of D2 and 1273K [159]. The 

desorption rate is then tracked by setting the diffusing tritium surface concentration to zero and 

increasing the temperature at a linear rate of 0.1 K/s from 700K up to 1800K. The central 
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desorption peak has a higher desorption rate and a narrower width than the experimental data. If a 

grain size distribution is used instead of the uniform grain size, then the desorption profile would 

be broader with respect to temperature [123]. Similarly, the high temperature desorption peak can 

better fit the data when a dispersion of trapping energies are used [129]. For simplicity, a uniform 

size grain model with a single trapping energy is used for desorption calculations in this work. 

While there is significant error in the desorption rate, the results from Figure 4.19 demonstrate that 

the diffusion and detrapping model is able to recreate the separation between desorption peaks as 

a function of desorption temperature. Therefore, the desorption model can help inform what 

temperatures are required to remove trapped tritium from graphite in a theoretical pebble 

recirculation system. 

 

Figure 4.19. Modeled desorption of POCO AXF-5Q1 graphite charged with D2 gas at 1273K and 

42kPa then desorbed in a linear temperature ramp of 0.1K/s. Model results are compared to 

experimental desorption measurements [159]. 

 In summary, the pore and grain diffusion model results are consistent with experimental 

data from low pressure and moderate temperature retention studies in POCO AXF-5Q graphite 

[127]. However, the calculated retention begins to deviate below the experimental results at 

temperatures above roughly 900ºC. The model results were in better agreement with high pressure 
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charging studies with ISO-88 graphite [126], but only when a factor was applied to the diffusivity 

to account for faster diffusion at the elevated charging pressure. In desorption calculations with a 

grain-only transport model, desorption occurred in peak structures with temperature positions 

similar to experimental data, but with noticeable differences in desorption rates. While differences 

in modeled and experimental results exist, one advantage of the pore and grain diffusion method 

is that diffusivities from literature can be used directly, and thus there is no reliance on a fitted 

bulk-diffusivity. As a result, the pore and grain model will maintain consistent results for retention 

in graphite as the physical dimensions of the graphite geometry are changed. For example, the 

ISO-88 graphite was over twice the thickness of the POCO AXF-5Q samples in the previously 

modeled experimental results. It may be possible to accurately represent the tritium retention 

process in graphite using a bulk-diffusion coefficient. However, there is currently limited data 

available to validate the assumptions of the bulk-diffusivity model such as experimental conditions 

with low tritium partial pressures, large physical dimensions, and FHR representative temperatures. 

Therefore, the pore and grain diffusion method is used for baseline calculations in this work for 

the system-level model of tritium transport in a FHR. 
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5. System-Level Tritium Transport Model Development 

 The ability to predict the transport and release of tritium among different regions in a FHR 

is an essential prerequisite in determining the optimal set of tritium management strategies for the 

design. Efforts to model the tritium distribution in molten salt reactors at the system-level scale 

began during the MSRE program [170]. Because of its low power level as a test reactor, tritium 

generated from the MSRE itself was not a significant radiological hazard and releases were 

compliant with proper health standards [171]. However, it was understood that the unmitigated 

releases of tritium in a commercial-scale MSR plant would potentially violate environmental 

release limits, as 63% of generated tritium was expected to permeate through the primary and 

secondary heat exchangers into the steam system [38]. If the steam system water was discharged 

at the rates of similar sized steam cycle plants, then the tritium concentration in released water was 

estimated to be 80 times the allowable limit for water effluents [38]. 

 Early models for tritium transport in the MSRE focused on the steady-state concentration 

of tritium in each reactor system, which were separated into zero-dimensional regions to solve for 

the gains and losses of tritium in each zone [170]. More recently, system-level models for other 

reactor designs have been developed, such as the TRIDENT model for pebble bed FHRs [43], 

TAPAS for prismatic FHRs [172], and TMSR-TTAC for liquid-fueled molten salt reactors [173]. 

In this work, system-level tritium transport is modeled based on the TRIDENT code framework. 

The significant modifications to the model and key results are summarized in this section. 

5.1. System Description and Summary of Features 

 The TRIDENT (TRITium Diffusion EvolutioN and Transport) model was first developed 

at MIT in 2015 as part of a PhD thesis by Stempien [3]. Model results were designed to represent 

the Mk-1 FHR design concept, which uses a single salt loop paired with an open-air Brayton power 

cycle [8]. Since the initial development of TRIDENT, there has been growing interest in FHRs 

coupled with a nitrate salt intermediate loop, primarily through design efforts of Kairos Power [20]. 

A conceptual diagram of relevant components in the Kairos Power Fluoride Salt-Cooled High-

Temperature Reactor (KP-FHR) core is shown in Figure 5.1. The new features of the KP-FHR 

prompted additional investigation into tritium transport modeling for the design. Furthermore, as 

the KP-FHR design has progressed past the technological maturity level of the Mk-1 FHR concept, 

additional regions can be added into TRIDENT to more accurately describe the tritium distribution 
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in the reactor. Tritium distribution results presented in this section are therefore modeled for a 

pebble bed FHR with a nitrate salt intermediate loop, power level of 320 MWth, and an inlet/outlet 

temperature of 550ºC/650ºC. The model inputs are intended to be representative of a generic 

reactor similar to the KP-FHR, but specific design parameters from the reactor are not used in 

order to provide a general analysis for the reactor type. 

 

Figure 5.1. Illustration of features and components for the KP-FHR core [174]. 

 A thorough description of the original TRIDENT methodology for calculating tritium 

generation, transport to surfaces, and permeation through metals is available elsewhere [3]. In this 

work, the previously described methods in Section 4 are implemented to calculate the tritium 

retention in the fuel and graphite moderator pebbles in the core. Additionally, new regions were 

added into the model to calculate tritium permeation through the primary loop hot leg and cold leg, 

which are modeled before and after the heat exchanger. After the cold leg, the salt enters the 

downcomer region where tritium permeation through the reactor vessel and tritium retention on 

the graphite reflector outer surface occur simultaneously before the salt returns to the core inlet. In 
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the core, the pebble recirculation calculation was updated to account for continuous recirculation, 

pebble removal and replacement, and different pebble desorption scenarios. At the core exit, a 

node was also added to simulate tritium evolution into the off-gas of the reactor vessel. Because 

of the several new regions, the TRIDENT code was moved from Matlab to Matlab Simulink, which 

allows for simplified swapping and interconnections between individual subroutines for each 

modeled region. The FHR tritium release paths calculated by the model are summarized in Table 

5.1, and the reactor representation in the updated model is illustrated in Figure 5.2. The system 

discretization is set so that the first calculated node is located at the core inlet and there are 11 total 

nodes in each region and 10 evenly spaced subdivisions. At each node the concentration of TF and 

T2 is tracked in units of mol/m3, then the gains and losses of tritium are calculated in the 

subdivisions between the concentration nodes. At the outlet of each region, the molar flow of TF 

and T2 in mol/s is calculated and passed to the inlet of the following region. 

 

Figure 5.2. System-level model flow path and discretization diagram. The first simulation node is 

positioned at the core inlet. There are 11 concentration nodes per region and thus 10 subdivisions 

between nodes. Heat Exchanger diagram from [175]. 
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Table 5.1. Reactor regions and tritium release pathways for the FHR primary system. 

Region Tritium Release Pathway 

Core 
Retention in fuel element and graphite moderator pebbles 

Evolution to off-gas above core 

Downcomer 
Retention in graphite reflector 

Permeation through reactor pressure vessel to reactor building 

Hot leg Permeation to reactor building 

Primary HX Permeation to secondary coolant 

Cold leg Permeation to reactor building 

 TRIDENT solves a transient simulation in order to calculate tritium transport and releases 

in each FHR region. However, time-dependence is only built into equations relevant to the tritium 

distribution. Details such as the coolant flow rate and temperature profiles are set during the 

initialization of the simulation and remain steady throughout the simulation. In the simplified 

baseline case, a constant axial power profile in the core is assumed along with linear temperature 

changes in the core and heat exchanger. Additionally, the hot leg, cold leg, and downcomer regions 

are assumed to be isothermal. While a more accurate temperature profile could be built into the 

model, the piecewise linear profile has the benefit of making model results easier to interpret in 

terms of the underlying tritium transport phenomena. The simplified temperature profile 

distribution among simulation nodes is shown in Figure 5.3 for the case of a 550ºC core inlet and 

650ºC core outlet temperature. Temperature dependent thermophysical and transport properties 

are tabulated at each node in the loop according to the prescribed temperature distribution only 

once at the beginning of the simulation so the property calculations are not unnecessarily repeated. 
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Figure 5.3. Temperature profile in TRIDENT regions among different nodes. The first node is 

set to the core inlet. A simplified profile is used with linear temperature changes in the core and 

heat exchanger and constant temperatures in other regions. 

 Another simplification in the KP-FHR TRIDENT representation is to focus the model only 

on tritium transport in the primary loop. Tritium which permeates through the heat exchanger to 

the intermediate nitrate salt as T2 is expected to rapidly oxidize into T2O [176], either through 

conversion of nitrates into nitrites, as shown for sodium nitrate in equation 5.1, or through reaction 

with oxygen in the intermediate loop cover gas, as in equation 5.2. Both reaction pathways have a 

significant thermodynamic driving force [114]. Assuming that all tritium is converted into T2O or 

HTO, and further reactions of T2O/HTO into T2 or HT are prevented by the oxide layers in the 

intermediate loop, then back-permeation into the Flibe salt becomes negligible and the tritium 

transport in the intermediate loop is decoupled from the primary loop solution. For NaNO3 and 

KNO3, the T2O can be removed from the intermediate salts by gas stripping or dehumidifying the 

intermediate loop off-gas [114]. However, the gas stripping is less effective in the case of LiNO3 

because of the stability of LiOT dissolved in the salt [177]. The current KP-FHR intermediate loop 

concept features a mixture of NaNO3 and KNO3 in the intermediate loop [20], thus capture of T2O 

in the intermediate off-gas systems should be feasible. 

Eq. 5.1 𝑁𝑎𝑁𝑂3 + 𝑇2

 
→ 𝑁𝑎𝑁𝑂2 + 𝑇2𝑂  

Eq. 5.2 𝑇2 + 1/2 𝑂2

 
→ 𝑇2𝑂  
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 The system configuration for the KP-FHR is shown in Figure 5.4, where the primary loop 

systems are pictured in red. Two circuits for the primary loop are shown in the figure, but assuming 

there are identical conditions in each, only one circuit is modeled in the code with a factor of 2 

applied to the area of the hot leg and cold leg. The HX areas listed in Table 5.2 are the total areas 

for the two intermediate heat exchangers. Other input parameters are shown in Table 5.2 for the 

generic FHR design used in the system-level tritium transport model. 

 

 

Figure 5.4. System illustration and flow paths for the KP-FHR paired with a steam power cycle. 

From [20]. 
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Table 5.2. Generic FHR design parameters used as inputs for the tritium transport simulations. 

Cold leg dimension are set to be identical to the hot leg. 

Parameter Value 

HX tube thickness [m] 1.25e-3 

HX tube ID [m] 1.25e-2 

HX inner area [m2] 5750 

HX tube length [m] 10 

Hot leg tube thickness [m] 1e-2 

Hot leg tube length [m] 15 

Hot leg tube ID [m] 0.375 

Vessel ID [m] 3.75 

Vessel thickness [m] 0.05 

Graphite Reflector OD [m] 3.66 

Downcomer height [m] 6.5 

Graphite pebble diameter [m] 0.04 

Number of pebbles 335000 

Core cross sectional area [m2] 5.2 

Core free-surface evolution area [m2] 5.75 

Core salt volume [m3] 7.5 

Total primary loop salt volume [m3] 50 

Salt Li-7 enrichment [mol%] 99.995 

 To differentiate between model results in this study and the previous TRIDENT 

methodology [3], the designation TRIDENT Mod1 is applied to represent the new reactor 

configuration and additional features. A summary of features in each code is provided in Table 

5.3. The additional permeation zones added to TRIDENT Mod1 – the hot leg, cold leg, and reactor 

vessel – use a similar methodology to TRIDENT, although a recombination step was added to each 

exterior-surface node. A node between the core and hot leg was also added to represent evolution 

to the reactor cover gas based on an evolution mass transfer coefficient. The most significant 

change to the underlying methodology was the implementation of the graphite retention models 

described in Section 4. Simulating the kinetics of graphite transport also allows for desorption 

conditions in a pebble recirculation system to be simulated in TRIDENT Mod1. Not all features 

from TRIDENT were moved to TRIDENT Mod1, such as the corrosion model and corrosion 

product transport simulation. Since the focus of this study is tritium management strategy 

development, the corrosion models were not currently required. Furthermore, by using the fixed-
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potential equilibrium redox assumption to calculate chemical forms of tritium, the tritium 

speciation process is decoupled from salt redox potential changes under various corrosion product 

concentrations. 

Table 5.3. Summary of features in the original TRIDENT model [3], along with alterations and 

new features made in TRIDENT Mod1. 

 TRIDENT TRIDENT Mod1 

Computer Program MATLAB MATLAB Simulink 

Reactor 

Configuration 

Pebble bed FHR with open-

air Brayton cycle or fluoride 

salt intermediate loop 

Pebble bed FHR with nitrate salt 

intermediate loop decoupled from the 

simulation 

Reactor Regions 
Core, Heat Exchanger, 

Extraction Systems 

Core, Off-gas, Hot leg, Heat 

Exchanger, Cold leg, Downcomer, 

Extraction Systems 

Graphite Calculation Solubility limited Diffusion and trapping model 

Redox Dependence 
Equilibrium or corrosion-

controlled 
Equilibrium or sub-loop controlled 

Pebble Recirculation Full removal 

Full removal or time- and 

temperature-dependent desorption 

calculation 

Permeation Barrier 

Coatings 
Exterior surfaces 

Exterior surfaces and Flibe-facing 

surfaces 

Tritium Evolution None Evolution to Core cover gas 

Recombination 

Resistance 
None 

Recombination built into permeation 

calculation 

Corrosion Reactions Simulated corrosion in metals None 

Corrosion Product 

Transport 

Flibe mass transfer corrosion 

product transport 
None 
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5.2. Overview of Calculation Methodology and Implementation 

 The important phenomena relevant for tritium transport in FHRs have been previously 

discussed in Section 2. Here, each process is described in terms of the specific implementation into 

the current TRIDENT Mod1 code. There are several similarities in each implementation strategy 

to the original TRIDENT methodology, which is discussed in detail elsewhere [3]. The 

overlapping features are also discussed in this section to provide a complete description of the 

current TRIDENT Mod1 calculation process and to aid in the interpretation of presented results. 

5.2.1. Options for Tritium Generation and Speciation 

 The tritium generation equation is an essential input which creates a source term for tritium 

in the simulation. As shown in Section 2, tritium generation from neutron reactions in Flibe are 

the focus of the simulation since other sources of tritium generation such as ternary fission and 

impurities in graphite are only expected to account for 2% of total tritium generation. Within Flibe, 

lithium-6 and lithium-7 are the major sources of direct tritium production. The next most 

significant reaction occurs from fluorine-19, which was calculated to produce 0.38% of the tritium 

compared to the sum of lithium-6 and lithium-7 for the MSBR [38], and 0.025% compared to 

lithium-6 and lithium-7 in the FS-3 irradiation [41]. Therefore, TRIDENT and TRIDENT Mod1 

use a tritium generation calculation based on tritium producing reactions of lithium-6 and lithium-

7 only [43]. However, it is also important to account for changes in lithium-6 concentrations in the 

salt if when conducting beginning-of-life to equilibrium simulations. A differential equation 

governing the lithium-6 concentration in the primary loop salt is shown in equation 5.3, which 

increases based on production from Be-9(n,α)He-6 reactions and decreases from neutron 

absorption from lithium-6 [43]. Integrating equation 5.3 to find the lithium-6 concentration as a 

function of time results in the time dependent tritium generation rate, g(t), shown in equation 5.4 

[178]. An explanation of terms in equations 5.3 and 5.4 is provided in Table 5.4.  

Eq. 5.3 
𝑑𝑁𝐿𝑖6

𝑑𝑡
= 𝜙𝑁𝐵𝑒9𝜎𝐵𝑒9

𝑛,𝛼𝑉𝐶/𝑉𝐿 − 𝜙𝑁𝐿𝑖6𝜎𝐿𝑖6
𝑛,𝑎𝑏𝑠𝑉𝐶/𝑉𝐿 

Eq. 5.4 g(𝑡) = 𝜙𝜎𝐿𝑖7
𝑛,𝑛′𝑁𝐿𝑖7 + 𝜙𝜎𝐿𝑖6

𝑛,𝑡 (𝑁𝐿𝑖6
𝑜 exp(−

𝑉𝐶

𝑉𝐿
𝜙𝜎𝐿𝑖6

𝑛,𝑎𝑏𝑠𝑡) +
𝜙𝜎𝐵𝑒9

𝑛,𝛼𝑁𝐵𝑒9

𝜙𝜎𝐿𝑖6
𝑛,𝑎𝑏𝑠 (1 − exp (−

𝑉𝐶

𝑉𝐿
𝜙𝜎𝐿𝑖6

𝑛,𝑎𝑏𝑠𝑡))) 
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Table 5.4. Description of input parameters in the tritium production equation. 

Parameter Explanation [Units] 

𝜙 Neutron flux [n/cm2-s] 

𝜎𝐿𝑖7
𝑛,𝑛′

 Lithium-7 tritium production microscopic cross section [barn] 

𝑁𝐿𝑖7 Lithium-7 atomic number density [atoms/cm3] 

𝜎𝐿𝑖6
𝑛,𝑡

 Lithium-6 tritium production microscopic cross section [barn] 

𝑁𝐿𝑖6
𝑜  Lithium-6 initial (time=0) number density [atoms/cm3] 

𝑉𝐶 Volume of Flibe in the core [m3] 

𝑉𝐿 Total volume of Flibe in the primary loop [m3] 

𝜎𝐿𝑖6
𝑛,𝑎𝑏𝑠

 Lithium-6 total neutron absorption microscopic cross section [barn] 

𝜎𝐵𝑒9
𝑛,𝛼

 Beryllium-9 n,α reaction microscopic cross section [barn] 

 The values in the tritium production equation are based on neutronic analysis originally 

carried out for the Mk-1 FHR [178]. Therefore, the generation is scaled by the ratio of reactor 

thermal powers (320 MW/236 MW) to account for additional tritium generated in the FHR design 

used for this analysis. However, the one-group cross sections shown in equation 5.4 also depend 

on the neutron energy spectrum seen by the salt. Therefore, a tritium generation neutronic analysis 

specific to a FHR design should be completed once more detailed results are required. In the case 

of the scaled Mk-1 FHR generation values and reactor design parameters in Table 5.2, a 320 MWth 

FHR would produce 3390 Curies of tritium per day at the reactor beginning-of-life and 981 Curies 

per day at equilibrium. Tritium production rates as a function of time are plotted in Figure 5.5 for 

several lithium-7 enrichments. The time scale of over ten years to reach an equilibrium tritium 

generation rate in the case of 99.995% lithium-7 is significantly longer than the times required to 

reach an equilibrium tritium distribution in the simulation. For example, with a constant tritium 

generation rate the slowest tritium release to equilibrate is typically the permeation rate through 

the vessel which takes roughly one year. Therefore, a constant production term equal to the 

equilibrium tritium generation rate is used to accelerate scoping studies presented in this work. 
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Figure 5.5. Tritium generation as a function of time and lithium-7 enrichment based on 

calculations with equation 5.4. 

 The total tritium generation rate must then be split among the nodes of the core for the 

TRIDENT Mod1 simulation. A linear temperature profile in the core for the simplified baseline 

case implies a constant axial power distribution, and thus a uniform flux in the salt at each core 

node. Since the salt density changes with temperature, the total tritium generation in each node, 

GN, is calculated based on a weighted average of densities in each core node as shown in equation 

5.5. Simply dividing the total generation by the number of nodes would not cause a significant 

change from the calculation in equation 5.5 because Flibe density only varies 2.4% from 550ºC to 

650ºC [179]. However, using an axial vector for tritium generation allows for more complicated 

flux distributions to be implemented if additional detail in the model is required later on. 

Eq. 5.5 𝐺𝑁 =
𝑔(𝑡)𝜌𝑁𝑉𝐶

∑ 𝜌
𝑁𝐶𝑜𝑟𝑒
𝑁=1

 
 

 After the generation calculations, tritium is partitioned into TF and T2 based on the desired 

options for speciation. If a simulation of only T2 is desired, then the speciation into TF can be set 

to zero. Tritium could also be generated fully as TF in the core, and then a chemical speciation 

calculation can performed elsewhere in the reactor loop. The option most commonly used in the 

presented results is to generate TF and T2 according to the Flibe redox potential, which is a set 
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input in the simulation. By rearranging the definition of fluorine potential (ΔḠF2) presented in 

Section 2.2.1 for equation 2.12, the ratio of TF partial pressure to square root of T2 partial pressure 

can be determined according to equation 5.6. The partial pressure ratio, abbreviated as PR, is shown 

in Table 5.5 for examples of salt chemistry conditions discussed in Section 2 as calculated at 600ºC 

where the standard free energy of formation of HF gas (ΔGo
TF) is -277.9 kJ/mol [180]. Since the 

definition of fluorine potential uses pressures in units of atmospheres, while Pascals are used in 

TRIDENT Mod1, the pressure ratios are converted as shown in Table 5.5 using a factor of 

1013251/2 to produce units of Pa1/2 from atm1/2.  

Eq. 5.6 
𝑝𝑇𝐹

√𝑝𝑇2

= exp (
∆𝐺̅𝐹2

− 2Δ𝐺𝑇𝐹
0

2𝑅𝑇
) 

 

Table 5.5. Ratio of partial pressure of TF to square root of T2 partial pressure for various 

chemical conditions and fluorine potentials. 

Redox Condition ΔḠF2 PR [atm1/2] PR [Pa1/2] 

Purification with 1:10 H2/HF -590.0 kJ/mol 9.485∙10-2 3.019∙101 

Experimental Redox Measurements -676.8 kJ/mol 2.403∙10-4 7.649∙10-2 

MSRE Target Chemistry 1:100 UF3/UF4 -700.5 kJ/mol 4.698∙10-5 1.495∙10-2 

Beryllium Fully-Reduced Redox Potential -902.5 kJ/mol 4.265∙10-11 1.357∙10-8 

 The pressure ratio for a given redox potential is used to determine the amount of tritium in 

each chemical form. First, the total tritium molar flow in the node or region, MΣT, is calculated 

based on the incoming molar flow of T2 and TF which are represented by MT2,in and MTF,in, 

respectively, with units of mol-T/s in equation 5.7. Tritium added to the node by generation is 

calculated using the specific tritium generation per node from equation 5.5. By substituting 

concentration times volumetric flow rate to replace molar flows, and then using the definition of 

Henry’s law in place of concentrations, the tritium balance can be written in terms of T2 and TF 

partial pressures as in equation 5.8. Dividing each term by pT2
1/2 allows for the pressure ratio 

calculated from the redox condition, PR, to be substituted in as a coefficient in the quadratic 

equation for pT2
1/2 shown in 5.9. Solving the equation for pT2 and converting the pressure back into 

a concentration with Henry’s law produces equation 5.10, which calculates the total molar flow of 

T2 in the node or region. The additional T2 produced in a node from tritium generation in units of 

mol-T2/s, GT2,N, as calculated by equation 5.11 is also useful for other TRIDENT Mod1 functions. 
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Eq. 5.7 𝑀𝛴𝑇 = 2𝑀𝑇2,𝑖𝑛 + 𝑀𝑇𝐹,𝑖𝑛 + 𝐺𝑁  

Eq. 5.8 𝑀𝛴𝑇 = 2𝑉̇𝐾𝐻,𝑇2𝑝𝑇2
+ 𝑉̇𝐾𝐻,𝑇𝐹𝑝𝑇𝐹  

Eq. 5.9 2𝑉̇𝐾𝐻,𝑇2𝑝𝑇2
+ 𝑉̇𝐾𝐻,𝑇𝐹𝑃𝑅√𝑝𝑇2

− 𝑀𝛴𝑇 = 0  

Eq. 5.10 𝑀𝑇2
= 𝑉̇ (

1

4
√

𝑃𝑅
2𝐾𝐻,𝑇𝐹

2

𝐾𝐻,𝑇2

 +
8𝑀𝛴𝑇

𝑉̇
−

𝑃𝑅𝐾𝐻,𝑇𝐹

√𝐾𝐻,𝑇2

)

2

:𝑀𝑇𝐹 = 𝑀𝛴𝑇 − 2𝑀𝑇2
 

 

Eq. 5.11 𝐺𝑇2,𝑁 = 𝑀𝑇2
− 𝑀𝑇2,𝑖𝑛  

 Outside of the core, the balance between TF and T2 shifts because of differential release 

rates between the two species. For example, in the heat exchanger the T2 concentration in the salt 

decreases because of permeation, but the TF concentration remains the same because no TF release 

paths in the heat exchanger are modeled. Therefore, the TF and T2 concentrations are adjusted at 

the outlet of each TRIDENT Mod1 region in order to maintain a balance according to the set redox 

potential. The tritium molar flows leaving one region can be rebalanced using equation 5.10 prior 

to entering the next region. However, the GN term is set to zero since no tritium generation occurs 

outside of the reactor core. In the cases where tritium generation is set to TF only, the rebalancing 

based on redox potential in between reactor regions is the only source of T2 in the simulation. 

5.2.2. Tritium Transport to Core Graphite Pebbles 

 While tritium is added to the core through the generation term, tritium is also removed 

from Flibe in the core through uptake and retention on graphite pebbles. A notable simplification 

in the core model is that no distinction is made between fuel pebbles and graphite moderator 

pebbles, which will be simultaneously present in a FHR core [5]. The temperature profile within 

pebbles is also assumed to be isothermal and equal to the salt temperature at the particular axial 

core node. Adding transport parameters specific to graphite grades selected for a FHR as well as 

detailed pebble temperature profiles are areas in which the tritium retention calculation in graphite 

could be improved as FHR designs progress in maturity or design details become available in open 

literature. 

 The tritium retention calculation first requires a mass transfer coefficient to represent 

tritium transit from the salt bulk to the graphite pebble surface. The Wilson and Geankoplis 

correlation for mass transfer in a packed bed of spheres in used to calculate the Sherwood number 
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as discussed in Section 2.3.2 for equation 2.36 [85]. A mass transfer coefficient for the core is then 

calculated based on equation 5.12, where the characteristic length is the pebble diameter, dpebble, 

or 4 cm. As previously discussed, only the uptake of T2 in the core pebbles is modeled in the 

graphite retention methodology, so equation 5.12 uses the diffusivity of T2 in Flibe as opposed to 

TF. The mass transfer coefficient is converted into a flux of T2 through multiplying by a 

concentration gradient, which depends on the bulk concentration of T2 throughout the node (T2,Bulk) 

and the concentration in the salt phase at the pebble surface (T2,Surf) as shown in equation 5.13.  

Eq. 5.12 𝑘𝑇2,𝐶𝑜𝑟𝑒 = 𝑆ℎ𝐷𝑇2
/𝑑𝑝𝑒𝑏𝑏𝑙𝑒  

Eq. 5.13 𝑗𝑇2
= 𝑘𝑇2,𝐶𝑜𝑟𝑒(𝑇2,𝐵𝑢𝑙𝑘 − 𝑇2,𝑆𝑢𝑟𝑓)  

 The salt phase concentration of T2 at the pebble surface depends on the tritium retention 

characteristics on the graphite side of the interface. Therefore, tritium retention in the graphite 

pebble sets a boundary condition which changes the concentration gradient in the salt and 

ultimately determines the extent to which tritium is transferred into graphite. The basis for the 

boundary condition calculation is that the salt and graphite will both be exposed to the same partial 

pressure of T2 at the interface of the two materials [181]. If the bulk-diffusion model for graphite 

is used, then the tritium concentration at the salt surface can be related to the diffusing tritium 

concentration at the graphite pebble surface (Td
Rp) by combining Henry’s law for the salt and 

Sievert’s law for graphite as shown in equation 5.14. The retention process with flux of T2 from 

the salt, concentration of T2 and Td and the interface, and concentration profile of Td within the 

pebble is illustrated conceptually in Figure 5.6.  

Eq. 5.14 𝑝𝑇2
= 𝑇2,𝑆𝑢𝑟𝑓/𝐾𝐻,𝑇2

= (𝑇𝑑
𝑅𝑝/𝐾𝑆,𝑔) 2 
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Figure 5.6. Illustration of T2 mass transfer from Flibe salt to graphite pebbles in the bulk-

diffusion model for tritium retention in graphite. 

 A retention calculation is performed at each axial subdivision in the core, where one 

representative pebble is modeled per division. All graphite pebbles are modeled with identical 

material and tritium transport properties, in this case as POCO AXF-5Q graphite since the grade 

offers the most complete set of experimental data for the graphite transport and trapping equations. 

In a FHR, the fuel pebbles will likely be made with a graphite matrix material, such as the A3-3 

grade used in HTGRs [182]. There could also be unfueled graphite pebbles used for additional 

neutron moderation in the core. The grade of the moderator pebbles could be selected based on the 

desired tritium management strategy – grades with high hydrogen solubility and trap 

concentrations could be selected if tritium retention in graphite is a desirable feature, or low 

solubility if retention is to be minimized. Tritium retention parameters for other graphite grades 

and the ability to model retention in multiple grades simultaneously would be required for the use 

of TRIDENT Mod1 in a detailed, design-specific FHR model. 

 The purpose of modeling tritium generation and retention over an axial discretization in 

the core, rather than as a single lumped system, is to allow for properties to vary in each position 

as well as to account for tritium gains and losses between nodes. If the flux of T2 to pebbles is 

known, then the concentration of T2 entering the next node (T2
N+1) can be solved for according to 

equation 5.15. Only one pebble is modeled per node, so the total area of pebble (Anode) is calculated 

based on the area each pebble times the total number of pebbles in each core axial subdivision. 

Two different volumetric flow rates for the previous node and following node (V̇N and V̇N+1) are 

used since the volumetric flow rate can change as temperature of Flibe in the core increases. The 
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discretization notation for T2 concentrations along with tritium sources and losses for the core 

divisions are shown in Figure 5.7. In the baseline cases, there were 11 concentration nodes modeled 

for the core and thus 10 axial subdivisions. The bulk concentration values, graphite surface 

concentrations, and graphite pebble concentration profiles are modeled at the subdivisions and are 

considered to represent the midpoint between the concentration nodes. 

Eq. 5.15 𝑇2
𝑁+1 = (𝑇2

𝑁𝑉̇𝑁 + 𝐺𝑇2,𝑁 − 𝑗𝑇2
𝐴𝑛𝑜𝑑𝑒)/𝑉̇

𝑁+1 
 

 

Figure 5.7. Notation for tritium gains and losses between concentration nodes in the TRIDENT 

Mod1 core discretization. 

 As shown in equation 5.13, the bulk T2 concentration across the node is needed in order to 

calculate the flux of T2 into the graphite pebbles. Typically, tritium concentration will increase 

throughout the core because of the generation term, and therefore using the T2 concentration at the 

previous node (T2
N) as the bulk concentration would under predict the T2 flux. For small changes 

in concentrations between nodes, as is typical of equilibrium conditions in TRIDENT Mod1 

simulations, the bulk concentration is equal to the average of T2 concentrations at the preceding 

and following concentration nodes. For significant concentration changes, the bulk concentration 

can be derived from the differential equation shown in equation 5.16, where the derivative of T2 

concentration with respect to normalized axial position, z, depends on the linear tritium generation 

rate, G’, and the flux of tritium to pebbles. The term kT2Anode/V̇ is substituted with the character λ 

for simplicity. Integrating with the boundary condition that T2 concentration initially is equal to 

the previous node concentration (T2(z=0) = T2
N), the T2 concentration between concentration 

nodes can be determined with equation 5.17. The bulk concentration across the node is shown in 

equation 5.18, which is produced by solving for the average of T2(z) from the beginning to the end 

of the node, z=0 to z=1. 
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Eq. 5.16 
𝑑𝑇2(𝑧)

𝑑𝑧
= (𝐺′(𝑧)/𝑉̇ − 𝜆(𝑇2(𝑧) − 𝑇2,𝑆𝑢𝑟𝑓)) ∶ 𝜆 = 𝑘𝑇2

𝐴𝑛𝑜𝑑𝑒/𝑉̇ 

Eq. 5.17 𝑇2(𝑧) = 𝑇2
𝑁𝑒𝑥𝑝(−𝜆𝑧) + (

𝐺𝑇2,𝑁

𝑉̇𝜆
+ 𝑇2,𝑆𝑢𝑟𝑓) (1 − 𝑒𝑥𝑝(−𝜆𝑧)) 

Eq. 5.18 𝑇2,𝐵𝑢𝑙𝑘 = (
𝐺𝑇2,N

𝑉̇𝜆2
−

(𝑇2
𝑁 − 𝑇2,𝑆𝑢𝑟𝑓)

𝜆
) exp(−𝜆) +

1

𝜆
(𝑇2

𝑁 − 𝑇2,𝑆𝑢𝑟𝑓 +
𝐺𝑇2,𝑁

𝑉̇
) −

𝐺𝑇2,𝑁

𝑉̇𝜆2
+ 𝑇2,𝑆𝑢𝑟𝑓 

 The purpose of equation 5.18 is to calculate an average T2 concentration in the salt between 

the concentration nodes in order to produce a more representative value for the flux of T2. However, 

equation 5.18 also depends on the concentration of T2 at the graphite surface, which in turn depends 

on the additional tritium retention during the calculation step caused by the flux of T2 to pebbles. 

Even if an average of T2
N and T2

N+1 is used to calculate the T2 bulk concentration in place of 

equation 5.18, the calculation of T2
N+1 requires the flux of T2 to be known. Therefore, a system of 

equations must be solved simultaneously, which is carried out in TRIDENT Mod1 using the fsolve 

function in Matlab [3]. The function uses a non-linear solver to minimize the error in the solution 

of the set of three equations shown in equation 5.19 by iterating on the three variables shown in 

bold: jT2, T2,Surf, and T2,Bulk. Concentration of diffusing tritium at the outer surface of the pebble is 

not known initially, but can be calculated using the current iteration value of jT2 using the graphite 

retention methodology described in Section 4. Similarly, the T2
N+1 is calculated at every iteration 

using equation 5.15. Once the three variables are determined, TRIDENT Mod1 then begins the 

same calculation for the next axial position, and T2
N+1 becomes T2

N. 

Eq. 5.19 [

𝒋𝑻𝟐
= 𝑘𝑇2,𝐶𝑜𝑟𝑒(𝑻𝟐,𝑩𝒖𝒍𝒌 − 𝑻𝟐,𝑺𝒖𝒓𝒇)

𝑻𝟐,𝑺𝒖𝒓𝒇/𝐾𝐻,𝑇2
= (𝑇𝑑

𝑅𝑝/𝐾𝑆,𝑔) 2

𝑻𝟐,𝑩𝒖𝒍𝒌 = (𝑇2
𝑁 + 𝑇2

𝑁+1)/2

] 

 

 There are a few important differences in the previous equations if the pore and grain 

diffusion model is used to solve for tritium retention in graphite instead of the bulk diffusivity 

model. Because the methodology assumes that tritium retention in graphite first occurs by 

diffusion into graphite pores, the full area of the pebbles in not considered when calculating the 

total loss of tritium by the retention flux. Instead, the total surface area of pebbles in the node is 

scaled down by the porosity, φ, to calculate tritium flux only into the porous regions of the graphite. 

The resulting tritium balance for the pore and grain retention model for core concentration nodes 
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is then shown by equation 5.20. Since T2 flux into graphite is only assumed to take place in pores, 

the boundary condition at the salt-graphite interface is then set by the concentration of tritium in 

pores at the pebble surface, T2,p
Rp, instead of the diffusing tritium concentration. Therefore, the 

boundary condition becomes a combination between Henry’s law for the salt and the ideal gas law 

for T2 in the pores, as shown in equation 5.21. In both the pore and grain model and the bulk-

diffusivity representation, the transport of tritium within graphite is important to solve because the 

concentration profiles create a surface boundary condition which determines how much tritium 

will be retained by graphite in the core. 

Eq. 5.20 𝑇2
𝑁+1 = (𝑇2

𝑁𝑉̇𝑁 + 𝐺𝑇2,𝑁 − 𝑗𝑇2
𝜙𝐴𝑛𝑜𝑑𝑒)/𝑉̇

𝑁+1  

Eq. 5.21 𝑝𝑇2
=

𝑇2,𝑆𝑢𝑟𝑓

𝐾𝐻,𝑇2

= 𝑇2,𝑝
𝑅𝑝 ∙ 𝑅𝑇 

 

5.2.3. Graphite Pebble Recirculation and Desorption 

 Once tritium is retained in the graphite, it can be removed from the FHR through the pebble 

recirculation system either through desorption of existing pebbles or replacement with new pebbles. 

Since fuel pebbles are buoyant in Flibe, the fuel is introduced to the bottom of the FHR and 

extracted out of the top of the core [6]. Individual pebbles are not tracked in TRIDENT Mod1, and 

therefore an approximate method is required for representing the recirculation process within the 

single representative pebble modeled at each axial core subdivision.  

 A pebble recirculation process is approximated at each time step by moving and averaging 

a portion of the tritium concentration profiles from each axial subdivision into the above 

neighboring position. An example of the recirculation calculation for the diffusing tritium at axial 

position N (Td
N) is shown in equations 5.22 and 5.23 below, where NCore-1 is the number of axial 

subdivisions in the core, Δt is the simulation time step, and τRT is the residence time of pebbles in 

the core. A similar calculation is repeated for the trapped tritium in grains as well as T2 in pores at 

each node. Since the number of pebbles in each axial division is NPebble/(NCore-1), and the number 

of pebbles leaving a node in each time step is NPebbleΔt/τRT, the fraction of pebbles leaving the node 

is (NCore-1)Δt/τRT. Therefore, the (NCore-1)Δt/τRT term is used to calculate the fraction of circulating 

tritium in each time step. At the top of the core (N=NCore-1 for the pebble positions), tritium is 

removed by recirculation to the bottom of the core and a portion of the pebbles are also moved to 

spent fuel storage. Therefore, the top node concentration profiles are decremented with an 
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additional time constant based on the pebble total lifetime, τLT, as shown in equation 5.24 for 

diffusing tritium in graphite grains. In the simulations presented in this work, a pebble residence 

time of 50 days is used along with a total lifetime of 500 days. The pebble lifetime was chosen to 

be similar to the Mk-1 FHR pebble full power lifetime of 1.4 years [6]. 

Eq. 5.22 𝑇𝑑
𝑁 = 𝑇𝑑

𝑁 − (NCore − 1)(Δ𝑡/𝜏𝑅𝑇)𝑇𝑑
𝑁  

Eq. 5.23 𝑇𝑑
𝑁+1 = 𝑇𝑑

𝑁+1 + (NCore − 1)(Δ𝑡/𝜏𝑅𝑇)𝑇𝑑
𝑁  

Eq. 5.24 𝑇𝑑
𝑁Core−1 = 𝑇𝑑

𝑁Core−1 (1 − (NCore − 1)
Δ𝑡

𝜏𝑅𝑇
) (1 − (NCore − 1)

Δ𝑡

𝜏𝐿𝑇
 )  

 The amount of tritium returning back to the core in the recirculation system depends on the 

fraction of tritium removed by desorption. Although a FHR design may or may not include a 

dedicated pebble desorption facility in the pebble recirculation system, the desorption process can 

be explored with the graphite retention model. At certain points in the TRIDENT Mod1 simulation, 

a desorption of a single pebble is modeled based on the concentration profiles in the top core 

position as the initial condition. The desorption is simulated with the grain-only transport model, 

in the same manner as the simulation of the Atsumi et al comparison shown in Section 4. A 

desorption factor is calculated separately for the diffusing and trapped tritium of each modeled 

grain inside of the pebble, as defined in equation 5.25 for diffusing tritium. Desorption options are 

either full desorption (DF=1), no desorption (DF=0), or a desorption calculation based on a 

specified temperature and duration. The returning diffusing tritium for the lowest axial core node 

(N=1) is shown in equation 5.26. The difference between the tritium leaving the top node and the 

tritium returning to the core is the total removed in the pebble recirculation system. Note that 

tritium decay is currently not simulated in the model for tritium retained in graphite, which would 

have a small impact on the full desorption calculations, but would be notable for the zero 

desorption treatment with pebble removal the 500 day cycle. For example, a pebble with a given 

tritium inventory would experience 0.768% tritium decay over 50 days and 7.42% over 500 days. 

The decay of tritium into helium would have the effect of freeing tritium trapping sites and 

allowing additional retention to occur. 

Eq. 5.25 𝐷𝐹𝑑 = (∫𝑇𝑑,𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑑𝑉𝐺 − ∫𝑇𝑑,𝐹𝑖𝑛𝑎𝑙𝑑𝑉𝐺 ) /∫𝑇𝑑,𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑑𝑉𝐺 

Eq. 5.26 𝑇𝑑
1 = 𝑇𝑑

1 + 𝑇𝑑
𝑁Core−1 (1 − (NCore − 1)

Δ𝑡

𝜏𝐿𝑇
) ∙ (1 − 𝐷𝐹𝑑)(NCore − 1)

Δ𝑡

𝜏𝑅𝑇
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5.2.4. Tritium Evolution to Reactor Cover Gas 

 After the core simulation, evolution is calculated at a single node in between the core and 

hot leg regions in TRIDENT Mod1. The purpose of the node is to simulate the process of tritium 

transfer from the salt phase to the gas plenum above the core inside of the reactor vessel. Other 

evolution processes could also exist in FHR designs beyond the reactor vessel region. For instance, 

if a gas space is present in the primary salt pumping system, and a sweep gas is purged through 

the pump gas volume, then tritium evolution to the pump system sweep gas would occur. Evolution 

into the pump bowl off-gas was the largest single source of tritium release measured in the MSRE 

[38], potentially because the pump was designed with a special spray ring to aid with stripping of 

fission product gases [90]. Because detailed designs of pump components for FHRs are not yet 

openly available, tritium evolution from the primary pumping system is not modeled. 

 Based on experimental observations [44], both TF and T2 are expected to evolve from the 

salt to gas. The evolution rate of T2 in mol/s is calculated based on equation 5.27, where the 

concentration of T2 at the core outlet is calculated based on the molar flow of T2 at the final core 

node, NCore, divided by the volumetric flow rate of Flibe at the outlet. Tritium concentration in the 

off-gas is neglected, based on the assumption at the primary system off-gas will be continuously 

purged through a tritium capture system. A salt-gas interfacial area of 5.75 m2 is used in the 

calculation, which is slightly more than half of the total cross-sectional area based on the vessel 

inner diameter. An area less than the total vessel area is used to account for other components in 

the core which may extend above the salt fill level and reduce the surface area for evolution. For 

TF evolution in equation 5.28, the same evolution mass transfer coefficient as T2 is used, but a 

scaling factor based on diffusivity ratio of TF and T2 is applied since the limiting step in evolution 

is thought to be diffusion through Flibe [47]. The TF and T2 diffusivities in Flibe for the scaling 

factor are taken from atomistic simulations [81], as TF and T2 diffusivities from separate 

experiments can vary significantly. 

Eq. 5.27 𝑇2 𝐸𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑘𝐸,𝑇2
𝐴(𝑀𝑇2,𝑁𝐶𝑜𝑟𝑒

/𝑉̇𝑁𝐶𝑜𝑟𝑒
)  

Eq. 5.28 𝑇𝐹 𝐸𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝐷𝑇𝐹

𝐷𝑇2

𝑘𝐸,𝑇2
𝐴(𝑀𝑇𝐹,𝑁𝐶𝑜𝑟𝑒

/𝑉̇𝑁𝐶𝑜𝑟𝑒
)  

 The evolution mass transfer coefficient is based on the experimental measurements from 

static Flibe irradiations conducted by Suzuki et al [48]. Applying the mass transfer coefficient to 

evolution in a FHR relies on the assumption that there will be similar mass transport characteristics 
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between the static irradiation experiment and the FHR salt-gas interface. The applicability of the 

static-salt mass transfer coefficient depends on the reactor core and vessel design parameters, 

which makes the true evolution coefficient in the FHR difficult to predict without a detailed design. 

Because the salt flow from the core outlet to the hot leg could potentially influence the mass 

transfer occurring at the salt free surface, the evolution rates predicted based on the static-salt mass 

transfer coefficient should be considered a lower estimate. 

5.2.5. Tritium Permeation in the Hot Leg, Heat Exchanger, and Cold Leg 

 In the TRIDENT Mod1 FHR layout, the salt flows through the hot leg, heat exchanger, and 

cold leg after passing through the off-gas plenum and core coolant outlet. Outside of the core there 

is no tritium generation, but tritium loss still occurs by permeation of T2 through the primary 

system. As with tritium retention in graphite, the permeation rate through structural metals depends 

on the rate of T2 mass transfer in the salt which is calculated from the Sherwood number in the 

region. The hot leg, heat exchanger, and cold leg use a similar calculation methodology since the 

only tritium release path in each region is tritium permeation. However, the mass transfer in each 

region varies significantly because of the different cross sections of pipe flow. The Reynolds and 

Schmidt numbers for each region, which are used as inputs to calculate the Sherwood number, are 

shown below in Table 5.6. Inlet and outlet values for the heat exchanger are shown in order to 

display the range which occurs in the region due to the change in temperature. In contrast, the 

dimensionless numbers for mass transfer are constant in the hot leg and cold leg since they are 

assumed to be isothermal zones. 

Table 5.6. Reynolds and Sherwood numbers used for permeation calculations in the hot leg, heat 

exchanger, and cold leg. 

Region Re Sc 

Hot Leg 3.36∙105 8.83∙102 

Heat Exchanger (Inlet) 1.38∙103 8.83∙102 

Heat Exchanger (Outlet) 8.87∙102 2.75∙103 

Cold Leg 2.05∙105 2.75∙103 

 For the hot leg and cold leg, two experimental Sherwood number correlations for turbulent 

flow in pipes are shown in equations 5.29 and 5.30 [85, 183]. Based on the values in Table 5.6, 

both correlations have a range of applicability which includes the variation of Schmidt numbers in 

Flibe between 550ºC and 650ºC. Conversely, the Reynolds numbers in the hot leg and cold leg 
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each exceed the upper applicability bounds in equations 5.29 and 5.30. The Chilton-Colburn 

analogy could be used to produce a Sherwood number valid over a larger Reynolds number range. 

However, the analogy is noted to produce results about 20% lower than experimental 

measurements over the Reynolds number range of 3∙104 to 106 [85]. Since permeation is generally 

considered undesirable, the experimental correlations are used to provide a conservative prediction 

for release from the reactor. Among the two options presented, equation 5.29 has a Reynolds 

number range closer to the hot leg and cold leg values and is therefore used in baseline simulations. 

Eq. 5.29 𝑆ℎ = 0.0096𝑅𝑒0.913𝑆𝑐0.346 104 < 𝑅𝑒 < 105  ∶  430 < 𝑆𝑐 < 100,000 

Eq. 5.30 𝑆ℎ = 0.023𝑅𝑒0.83𝑆𝑐1/3 2,100 < 𝑅𝑒 < 35,000 ∶  0.6 < 𝑆𝑐 < 3,000 

 In the heat exchanger, the Schmidt numbers are in between the values of the hot leg and 

cold leg, but the Reynolds numbers are significantly lower since there is a total cross-sectional 

flow area of 17.97 m2 in the heat exchanger tubes compared to only 0.22 m2 in the hot or cold leg 

piping. For internal flows with Reynolds number less than 2100, a Sherwood number with a 

constant value of 4.36 can be used [85, 184]. Using equation 5.30, the Sherwood number at 600ºC 

in the heat exchanger would be 8.95, although the Reynolds number falls below the lower limit of 

applicability for the correlation. An alternate correlation for mass transfer at low Reynolds 

numbers is shown in equation 5.31 [85], which varies based on Reynolds and Schmidt numbers 

and also depends on the ratio of tube diameter to tube length (d/L). The heat exchanger Sherwood 

number at 600ºC calculated with equation 5.31 is 18.1. The highest of the three is again used in 

TRIDENT Mod1 for conservative predictions of tritium permeation. Additionally, if elliptical 

twisted tube heat exchangers are used in a FHR [20], then the mass transfer may be more 

significant than for standard straight tube banks, and using a higher Sherwood number could be 

more representative of the true mass transfer rates.  

Eq. 5.31 𝑆ℎ = 4.36 +
0.023(𝑑/𝐿)𝑅𝑒𝑆𝑐

1 + 0.0012(𝑑/𝐿)𝑅𝑒𝑆𝑐
        𝑅𝑒 < 2,100  

 Once the Sherwood number is calculated, a mass transfer coefficient can be produced for 

the region to represent the movement of T2 from the bulk of the salt to the inner surfaces of the 

metal walls. An example mass transfer coefficient calculation for the heat exchanger is shown in 

equation 5.32, where the characteristic length is the heat exchanger tube inner diameter, dtube. The 
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mass transfer coefficient is converted into a flux in a similar manner to other regions, as shown in 

equation 5.33. As with graphite in the core, the boundary condition for metallic regions is created 

by assuming the Flibe and metal are exposed to the same partial pressure of T2 at the interface 

[181], and then relating concentration in each phase with the Henry’s law coefficient in the salt 

and the Sievert’s law solubility for 316 stainless steel as in equation 5.34. The bulk concentration 

of T2 across the node can be solved using the previous formulation in equation 5.18, but with 

tritium generation set to zero as shown in equation 5.35. While the surface boundary condition for 

graphite is solved with a non-linear solver, there is less of a need to iterate on the boundary 

condition for metallic components since changes in T2 flux from the salt result in only small 

changes in the surface concentrations calculated by equation 5.34. Thus, the set of equations below 

is solved explicitly using the T2 salt surface concentration from the previous time step. The surface 

boundary condition for typical structural metals is less influential than for graphite because the 

tritium diffusivity in metals is much higher. For example, the diffusivity of tritium in 316 stainless 

steel at 600ºC is 5.04∙10-10 m2/s [91], while the bulk-diffusivity in POCO AXF-5Q1 graphite was 

3.65∙10-15 m2/s as determined in Section 4. Therefore, diffusion away from the surface is typically 

rapid enough that the inner metal surface concentration does not lead to a high T2 concentration at 

the salt surface. When the salt T2 surface concentration is low, the overall permeation resistance 

of the metal is negligible and the main limitation for permeation is only mass transfer in the salt 

phase.  

Eq. 5.32 𝑘𝑇2,𝐻𝑋 = 𝑆ℎ𝐷𝑇2
/𝑑𝑡𝑢𝑏𝑒  

Eq. 5.33 𝑗𝑇2
= 𝑘𝑇2,𝐻𝑋(𝑇2,𝐵𝑢𝑙𝑘 − 𝑇2,𝑆𝑢𝑟𝑓)  

Eq. 5.34 𝑝𝑇2
= 𝑇2,𝑆𝑢𝑟𝑓/𝐾𝐻,𝑇2

= (𝑇𝐻𝑋
𝑖 /𝐾𝑆,316) 

2  

Eq. 5.35 𝑇2,𝐵𝑢𝑙𝑘 =
1

𝜆
(𝑇2

𝑁 − 𝑇2,𝑆𝑢𝑟𝑓)(1 − exp(−𝜆)) − 𝑇2,𝑆𝑢𝑟𝑓 

 The faster diffusion of tritium in metals compared to graphite also requires a different 

approach for the numerical solution in TRIDENT Mod1. A second order centered time centered 

space scheme is used as shown in equation 5.36. The scheme is also known as the Crank-Nicolson 

method, and is inherently stable for all time step values [185]. In contrast, the maximum time step 

before which the forward time centered space (FTCS) scheme would become unstable is 

determined by Δx2/2D [185], or 62 seconds for 6 evenly spaced mesh points in the heat exchanger. 
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In the simulations in this study, time steps near 1000 seconds were typically used. While the Crank-

Nicolson scheme remains stable at time steps above the FTCS limit, using a significantly larger 

step decreases the accuracy in modeling the transient behavior of the solution. However, the time 

dependence of tritium diffusion in the heat exchanger is not important to resolve in TRIDENT 

Mod1 since the heat exchanger offers very little permeation resistance to the overall permeation 

process, and is therefore mainly decoupled from the rest of the simulation. In the other permeation 

zones, the stability conditions is less restrictive – the Δx2/2D condition results in a time step of 

1085 seconds for 9 points in the hot leg and 18,900 seconds for 15 points in the reactor vessel. 

Eq. 5.36  
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  Before the diffusion step, the flux-in boundary condition is applied by increasing the inner 

surface concentration as shown in equation 5.37. The heat exchanger is used as an example region 

and THX
i-1 is tritium concentration in the metal at the point nearest to the point at the salt-metal 

interface, THX
i. In the case of zero recombination resistance and negligible downstream T2 

concentration, the tritium concentration at the outer metal surface, THX
o, would be equal to zero. 

To simulate recombination resistance, the outer surface concentration is increased and is set so 

that the diffusion flux in the metal towards the outer interface matches the recombination flux, as 

shown in equation 5.38. Solving the equation for the recombination-adjusted surface concentration, 

Tr, results in equation 5.39. In this case, the solution for Tr is approximate since it relies on the 

value of THX
i-1 calculated by a diffusion step where the previous value of Tr was used. Once the 

concentration T2 flux is calculated and the concentration profile in the metal is updated, the T2 

concentration at the next node can be calculated by equation 5.40. The overall permeation process 

using the previously described calculation steps is summarized in Figure 5.8. 

Eq. 5.37 𝑇𝐻𝑋
𝑖 = 𝑇𝐻𝑋

𝑖−1 +
2𝑗𝑇2Δ𝑥

𝐷𝑇,316
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Eq. 5.38 𝑗𝑟 =
𝐷𝑇,316

𝛥𝑥
(𝑇𝐻𝑋

𝑜−1 − 𝑇𝑟) = 2𝑘𝑟𝑇𝑟
2 

 

Eq. 5.39 𝑇𝑟 =
1

4𝑘𝑟
(−

𝐷𝑇,316

Δ𝑥
+ √(

𝐷𝑇,316

Δ𝑥
)
2

+
𝐷𝑇,316

Δ𝑥
8𝑘𝑟𝑇𝐻𝑋

𝑖−1) 

 

Eq. 5.40 𝑇2
𝑁+1 = (𝑇2

𝑁𝑉̇𝑁 − 𝑗𝑇2
𝐴𝑛𝑜𝑑𝑒)/𝑉̇

𝑁+1 
 

 

Figure 5.8. Conceptual illustration of the tritium permeation calculation for one node in the heat 

exchanger. Salt flow is shown moving upwards from node N to N+1. 

 Permeation barrier coatings in TRIDENT Mod1 can be simulated on inner, Flibe-facing 

surfaces or on outer surfaces. Coatings can also be applied globally or only onto specified regions. 

In all cases, the coated condition is implemented with the permeation reduction factor based on 

tritium fluxes. The PRF is a specified input and does not explicitly consider any characteristics of 

the coating material itself. Therefore, in a simulation with coatings applied, the PRF should be 

chosen based on experimental evidence of what material performance is achievable in the specified 

environment. In the simulation, a permeation step is first conducted in the same manner previously 

described for the uncoated metals. Then, the flux is reduced using the PRF to represent the coated 

sample. For coatings on the Flibe-facing surfaces, the coating-adjusted flux, jT2,C, is calculated just 

by dividing the previously determined value of jT2 by the inner coating reduction factor, PRFin, 

shown in equation 2.54. The outer coating reduction factor is implemented after the recombination 

calculation, thus the PRFout value is applied to the previously calculated recombination flux of T2, 
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jr,T2. In order to reduce the flux at the outer boundary, the outer surface concentration (THX
o for the 

heat exchanger) is recalculated according to equation 5.42. As shown in the equation, for very 

large values of PRFout the outer surface concentration matches the concentration at the neighboring 

node, THX
o-1, and the gradient across the boundary approaches zero. The inner and outer coating 

implementation is summarized conceptually in Figure 5.9. 

Eq. 5.41 𝑗𝑇2,𝐶 =
𝑗𝑇2

𝑃𝑅𝐹𝑖𝑛
  

Eq. 5.42 𝑇𝐻𝑋
𝑜 = 𝑇𝐻𝑋

𝑜−1 −
2𝑗𝑟,𝑇2Δ𝑥

𝑃𝑅𝐹𝑜𝑢𝑡𝐷𝑇,316
 

 

 

Figure 5.9. Adjustments to the permeation calculation to simulate coatings. Inner surface flux is 

divided by the specified PRFin value. The outer surface concentration is increased to reduce the 

outward flux by a factor of PRFout. THX
o* and jT2* refer to values calculated for the uncoated 

condition. 

5.2.5. Retention and Permeation in the Downcomer Region 

 The last region in the reactor flow path before the salt returns to the core inlet is the reactor 

downcomer. In the downcomer, the salt is in contact with graphite from the reflector as well as the 

structural metal of the reactor pressure vessel. Therefore, the downcomer will undergo tritium 

retention in a similar mechanism to that of the core pebbles as well as permeation through the 

reactor vessel. In the one-dimensional TRIDENT Mod1 representation, the downcomer is modeled 

as an annular flow region with the reflector as the inner diameter and the vessel as the outer layer. 

Because the downcomer region has a flow with a Reynolds number of 20,700 and Schmidt number 

of 2,750, the Sherwood number correlations in equation 5.29 and 5.30 both have a valid range of 
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applicability. However, the correlation from equation 5.29 is used to provide consistency with the 

hot leg and cold leg regions. The characteristic length for the Reynolds number is the downcomer 

annulus hydraulic diameter, as calculated by equation 5.43, where dRPV is the inner diameter of the 

reactor pressure vessel and dDC is the outer diameter of the core graphite reflector. The mass 

transfer coefficient for the downcomer also uses the hydraulic diameter. Both the reflector and 

vessel are modeled with the same mass transfer coefficient, which is shown in equation 5.44.  

Eq. 5.43 𝑑𝐻 = 𝑑𝑅𝑃𝑉 − 𝑑𝐷𝐶  

Eq. 5.44 𝑘𝐷𝐶,𝑇2
= 𝑆ℎ𝐷𝑇2/𝑑𝐻  

 Tritium retention in the reflector graphite is modeled with the same transport and trapping 

equations as the pebbles in the reactor core. However, characteristics of the downcomer region are 

generally unfavorable for tritium retention. First, the temperature is considered to be the 

temperature of the heat exchanger outlet and thus the lowest in the loop, which slows both the 

diffusion into graphite and the transition of diffusing tritium to high energy trapping sites. Also, 

the flow of salt will typically be more turbulent than in the core and the reflector will see a higher 

flux of tritium for a given tritium concentration. Both of these factors lead to a high tritium 

concentration at the graphite surface of the reflector which then limits tritium uptake according to 

the salt-graphite boundary condition. Therefore, TRIDENT Mod1 does not currently mesh the 

entire reflector graphite in order to reduce the matrix size for the diffusion equation solution, but 

only focuses on the surface region instead. Neglecting the deep regions in the reflector is justifiable 

since interior mesh points typically have a negligible tritium concentration in TRIDENT Mod1 

simulations of multiple reactor years. 

 To model retention in the reflector graphite, the nonlinear solver is again used as with the 

core pebbles. However, additional equations must be merged into the solution matrix since the 

tritium concentration available for retention also depends on the amount of permeation occurring 

through the vessel. The solution matrix in the downcomer consists of five total equations, as shown 

in equation 5.45, with the five unknown variables in bold. Both the downcomer reflector and the 

reactor vessel have an equation that relates the flux of T2 towards each surface to the mass transfer 

coefficient times the concentration gradient (rows 1 and 3). Similarly, there are two equations that 

relate the tritium concentrations at each interface based on solubility relations in each material 

(rows 2 and 4). Lastly, the average tritium concentration across the node is solved for based on the 
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average of the previous and next node tritium concentrations (row 5). The T2 concentration at the 

next node, T2
N+1, is determined based on the current iteration values for the flux of T2 to the 

reflector and vessel as in equation 5.46, where the areas of the reflector and reactor vessel per node 

(ARefl and ARPV) are used to calculate total tritium losses. An illustration of the calculation process 

for one node in the downcomer is pictured in Figure 5.10. 

Eq. 5.45 

[
 
 
 
 
 
 

𝒋𝑫𝑪,𝑻𝟐
= 𝑘𝐷𝐶,𝑇2

(𝑻𝟐,𝑩𝒖𝒍𝒌 − 𝑻𝟐,𝑫𝑪,𝑺𝒖𝒓𝒇)

𝑻𝟐,𝑫𝑪,𝑺𝒖𝒓𝒇/𝐾𝐻,𝑇2
= (𝑇𝑑

𝑅𝑝/𝐾𝑆,𝑔) 2

𝒋𝑹𝑷𝑽,𝑻𝟐
= 𝑘𝐷𝐶,𝑇2

(𝑻𝟐,𝑩𝒖𝒍𝒌 − 𝑻𝟐,𝑹𝑷𝑽,𝑺𝒖𝒓𝒇)

𝑻𝟐,𝑹𝑷𝑽,𝑺𝒖𝒓𝒇/𝐾𝐻,𝑇2
= (𝑇𝑅𝑃𝑉

𝑖 /𝐾𝑆,316) 
2

𝑻𝟐,𝑩𝒖𝒍𝒌 = (𝑇2
𝑁 + 𝑇2

𝑁+1)/2 ]
 
 
 
 
 
 

 

 

Eq. 5.46 𝑇2
𝑁+1 = (𝑇2

𝑁𝑉̇𝑁 − 𝑗𝐷𝐶,𝑇2
𝐴𝑅𝑒𝑓𝑙 − 𝑗𝑇2

𝐴𝑅𝑃𝑉)/𝑉̇𝑁+1 
 

 

Figure 5.10. Notation for tritium flows in one node of the downcomer region. Salt flow is shown 

moving downwards from node N to N+1. 

5.3. Tritium Distribution Results under Baseline Conditions 

 The system requirements and optimal strategies for tritium management in a FHR first 

depend on the baseline distribution of tritium in the reactor. Several simulations are presented in 

this section to describe the tritium release paths when no tritium management strategies are 

imposed. Key features of the results are examined in order to explain the calculated distribution in 

terms of the fundamental tritium transport behavior. 
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5.3.1. Summary of Input Parameters and Conditions 

 While some parameters have been previously stated, the full set of inputs into the 

TRIDENT Mod1 code are presented in this section to provide a complete overview of the 

calculation process. The reactor operating parameters shown in Table 5.7 have a notable influence 

on several other inputs in the model. For example, tritium diffusivities, tritium solubilities, and salt 

thermophysical properties all have a temperature dependence, and the range each parameter in the 

simulation depends on the core inlet and outlet temperature. The mass flow rate of salt is also 

calculated from the core temperature change, Tout – Tin, reactor thermal power, Q̇, and Flibe 

specific heat capacity, cp, as shown in equation 5.47 [3]. The redox potential is also shown in Table 

5.7, which is selected to represent Flibe which has been fully reduced by beryllium metal [54]. 

Therefore, the baseline tritium distribution mainly focuses on the tritium distribution of T2 in the 

reactor, since very little TF is present at an equilibrium condition of -902.5 kJ/mol. 

Table 5.7. Reactor operation parameters used for the TRIDENT Mod1 baseline simulations. 

Parameter Value 

Core inlet temperature [K] 823.15 

Core outlet temperature [K] 923.15 

Reactor power [MWth] 320 

Pebble residence time in-core [day] 50 

Pebble lifetime [day] 500 

Redox Potential [kJ/mol] -902.5 

 

Eq. 5.47 𝑄̇ = 𝑚̇𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) 
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 The tritium production parameters shown in Table 5.8 were originally calculated for the 

Mk-1 FHR design [178]. To represent a 320 MWth FHR, the neutron flux is scaled by the ratio 

of thermal powers, where the Mk-1 FHR was designed for 236 MWth [8]. The parameters in 

Table 5.8 can be used to determine the tritium production as a function of time caused by 

changes in the salt lithium-6 concentration, but the equilibrium generation rate is used in the 

baseline analysis for simplicity. 

Table 5.8. Tritium production parameters. From [178]. 

Parameter Value 

1-group Flux [n/cm2-s] (320/236)*3.41e14 

Lithium-7 tritium production x-section [m2] 1e-27 

Lithium-6 tritium production x-section [m2] 148.026e-24 

Lithium-6 total absorption x-section [m2] 148.032e-24 

Beryllium-9 n,α x-section [m2] 3.63e-27 

 Thermophysical properties of Flibe along with tritium transport properties are compiled in 

Table 5.9. The thermophysical properties were selected based on the recommendations in literature 

reviews [179]. For the tritium transport properties, a smaller set of data is available from previous 

studies and the selection of each property depends on which experimental data source should be 

considered the most reliable. For example, the T2 diffusivity in Flibe was taken from the Calderoni 

et al experiment [75], since their measured diffusivity is nearest to the diffusivity calculated from 

recent atomistic simulations [81]. The T2/H2 solubility measurements in Flibe generally fall into 

two groups, some relatively low measurements and other measurements which are several orders 

of magnitude higher. A solubility measurement from Malinauskas et al is used since it was a direct 

measurement of H2 solubility in Flibe [82], whereas other measurements were observed indirectly 

from permeation experiments [75, 78].  
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Table 5.9. Temperature dependent properties. All temperatures, T, are in Kelvin and the 

universal gas constant, R, is in units of kJ/mol-K. 

Parameter Symbol Value Ref. 

Flibe density [kg/m3] ρ 2415.6-0.49072T [179] 

Flibe viscosity [Pa-s] μ 1.116e-4exp(3755/T) [179] 

Flibe heat capacity [J/kg-K] cp 2386 [179] 

T2 diffusivity in Flibe [m2/s] DT2 9.3e-7exp(-42/RT) [74] 

TF diffusivity in Flibe [m2/s] DTF 6.4854e-26(T)^5.7227 [80] 

Henry’s law coefficient for T2 in 

Flibe [mol/m3-Pa] 
KH,T2 

2.714e-8exp(4.235e-3(T-

273.15)) 

[3, 

82] 

Henry’s law coefficient for TF in 

Flibe [mol/m3-Pa] 
KH,TF 

1.707e-3 exp(-4.26e-3(T-

273.15)) 

[3, 

72] 

T diffusivity in 316SS [m2/s] DT,316 sqrt(1/3)6.32e-7exp(-47.8/RT) [91] 

Sievert’s law coefficient for T in 

316SS [mol/m3-Pa1/2] 
KS,316 0.427exp(-13.9/RT) [91] 

1Hydrogen recombination rate 

constant for 316SS (lower bound) 

[m4/mol-s] 

kr 1.19e-4exp(-49.8/RT) [186] 

1Hydrogen recombination rate 

constant for 316SS (upper bound) 

[m4/mol-s] 

kr 1.31exp(-50.5/RT) [186] 

1T2 evolution mass transfer 

coefficient [m/s] 
kE,T2 2.0∙10-3exp(-34/RT) [187] 

2TF evolution mass transfer 

coefficient [m/s] 
kE,TF kE,T2(0.295exp(-4/RT)) [81] 

1Estimated from figures, not explicitly reported in references 
2Arrhenius term is the ratio of TF to T2 diffusivity in atomistic simulations 

 Once the mass flow rate and thermophysical properties are calculated, the mass transport 

parameters can be determined through Sherwood number correlations. As shown in Table 5.10, 

the highest Sherwood numbers occur in the hot leg and cold leg, while the lowest value is present 

in the heat exchanger. The core has a significantly higher Sherwood number than the heat 

exchanger despite having a salt flow with similar Reynolds and Schmidt numbers. Ultimately the 

T2 mass transfer coefficient is used as an input for determining tritium flux to surfaces, which is 

calculated by multiplying the Sherwood numbers in Table 5.10 by the diffusivity of T2 and dividing 

by the characteristic length in each region. 



228 

 

Table 5.10. Reynolds numbers and Schmidt numbers in each region used to compute the 

Sherwood number correlations [85]. Sherwood numbers are then used to calculate the mass 

transfer coefficient for T2. 

Region Re Sc Sh Correlation Sh Value kT2 [m/s] 

Core Average 1.25∙103 1.81∙103 (0.25/0.4)Re0.69Sc1/3 1.04∙103 7.43∙10-5 

Hot Leg 3.36∙105 8.83∙102 0.0096Re0.913Sc0.346 1.11∙104 1.16∙10-4 

Heat Exchanger 

Average 
1.13∙103 1.81∙103 

4.36+0.023(d/L)ReSc 

/(1+0.0012(d/L)ReSc) 
1.81∙101 3.66∙10-6 

Cold Leg 2.05∙105 2.75∙103 0.0096Re0.913Sc0.346 1.05∙104 5.63∙10-5 

Downcomer 2.07∙104 2.75∙103 0.0096Re0.913Sc0.346 1.30∙103 2.90∙10-5 

 

 Lastly, there is another set of input parameters which are used for calculations of tritium 

retention in graphite, both in the core graphite pebbles and the reflector in the graphite. The pore 

and grain diffusion model is used as the standard methodology for the TRIDENT Mod1 baseline 

results. Input parameters in this case are identical to those presented for the comparison case study 

for POCO AXF-5Q graphite, as shown in Table 4.1. When the bulk diffusion model is used instead 

for retention calculations, the graphite-related transport parameters are shown in Table 5.11. The 

unreferenced parameters in Table 5.11 originate from the data fitting of experimental studies with 

POCO AXF-5Q graphite presented in Section 4.  

Table 5.11. Tritium transport parameters for TRIDENT Mod1 calculations using the bulk-

diffusion model to simulate tritium retention in graphite. 

Parameter Symbol Value Ref. 

Bulk-diffusivity of 

tritium in graphite 
DT,Bulk 0.417exp(-235/RT) [m2/s]  

Tritium solubility in 

graphite 
KS,g 

1.22∙10-4(P [Pa])exp(19/RT) [STP 

cc/g] 
[126] 

Concentration of 

high-energy trapping 

sites 

Ct
0 2.6 [mol/m3] [127] 

Trapping rate constant 

pre-exponential factor 
Σto 1.13∙109 [s-1]  

Trapping rate constant 

activation energy 
Et 270 kJ/mol [108] 

Detrapping attempt 

frequency 
ν0 1∙1013 [s-1] [164] 

Detrapping activation 

energy 
Ed 437 [kJ/mol]  
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5.3.2. Tritium Distribution with Baseline Conditions 

 The tritium distribution and release paths can be simulated with TRIDENT Mod1 using 

the previously described FHR reactor dimensions, operating conditions, and input parameters. 

Examining the tritium distribution first with all retention in graphite set to zero is useful for 

understanding the calculation process and results from the reactor loop outside of the core. When 

graphite is treated as a perfect tritium barrier, tritium will only be removed from the salt in the 

model by permeation through structural metals or evolution to the reactor off-gas. As shown in 

Figure 5.11, permeation through the heat exchanger is the largest source of tritium release, mainly 

because of the significantly higher surface area compared to other regions. The time dependence 

in permeation rates depends on the temperature of the region as well as the thickness of the metal. 

Since the vessel has the largest thickness at 5cm, compared to 1cm of the hot and cold leg piping 

and 1.25mm for the heat exchanger tubes, vessel permeation is the slowest to equilibrate. The 

downcomer is also modeled as an isothermal region at the minimum temperature in the loop, so 

the diffusivity of tritium in the 316 stainless steel of the vessel is lower than the average diffusivity 

in the heat exchanger tubes or the hot leg pipe. As the tritium concentration in the vessel builds up, 

the concentration at the salt side of the interface also increases according to the defined boundary 

condition. Therefore, the flux of tritium to the vessel surface gradually decreases over time, as 

shown on the right in Figure 5.11. 
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Figure 5.11. Tritium permeation and evolution rates through various regions of the modeled FHR 

with tritium retention in graphite set to zero. Permeation through the heat exchanger is the main 

release path for tritium. 

  The time required to reach an equilibrium tritium concentration in the salt is generally 

faster than the equilibration in permeation releases. An equilibrium tritium concentration in the 

salt occurs once the tritium generation rate matches the rate of tritium removal from the salt. For 

both tritium evolution and tritium permeation, the flux of tritium out of the salt depends on the 

tritium concentration. Therefore, the removal rate of tritium starts out low and grows over time as 

the tritium concentration in Flibe increases. Furthermore, the steady-state tritium concentration is 

not determined by the solubility of tritium in the salt, unless the solubility has a strong influence 

on the rate at which tritium transports out of the salt phase. In Figure 5.12, the concentrations of 

T2 and TF over time are plotted from the beginning of the zero-retention simulation. As previously 

discussed, a fully-reduced redox potential of -902.5 kJ/mol was used in the baseline simulations, 

which explains why the TF concentration in Figure 5.12 is several orders of magnitude lower than 

that of T2. 
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Figure 5.12. Concentration of T2 and TF in Flibe from simulations with tritium retention in 

graphite neglected. At the fully beryllium-reduced redox potential, the concentration of TF is 

orders of magnitude below T2. 

 The contribution of each tritium release path to the calculated total in Figure 5.11 is shown 

in the rightmost column of Table 5.12. One way to assess results from TRIDENT Mod1 is by 

comparing calculated release fractions to the product of the Flibe T2 mass transfer coefficient and 

the total inner-surface area of each region. Assuming a constant tritium concentration in the salt 

and resistance to release caused only by mass transfer in the salt, the product of the mass transfer 

coefficient and area (kT2A) compared to the sum of kT2A values would provide a general prediction 

for the contribution to total release from each reactor zone. As shown in Table 5.12, the release 

predictions based on the kT2A percentage of the reactor total in each region correlate well with the 

results from the TRIDENT Mod1 simulation in Figure 5.11. There are some differences between 

the predictions and TRIDENT Mod1 results in Table 5.12 which can be explained by small effects 

from permeation resistance. For example, the hot leg, cold leg, and vessel have a small, but higher 

permeation resistance than the heat exchanger, and thus their release values from TRIDENT Mod1 

are below the kT2A predictions. 
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Table 5.12. Mass transfer coefficients for T2 (kT2) and Flibe-facing surface area of each reactor 

region with the core pebbles and graphite reflector neglected. The fraction of kT2A in each region 

corresponds with the percentage of total tritium release calculated by TRIDENT Mod1. 

Region kT2 [m/s] Area [m2] kT2A Fraction TRIDENT Result 

Hot Leg 1.16∙10-4 35.3 13.9% 12.3% 

Heat Exchanger 3.66∙10-6 5750 71.4% 74.0% 

Cold Leg 5.63∙10-5 35.3 6.7% 5.8% 

Reactor Vessel 2.90∙10-5 76.6 7.5% 7.4% 

Off-gas 2.38∙10-5 5.75 0.5% 0.4% 

 The product of the mass transfer coefficient times the surface area represents the total 

potential for tritium permeation at a given tritium concentration in the salt. When permeation 

resistance in the metal is significant, the concentration gradient in the salt decreases and the flux 

of T2 to the metal surface is reduced. The consistency between model results and kT2A predictions 

in Table 5.12 suggests that resistance to the overall permeation process created by tritium diffusion 

through 316 stainless steel in a FHR is small compared to the mass transfer resistance in the salt 

itself. In an analytical analysis of a nickel permeation window system, it was also determined that 

permeation was mainly limited by mass transport of tritium in Flibe, rather than diffusion through 

the nickel tubes [188]. 

 Permeation resistance from the metal can be quantified by comparing the T2 concentration 

in Flibe at the metal interface to the T2 concentration in the bulk salt. The metal surface 

concentrations in each region are plotted along with the bulk salt T2 concentration in Figure 5.13. 

An average over each region results in a T2 interface concentration of 3.68e-8, 6.30e-12, 3.88e-8, 

and 3.12e-7 mol-T2/m
3 for the hot leg, heat exchanger, cold leg, and reactor vessel, respectively. 

The permeation resistance caused by the metal can be observed by dividing the average surface 

concentration by the bulk salt concentration, which was 6.30e-6 mol-T2/m
3 in Figure 5.12. In this 

manner, the metal creates 4.95% resistance to permeation in the reactor vessel, 0.62% in the cold 

leg, 0.58% in the hot leg, and 1e-4% in the heat exchanger. Therefore, in all permeation zones in 

TRIDENT Mod1, the resistance to permeation caused by diffusion in the metal is not a major 

limitation in the overall permeation process for the baseline reactor conditions.  



233 

 

 

Figure 5.13. Comparison of T2 bulk salt concentration compared to the T2 salt-metal interface 

concentration in the hot leg, heat exchanger, cold leg, and reactor vessel. 

 When graphite in the FHR is treated as a perfect sink for tritium, instead of a perfect barrier, 

retention in graphite becomes the dominant mechanism of tritium removal from the salt. The mass 

transfer coefficient and surface area analysis is repeated in Table 5.13, but with the pebbles in the 

core and the graphite reflector included. While the heat exchanger has a larger surface area than 

the graphite in the core, the elevated mass transfer in the pebble bed results in the core having the 

largest total product of mass transfer coefficient times area, as shown in Table 5.13. The significant 

potential for tritium retention in graphite motivates the need for modeling tritium transport within 

graphite regions of the FHR. If tritium diffusion and trapping in graphite is a limiting factor in the 

overall retention process, then the total uptake in graphite would be significantly over predicted 

by a model which considers only limitations of mass transfer in flowing Flibe. 

Table 5.13. Mass transfer coefficients and surface areas in various FHR regions. The kT2A in 

each region shows potential for tritium release when mass transfer in Flibe is rate-limiting. 

Region kT2 [m/s] Area [m2] kT2A [m3/s] kT2A Fraction 

Core Pebbles 7.43∙10-5 1684 1.25∙10-1 79.8% 

Hot Leg 1.16∙10-4 35.3 4.09∙10-3 2.6% 

Heat Exchanger 3.66∙10-6 5750 2.10∙10-2 13.4% 

Cold Leg 5.63∙10-5 35.3 1.99∙10-3 1.3% 

Reactor Vessel 2.90∙10-5 76.6 2.22∙10-3 1.4% 

Graphite Reflector 2.90∙10-5 74.7 2.17∙10-3 1.4% 

Off-gas 2.38∙10-5 5.75 1.37∙10-4 0.1% 
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 When graphite interactions are added into the TRIDENT Mod1 simulation, tritium 

permeation through the heat exchanger decreases because a sizeable share of tritium becomes 

retained by pebbles in the core. Simulation results are plotted in Figure 5.14 for the heat exchanger 

permeation rate, graphite uptake rate, and removal rate through the pebble recirculation system 

assuming full desorption of pebbles with a 50 day core residence time along with addition removal 

of pebbles on a 500 day cycle. The transport of tritium inside the core and reflector graphite is 

modeled with the pore and grain diffusion method discussed in Section 4. Retention in the core 

pebbles also decreases the permeation rates through the hot leg, reactor vessel, and cold leg, which 

are plotted along with the reflector retention and off-gas evolution in Figure 5.15. 

 

Figure 5.14. Tritium release through the heat exchanger and pebble recirculation system for a 

one year simulation calculated with the pore and grain diffusion methodology for graphite. 
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Figure 5.15. Baseline tritium distribution for remaining FHR regions with a lesser contribution to 

overall release. 

 As shown in Figure 5.14, tritium retention in the graphite pebbles begins at above 300 

Curies per day at the start of the simulation then decreases to its equilibrium value, which is equal 

to the removal rate through the pebble recirculation system. The decrease in retention rate can be 

explained by the accumulation of tritium near the surface of the graphite, followed by a decrease 

in the flux to graphite pebbles as the T2 surface boundary condition increases. The tritium retention 

rate also decreases over time in the graphite reflector as shown in Figure 5.15, although at a slower 

pace than the core pebbles. Since the reflector is not desorbed or replaced like the pebbles, the 

retention rate will eventually approach zero in longer simulations. The rate of tritium retention in 

core graphite pebbles shown in Figure 5.14 is clearly less than the 79.8% predicted by the kT2A 

values in Table 5.13. As a result, there must be a source of additional resistance in the retention 

process besides the mass transport from the bulk salt to the pebble surface. Comparing the T2 bulk 

salt concentrations to the T2 surface concentrations in each region can again be used to monitor 

the resistance to tritium uptake caused by the boundary condition in each material. As shown in 

Figure 5.16, the T2 surface concentrations for graphite pebbles in the core and the downcomer 
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reflector are both noticeably higher than surface concentration of the metal regions. Dividing the 

average bulk T2 concentration by the surface concentration results in 47% and 57% for the core 

and downcomer, respectively. Therefore, the flux of tritium into graphite in the FHR is 

significantly inhibited by the surface boundary condition, which increases during the simulation 

because of the buildup of tritium near the salt-facing surfaces in graphite materials. 

 

Figure 5.16. Flibe bulk T2 concentration throughout the FHR primary loop (top). The salt T2 

surface concentrations are significantly higher for graphite materials in the core and downcomer 

compared to the structural metals (bottom). 

 Another notable observation from the Figure 5.16 concentrations is the change in graphite 

T2 surface concentration throughout the nodes in the core. The T2 pebble surface concentration 

starts out low at the first axial position in the core, reaches a maximum at the fourth node, and then 

begins decreasing from the fourth node up until the top of the core. Pebbles are modeled at evenly 

spaced axial positions in the core, and since a linear core temperature distribution is applied, the 

axial node number is directly proportional to the simulated temperature of each pebble.  
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 Low surface concentrations near the core inlet are caused by several reasons. First, when 

salt temperatures are reduced, the corresponding T2 surface boundary condition decreases as 

shown in equation 5.21 because the solubility of T2 in Flibe increases [82]. Another reason for the 

initially low T2 surface concentration is because the mass transfer coefficient in Flibe nearly 

doubles across the core because of increasing diffusivity with temperature – kT2 vaired from 

5.10∙10-5 m/s at the core inlet to 9.19∙10-5 m/s at the outlet. Therefore, less tritium transfer occurs 

into the pebbles at the lower axial positions in the core. Calculated concentration profiles of T2 

diffusing in the pores of the graphite pebbles (T2,p) are shown in Figure 5.17, where the T2,p pebble 

surface concentrations increase from the lowest core position (N=1) up until the third node. The 

third and fourth nodes have a similar T2,p surface value. However, because of temperature effects, 

the resulting T2 salt surface concentration calculated with equation 5.21 is the highest for the fourth 

node. 

 

Figure 5.17. Pore tritium concentrations (T2,p) as a function of radial position for the ten graphite 

pebbles modeled at axial subsections in the core. The T2,p concentration at the pebble surface is 

the largest at the third node, then concentrations decrease for the higher axial positions. 
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 Concentration profiles for the tritium diffusing in graphite grains (Td) also follow a similar 

trend among the axial positions in the core. As temperature increases, the tritium diffusivity in the 

graphite grains increases substantially, which allows for deeper penetration into the graphite bulk 

at higher axial nodes as shown in Figure 5.18. However, elevated temperature also increases the 

amount of diffusing tritium which transitions into high-energy trapping sites since the grain 

diffusivity and trapping rate constant are modeled with the same activation energy. The total 

amount of tritium in high-energy trapping sites increases at each axial position, as shown in Figure 

5.19. For the upper nodes in the core, the trapped tritium concentration is roughly twice as large 

as the concentration of tritium diffusing in the grains. Therefore, the conversion of tritium into 

high-energy trapping sites has a significant role in decreasing the diffusing tritium concentration 

in grains and pores at higher temperature positions in the core, which ultimately explains the 

decreasing T2 salt-graphite surface concentration after the mid-core nodes in Figure 5.16.  

 

Figure 5.18. Diffusing tritium (Td) concentration as a function of radial position for the ten 

graphite pebbles modeled at axial subsections in the core. The diffusing tritium has the highest 

overall concentration profile at the sixth node (left), then concentrations decrease for the higher 

axial positions (right). 
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Figure 5.19. Tritium in high-energy trapping sites (Tt) as a function of radial position in the 

pebbles and axial position in the core. The higher-temperature of the upper core nodes facilitates 

the transition of tritium into trapping sites. 

 As shown in Figure 5.19, a significant change in the rate of high-energy trapping is 

predicted from the graphite pebbles surrounded by 550ºC salt at the core inlet to the 650ºC pebbles 

at the core outlet. In this manner, the calculated results with the pore and grain transport 

methodology are similar to the tritium desorption results from the FS-3 graphite samples. As 

discussed in Section 3, the tritium desorption rate in the high temperature peak was over five times 

higher for IG-110U samples irradiated in the upper crucible at 719.4ºC compared to the lower 

crucible samples at 600.3ºC. Therefore, FHR operating temperatures appear to be near a critical 

temperature range where tritium trapping in high-energy sites can become a significant fraction of 

total tritium retention. The total tritium retention in the graphite pebbles is also somewhat 

consistent with the MITR sample tritium desorption measurements. Since substantial tritium 

concentration gradients in the FHR pebbles are shown in Figure 5.17 through Figure 5.19, the 

tritium inventory in the pebbles is better described by an activity per surface area value, rather than 

activity per pebble mass. Using the equilibrium retention rate of 256.3 Ci/day in Figure 5.14, the 

pebble tritium inventory is 7.61 Ci/m2. Factors used in the calcluation are 1684 m2 from total 

pebbles circulating with a core residence time of 50 days, or a circulation rate of 33.68 m2/day. 
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Therefore, the TRIDENT Mod1 pebble retention predictions are somewhat near the 4.18 Ci/m2 

average for the FS-1 crucible samples and the 4.75 Ci/m2 average from the FS-2 IG1 sample. 

Although there are several important differences in tritium transport conditions between the FHR 

environment and the MITR in-core Flibe irradiations, the observation that TRIDENT Mod1 

predictions are not severely higher or lower than the experimental values gives some confidence 

that the tritium retention calculations are realistic values. 

 Another method to assess the tritium distribution predictions is by comparing the previous 

results with the pore and grain tritium transport methodology to calculations with the bulk-

diffusion treatment for graphite. In both cases, all graphite is considered to be POCO AXF-5Q 

grade, but the bulk-diffusion model uses the fitted parameters in Table 5.11 instead of the 

diffusivity measurements in literature – all other inputs and assumptions were maintained. As 

shown in Figure 5.20, a similar trend in pebble retention in the core is observed for the bulk 

diffusion model, where the retention rate starts out higher initially, but decreases over time to the 

equilibrium removal rate. The bulk-diffusion model predicts an equilibrium retention rate of 194 

Ci/day from the core pebbles, which is lower than the pore and grain method result of 256 Ci/day. 

Heat exchanger permeation, pebble retention, and tritium removal through pebble recirculation are 

plotted from the bulk-diffusion simulation in Figure 5.20. 

 

Figure 5.20. Heat exchanger permeation and pebble retention calculated using the bulk-diffusion 

methodology for calculating tritium retention in graphite. 
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 One other significant difference between the bulk-diffusion and pore and grain transport 

model is the calculated rate of tritium retention in the downcomer graphite. As shown in Figure 

5.21, the retention rate in the downcomer drops fairly quickly, and has an uptake rate of 0.743 

Ci/day after one year compared to 18.6 Ci/day shown previously in Figure 5.15. Therefore, the 

bulk-diffusion method is more restrictive in terms of tritium retention than the pore and grain 

diffusion method for the lower temperatures in the downcomer region. With the bulk-diffusion 

method, slow diffusion of tritium in graphite leads to a high surface concentration, which in turn 

will raise the T2 concentration in the salt at the interface and inhibit further retention. In contrast, 

slow diffusion into graphite grains at lower temperatures allows T2 to diffuse further into the 

graphite bulk. Ultimately, the surface boundary condition also increases with the pore and grain 

methodology as the outer surfaces of graphite grains saturate with tritium and uptake of T2 from 

pores increases. However, it is clear that the pore and grain methodology allows for a larger surface 

area of graphite to engage in the uptake of tritium compared to the bulk-diffusion method, where 

only the geometric surface area of the reflector is considered. The additional degree of freedom 

between tritium diffusion into pores and tritium uptake into grains allows for elevated retention in 

the reflector over time with the pore and grain diffusion calculation. 

 

Figure 5.21. Tritium transport to other FHR regions calculated using the bulk-diffusion treatment 

for the core pebbles and graphite reflector. 
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 The calculated tritium distribution after one year simulations is compared in Table 5.14 for 

the pore and grain transport and bulk-diffusion methods. Differences in core pebble and graphite 

reflector retention also cause a small shift in the other release FHR paths between the two methods. 

In both cases, the tritium retention rate on the outer surface of the graphite reflector in the 

downcomer region accounted for less than 2% of the total distribution after one year. Because of 

the low outer-reflector contribution, tritium retention on the inner surfaces of the graphite reflector 

facing the core pebbles is currently not modeled. Modeling the reflector also more than doubles 

the TRIDENT Mod1 simulation run time, since the downcomer region requires a five equation 

fsolve matrix compared to the three equation matrix in the core. As shown in Figure 5.1, the 

graphite reflector may also feature salt cooling channels which could allow for additional tritium 

uptake from the salt to occur. Similarly, a detailed FHR design will have several design features 

which deviate from the simplified, one-dimensional representation of the reactor currently used in 

TRIDENT Mod1. However, the release pathways described in Table 5.14 should account for the 

majority of Flibe-facing surfaces areas in the reactor and thus provide a general understanding for 

the tritium release expected in each region. 

Table 5.14. Comparison of the contribution to total tritium release in each region with the two 

proposed methods for calculating tritium retention in graphite. The percentages are taken with 

respect to the sum of tritium flows after a one year simulation. 

Release Pathway Pore and Grain Bulk-Diffusion 

Heat Exchanger 53.6% 59.4% 

Core Pebbles 26.3% 20.3% 

Hot Leg 8.9% 9.9% 

Reactor Vessel 4.8% 5.3% 

Cold Leg 4.2% 4.7% 

Graphite Reflector 1.9% 0.1% 

Off-Gas 0.3% 0.3% 

 The tritium distribution results in Table 5.14 also demonstrate that when either retention 

methodology is used, the percentage of tritium uptake into graphite is significantly less than the 

amount expected based on mass transfer in Flibe alone. For example, based on the T2 mass transfer 

coefficient in Flibe and the salt-facing surface area, tritium retention in graphite pebbles would 

account for 79.8% of total tritium release, as shown in Table 5.13, if a similar concentration 

gradient was present among all FHR surfaces and graphite had an unlimited retention capacity. 
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Considering the 15% tritium retention observed in the MSRE graphite [57], along with the 19.6%, 

34%, and 27.1% calculated for FS-1, FS-2, and FS-3, respectively, treating graphite as a perfect 

absorber of tritium would over predict the observed values since the share of graphite area was 

likely a larger percentage of total surfaces than the percentage of tritium retention in each case. 

The TRIDENT Mod1 results demonstrate the importance of modeling tritium transport within 

graphite in order to produce a salt-graphite interface boundary condition. The calculated boundary 

condition governs the rate at which tritium uptake into graphite can occur, which in turn has a 

strong influence on the overall tritium distribution in the reactor. 

5.4. Assessment of Model Inputs and Assumptions 

 The FHR tritium distribution calculated with TRIDENT Mod1 will vary depending upon 

the input parameters used in the model. Additionally, the true operating conditions in a FHR may 

be significantly different from the baseline considerations used in the previous calculations. The 

impact of parameter changes and deviations from baseline conditions can be explored using a 

series of TRIDENT Mod1 simulations in order to develop an understanding of possible scenarios 

in which the FHR tritium distribution will be altered. Because of the low contribution calculated 

in the baseline distribution, tritium retention in the graphite reflector is neglected for all of the 

results in this section in order to accelerate the runtime of the scoping studies. 

5.4.1. Sensitivity of Tritium Transport and Thermophysical Properties 

 Calculations in TRIDENT Mod1 rely on input values measured in previous experimental 

studies. A review of experiments and data relevant to tritium transport has been previously carried 

out in Section 2. The tables and plots of experimental data in Section 2 can give a qualitative sense 

of the typical spread in the measurements for each parameter. Here, the quantitative impact of each 

parameter is evaluated by varying individual inputs in TRIDENT Mod1 and monitoring the 

relative change in tritium distribution compared to the baseline calculations. Tritium release paths 

are combined into three categories based on a theoretical plant layout, and then release into each 

zone is used as a figure of merit for a sensitivity analysis. Since an increase in tritium release 

through a certain pathway will be offset by decreases in other regions, it is important to examine 

the full tritium distribution when assessing the influence of individual parameters.  

 For the hot leg, cold leg, and reactor vessel, tritium permeation through the structural 

metals will be directly released into surrounding areas in the power plant, which is referred to in 
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this analysis generically as the reactor building. Further subdivisions in the reactor building could 

exist in future FHR designs which would isolate each zone, but the three regions are combined 

here to simplify the distribution analysis. Near the reactor core, tritium is released from the salt 

directly through evolution to the reactor vessel gas plenum, or indirectly through retention on 

graphite and desorption in a pebble recirculation system. Evolution and pebble recirculation are 

combined into a primary system release category since both systems would likely use inert cover 

gas, and the physical locations in the plant could allow for both tritium release streams to be 

processed with the same primary off-gas collection system. Lastly, permeation through the heat 

exchanger will require design considerations for tritium control in the intermediate loop, which is 

treated as a separate zone. Tritium release paths into the primary system, reactor building, and 

intermediate loop collection zones are summarized in Figure 5.22. 

 

Figure 5.22. Illustration of tritium release path categorization for primary system releases, 

permeation releases into the reactor building, and release into the intermediate loop. 

 The experimental measurements discussed in Section 2 for various TRIDENT Mod1 input 

parameters are compiled in Table 5.15. For each parameter, the standard deviation of the set of 

experimental measurements was taken to represent the parameter uncertainty. Note that Table 5.15 

does not include every model input, but only the thermophysical and transport related properties 
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which have three or more experimental measurements available in literature. Since a small set of 

values are available for certain parameters, the standard deviations provide only a rough 

understanding of the uncertainty in each parameter. The baseline value for each parameter was 

selected by assessing which experiment was the highest quality or most representative of the FHR 

conditions, rather than using an average of the experimental measurements. Values from single, 

appropriate studies were used instead of group averages because of the generally high relative 

standard deviations shown in Table 5.15 

Table 5.15. Average values of input parameters and standard deviations calculated from the 

experimental measurements of each value summarized in Section 2. 

Parameter Symbol Average Value Standard Deviation σrel 

Flibe density1 ρ 1.99e3 [kg/m3] 39.7 2% 

Flibe specific heat1 cp 2.39e3 [J/kg-K] 71.6 3% 

Flibe viscosity1 μ 8.55e-3 [Pa-s] 1.71e-3 20% 

Tritium diffusivity in 

316SS 
DT,316 3.26e-10 [m2/s] 1.48e-10 45% 

Sievert’s law constant 

in 316SS 
KS,316  1.61e-1 [mol/m3-Pa1/2] 7.56e-2 47% 

Sievert’s law constant 

in graphite 
KS,g 5.36e-1 [mol/m3-Pa1/2] 2.68e-1 50% 

Strong trap site 

concentration 
Ct

0 6.33 [mol/m3] 3.25 51% 

T2 diffusivity in Flibe DT2,Flibe 1.95e-9 [m2/s] 1.62e-9 83% 

Henry’s law constant 

in Flibe 
KH,T2 2.60e-4 [mol/m3-Pa] 2.68e-4 103% 

Diffusivity of T2 in 

graphite pores 
DT2,p  3.54e-9 [m2/s] 3.89e-9 110% 

Tritium diffusivity in 

graphite grains 
DT,g 3.51e-20 [m2/s] 6.53e-20 186% 

1Thermophysical property uncertainties assume constant temperature and steady-state 

operation 

  The relative standard deviations from Table 5.15 were used to represent the uncertainties 

of the baseline parameter values selected in Table 5.9. Once the standard deviations are determined, 

the sensitivity of the tritium distribution to the parameter uncertainty, S, can be evaluated using 

equation 5.48. In the equation, the figure of merit (FOM) - either release through to primary system, 
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reactor building, or intermediate loop – is monitored for a simulations with a single parameter 

adjusted above and then below the baseline value by one standard deviation. Nearly all of the 

parameters in Table 5.15 vary with temperature, so the standard deviation is taken from the 

experimental values tabulated at 600ºC, then added or subtracted to the baseline value. In several 

cases the 600ºC standard deviation is greater than the parameter value, so only the positive 

perturbation can be applied and equation 5.49 is used to calculate the sensitivity. The sensitivity 

values ranked in order of magnitude for each zone are shown in Table 5.16. 

Eq. 5.48 𝑆 =
(𝐹𝑂𝑀𝜎+ − 𝐹𝑂𝑀𝜎−)

2 ∙ 𝐹𝑂𝑀𝑜
 

 

Eq. 5.49 𝑆 =
(𝐹𝑂𝑀𝜎+ − 𝐹𝑂𝑀𝑜)

𝐹𝑂𝑀𝑜
 

 

Table 5.16. Sensitivity values of various inputs for tritium release into the primary system, 

reactor building, and intermediate loop tritium collection zones calculated from equation 5.48 or 

equation 5.49. 

Primary Systems Reactor Building Intermediate Loop 

Parameter Sensitivity Parameter Sensitivity Parameter Sensitivity 

KH,T2 -21.7% μ  -7.62% KH,T2 8.3% 

KS,g 15.9% KH,T2 6.37% DT2,Flibe 6.2% 

DT,g 15.2% KS,g -5.68% KS,g -5.8% 

DT2,Flibe -12.4% DT,g -5.40% DT,g -5.5% 

DT2,p 6.98% DT2,Flibe 3.26% μ 3.1% 

Ct
0 1.49% DT2,p -2.48% DT2,p -2.5% 

μ -1.13% DT,316 2.39% Ct
0 -0.57% 

DT,316 -0.47% cp -1.35% cp 0.56% 

ρ 0.20% Ct
0
 -0.53% DT,316 -0.54% 

cp 0.08% KS,316 0.32% ρ 0.16% 

KS,316 -0.06% ρ -0.10% KS,316 -0.08% 

Sum1 76% Sum1 36% Sum1 33% 
1Based on absolute values 

 The sensitivity values in Table 5.16 are a function of both the importance of each parameter 

in the model as well as the relative uncertainty. As a result, the parameters which create a larger 

change in the tritium distribution are also generally parameters with the greater relative 

uncertainties, as shown in the lower rows of Table 5.15. One counterexample of a parameter with 

a mid-range sensitivity and an outsized impact is the Sievert’s law solubility for tritium in graphite 
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(KS,g), which ranks in the top two sensitivities for all regions in Table 5.16. Although the KS,g 

values are only used for calculations in the core, an increase in tritium retention under elevated 

graphite solubility values results in less tritium available for permeation into the reactor building 

and intermediate loop. A similar trend is also observed for the diffusivity of tritium in graphite 

pores and grains, DT,g and DT2,p, respectively. The sum of sensitivity values in each column 

provides a relative gauge of the tritium distribution uncertainty. Since the graphite retention 

calculation uses several parameters with high uncertainties like the tritium diffusivities, the 

primary system release has the largest sum of sensitivities. Therefore, the fraction of tritium which 

is retained by the core graphite can be considered as the most uncertain aspect of the FHR tritium 

distribution.  

 One example of a parameter with a mixed effect is the Henry’s law coefficient for T2 

solubility in Flibe. A higher value for the coefficient results in a preference for T2 to remain in the 

salt phase, rather than permeate into metals or diffuse into graphite. The phase preference for T2 is 

determined through the interface boundary conditions, where a higher KH,T2 value creates a greater 

T2 concentration in the salt at the surface and a lower overall concentration gradient for mass 

transfer in the bulk salt. Surface T2 concentrations for the graphite pebbles and structural metals 

in the FHR are plotted in Figure 5.23 with and without the standard deviation added to the Henry’s 

law coefficient. Adding the standard deviation results in an elevated T2 graphite surface 

concentration as well as higher surface concentrations for the hot leg, cold leg, and reactor vessel, 

which decreases the resistance to retention in graphite as well as permeation in the reactor building 

zones. Even with a Henry’s law coefficient increased by one standard deviation, the permeation 

resistance of the heat exchanger tubes remains negligible, and release to the intermediate loop is 

further increased compared to the reactor hot leg, cold leg, and reactor vessel. 
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Figure 5.23. Surface concentrations of T2 for the core pebbles, hot leg, heat exchanger, cold leg, 

and reactor vessel before and after the Henry’s law coefficient is raised from the baseline value 

by one standard deviation. 

 The low permeation resistance in the heat exchanger is also evidenced by the negative 

sensitivity values from 316 stainless steel solubility and diffusivity perturbations shown in Table 

5.16. Increasing either parameter will reduce the overall permeation resistance in the metal regions. 

However, since there is almost zero permeation resistance initially in the heat exchanger, the 

permeation rate into the intermediate loop decreases when the solubility or diffusivity of tritium 

in 316SS is raised since more permeation into the reactor building occurs. Release into the reactor 

building increases slightly with higher DT,316 and KS,316 values since there is non-negligible 

permeation resistance in the hot leg, cold leg, and reactor vessel at baseline conditions. 

 Another method to calculate sensitivity is to vary parameters by the same relative 

magnitude, instead of by the calculated standard deviations. In this manner, the impact of each 

parameter in the model can be evaluated separately from the experimental uncertainty. The 

calculation procedure is shown in equation 5.50, where each parameter is increased by 10% above 

and below the value at 600ºC. A factor of 0.2 is applied to the denominator to normalize for the 

20% spread in the numerator value. Sensitivity results using this method are shown for the three 

permeation zones in Table 5.17. 
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Eq. 5.50 𝑆 =
(𝐹𝑂𝑀10%+ − 𝐹𝑂𝑀10%−)

0.2 ∙ 𝐹𝑂𝑀𝑜
 

 

Table 5.17. Sensitivity values of various TRIDENT Mod1 inputs for tritium calculated from 

equation 5.50 by varying each parameter ±10%. 

Primary Systems Reactor Building Intermediate Loop 

Parameter Sensitivity Parameter Sensitivity Parameter Sensitivity 

KS,g 27.5% cp -45.2% cp 18.6% 

KH,T2 -25.4% μ -37.4% μ 15.3% 

DT2,Flibe -22.5% ρ -11.3% DT2,Flibe 11.4% 

DT,g 13.2% KS,g -9.8% KS,g -9.9% 

DT2,p 10.7% KH,T2 7.9% KH,T2 9.6% 

ΣT 6.2% DT2,Flibe 6.2% DT,g -4.8% 

μ -5.7% DT,g -4.7% DT2,p -3.9% 

ρ 4.0% DT2,p -3.4% ΣT -2.2% 

cp 2.7% DT,316 2.8% ρ 1.9% 

Ct
0 2.6% KS,316 2.4% Ct

0 -1.4% 

DT,316 -0.5% ΣT -2.2% DT,316 -0.7% 

KS,316 -0.4% Ct
0 -0.1% KS,316 -0.6% 

ΣD -0.0% ΣD 0.0% ΣD 0.0% 

 The sensitivity results in Table 5.17 show a ranking of parameters that is significantly 

different from the previous values in Table 5.16. For example, the Flibe thermophysical properties 

of density, heat capacity, and viscosity had low sensitivity ratings in Table 5.16 because of their 

relatively low experimental measurement uncertainty. In contrast, when all inputs are varied 

evenly, the thermophysical parameters have large impacts because they change the mass transport 

properties in Flibe. The influence of thermophysical property perturbations on Sherwood numbers 

is shown in Figure 5.24, where each axis is has the same relative scaling in order to display the 

spread caused by the ±10% parameter adjustments. The largest change in Sherwood numbers 

occurs for the hot leg, cold leg, and reactor vessel since the correlation used depends on Re0.913 

and Sc0.346 compared to Re0.69 and Sc1/3 for the core. An increase in either of the three 

thermophysical properties leads to a lower Sherwood number in the hot/cold leg and reactor vessel, 

which is reflected by the negative sensitivity values for reactor building release in Table 5.17. 

Among the permeation regions, the heat exchanger is least affected by changes to thermophysical 

parameters. In the Sherwood number correlation used, there is also no dependence and salt 

viscosity in the heat exchanger since the Reynolds and Schmidt numbers are raised to the same 



250 

 

power. Therefore, as the density and heat capacity increases also lead to lower Sherwood numbers 

in the heat exchanger, but the overall change is smaller than the other permeation zones and thus 

permeation to the intermediate loop increases because reactor building release is reduced 

significantly. 

 

Figure 5.24. Sherwood numbers in the core, hot or cold leg pipe, and heat exchanger tubes as a 

function of temperature when Flibe heat capacity, density, and viscosity are varied by ±10%. 

Each y axis has lower and upper limits of 80% and 120% of the average baseline Sherwood 

number value in each zone. 

 Results in Table 5.17 also reveal important features of the tritium retention model for the 

core pebbles. The most significant parameter was the solubility of tritium in graphite, which has a 

strong influence on determining the amount of tritium which can enter the graphite grains at each 

time step. Similarly, the diffusivity of tritium into grains and diffusivity of T2 in pores determine 

the uptake rate of tritium in graphite, and ultimately change the boundary condition at the pebble 

surface which governs the concentration gradient in the core salt. In terms of tritium trapping at 

high-energy sites, the trapping rate constant has a notable influence on overall retention since the 

conversion of diffusing tritium into strong trapping sites can allow for additional uptake into the 

graphite grains. In contrast, the detrapping rate constant had the lowest overall impact since the 

550ºC-650ºC operating range of the simulated FHR was well below the temperatures required for 

significant desorption from high-energy sites. Strong trapping site desorption was not observed 
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until above 1000ºC for the FS-3 samples desorbed in Ar-4%H2 and above 1300ºC for graphite 

samples charged with deuterium gas and desorbed in a vacuum [159]. Therefore, to best improve 

tritium retention predictions under steady-state conditions at normal operating temperatures, future 

experimental work should focus on improving measurements for the Sievert’s law constant for 

solubility as well as diffusivities of tritium in graphite. Beyond graphite parameters, the diffusivity 

and solubility of T2 in Flibe also create a significant uncertainty in all aspects of the FHR tritium 

distribution, as shown in Table 5.17. 

5.4.2. Impact of Assumptions on the Chemical Form of Tritium 

 The previous baseline tritium distribution and sensitivity calculations were all conducted 

assuming a Flibe redox potential fully reduced by beryllium metal. While a strongly reducing salt 

may be desirable for corrosion control, the achievable redox potential in a FHR will depend on 

design characteristics and operation parameters of FHR chemical control systems. As discussed in 

Section 2, the addition of beryllium metal into Flibe does not guarantee that the salt will become 

fully reduced. The true redox potential in Flibe may depend more on the kinetic limitations of 

chemical interactions with redox agents, as well as the presence of other impurities in the salt. 

 The tritium distribution under various salt chemical conditions can be observed by varying 

the input redox potential. By enforcing the set redox potential throughout the reactor loop, the 

balance between tritium chemical forms can then be calculated with equation 5.10. Equilibration 

of TF and T2 concentrations in TRIDENT Mod1 for three Flibe fluorine potentials are shown in 

Figure 5.25. The baseline condition of fully beryllium-reduced salt at a potential of -902.5 kJ/mol 

is shown for reference. Two additional cases at more oxidizing conditions are plotted as well. In 

the first, the MSRE target chemistry of 100:1 UF4:UF3 is used, which corresponds to a fluorine 

potential of -700.5 kJ/mol in un-fueled Flibe salt. Lastly, the average measured redox potential of 

the three experiments plotted in Figure 2.6 is used, which produced an average of -676.8 kJ/mol. 

As shown in Figure 5.25, the more oxidizing redox potentials lead to significant increases in the 

TF concentration in the salt as well as the overall equilibration time. 
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Figure 5.25. TF and T2 concentrations in Flibe obtained from TRIDENT Mod1 simulations at 

three redox potentials: -902.5 kJ/mol, -700.5 kJ/mol, and -676.8 kJ/mol. 

 The results in Figure 5.25 show that the redox potential has a strong influence on the total 

tritium concentration in the salt, which is mainly driven by increasing TF concentrations at 

oxidizing conditions. For example, at a redox potential of -676.8 kJ/mol, the TF concentration in 

Flibe is almost ten times that of T2. However, within the range of redox potentials discussed, the 

greater TF concentration does not lead to a significant change in the overall tritium distribution. 

As previously discussed, the permeation of TF through metals and retention of TF on graphite is 

currently neglected in TRIDENT Mod1 due to a lack of experimental evidence on the occurrence 

of each phenomenon. Therefore, the only modeled release path for TF in the FHR is evolution into 

the reactor vessel plenum. Evolution is thus limited to a 5.75 m2 salt-gas interface above the core. 

Furthermore, the evolution mass transfer coefficient is lower for TF than that of T2 since TF is 

expected to have a slower diffusivity in the salt [81]. The evolution rate for the three redox cases 

is plotted on the left in Figure 5.26, where the evolution rate rises from 2.73 Ci/day at the 

beryllium-reduced potential to 4.77 Ci/day at -676.8 kJ/mol. An increased evolution rate leads to 

small decreases in the other release paths, such as permeation through the heat exchanger. The 

distribution of releases and other relevant parameters for each case is shown in Table 5.18. 
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Figure 5.26. Tritium evolution to off-gas and permeation through the heat exchanger for the three 

previous redox cases. 

Table 5.18. Tritium concentrations and release distributions for three redox potential conditions. 

Value Be-Reduced MSRE Target Exp. Average 

Fluorine Potential -902.5 kJ/mol -700.5 kJ/mol -676.8 kJ/mol 

T2 [mol/m3] 4.26∙10-6 4.22∙10-6 4.19∙10-6 

TF [mol/m3] 1.15∙10-11 5.78∙10-5 1.15∙10-4 

Heat Exchanger 54.0% 53.7% 53.6% 

Core Pebbles 26.8% 27.2% 27.2% 

Hot Leg 9.0% 8.9% 8.9% 

Reactor Vessel 5.6% 5.6% 5.6% 

Cold Leg 4.3% 4.3% 4.2% 

Off-Gas 0.28% 0.33% 0.50% 

 Because the fluorine potential is defined based on partial pressures of each species [54], 

the ratio of TF to T2 concentration at chemical equilibrium also depends on the Henry’s law 

coefficients for TF and T2 in Flibe. As previously shown, the Henry’s law coefficient for T2 

solubility in Flibe has the highest relative uncertainty among parameters which have been 

measured in several studies. Only one study was available for the TF Henry’s law coefficient in 
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Flibe [72], and thus the uncertainty in KH,TF is unknown. Figure 5.27 provides an example of how 

TF to T2 ratios will change based on the redox potential of the salt and the value used for the 

Henry’s law coefficient. The Henry’s law coefficient is shown increasing on the x-axis based on 

the ratio of the input value to the measured value by Malinauskas et al [82]. If the Henry’s law 

coefficient for T2 increases, then relatively less TF will be present in the salt for a given redox 

potential. 

 

Figure 5.27. TF to T2 concentration ratios for a T2 concentration of 4.3e-6 mol/m3 as the Henry’s 

law coefficient for T2 in Flibe is increased from the values reported by Malinauskas et al [82]. 

 The previous results demonstrate how the tritium distribution predictions in TRIDENT 

Mod1 will vary if the Flibe redox potential increases above the beryllium-reduced lower limit. In 

each case, tritium in Flibe was generated at the TF:T2 ratio dictated by the salt potential and the 

concentrations were rebalanced at every time step to adjust for T2 and TF releases. The physical 

interpretation for this assumption is that tritium speciation occurs quickly and uniformly 

throughout the salt, and a chemical equilibrium occurs for all tritium in the primary loop. If tritium 

is instead generated as TF, and a chemical reaction is required for conversion to T2, then kinetic 

limitations in the tritium speciation process could also lead to elevated concentrations of TF in the 

salt. Because of a lack of information on tritium reaction kinetics in a FHR environment, 
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TRIDENT Mod1 relies on the equilibrium chemical assumption instead of directly modeling the 

speciation process. Therefore, the TRIDENT Mod1 code does not currently predict whether or not 

the TF:T2 ratio will deviate significantly from equilibrium. 

 One method to conceptually build in kinetic limitations to tritium speciation is to add a 

chemical control sub-loop to the TRIDENT Mod1 reactor model. A chemical control system in a 

FHR could provide capabilities for salt filtering, oxide removal, and corrosion control in addition 

to preventing tritium fluoride buildup [5]. As shown in Figure 5.28, the chemical control loop takes 

a percentage of the flow from the hot leg, adjusts the TF:T2 ratio, then returns the salt to the cold 

leg. In this case, all tritium is generated initially as TF and the only source of T2 is the sub-loop 

through the rebalancing process in equation 5.10. The sub-loop calculation would be representative 

of a FHR where TF:T2 ratios deviate from equilibrium in the primary loop, but fully equilibrate 

inside of a chemical control system with special design features to create a sufficiently reducing 

and reactive environment. Tritium concentrations are shown for the sub-loop simulations in Figure 

5.29 with a beryllium-reduced redox potential applied for sub-loop flows of 5%, 1%, 0.5%, and 

0.1%. The T2 concentration remains fairly steady at the various flow conditions, but the TF 

concentration is shown to build up significantly as the chemical control flow is decreased. 

 

Figure 5.28. TRIDENT Mod1 reactor model layout for calculations where redox rebalancing 

only occurs for a fraction of the primary flow in a chemical control sub-loop. 
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Figure 5.29. TF and T2 concentrations in the chemical control calculations where tritium is 

generated as TF and only converted to the beryllium-reduced redox potential in the sub-loop. 

 The increase in TF concentration from lower sub-loop flows has a similar effect on the 

tritium distribution as higher redox potentials – higher TF values lead to more evolution to the 

reactor off-gas and less release through other pathways. Off-gas evolution is plotted along with 

retention in the core pebbles for various sub-loop flows in Figure 5.30. As shown in Table 5.19, 

decreasing the sub-loop flow from 5% to 0.1% of the total primary flow lead to an increase in 

evolution from 0.4% to 3.5% of total tritium release. Therefore, for both the sub-loop analysis and 

oxidizing redox potentials, the large increase in TF concentration did not lead to a significant shift 

in the overall tritium distribution. The low sensitivity of tritium distributions to TF concentrations 

is a result of evolution being the only modeled pathway for TF release. For more favorable 

evolution conditions, such as a larger salt-gas interfacial area or enhanced mass transfer near the 

free surface, the increase in TF concentration could have a larger influence on calculated releases 

and the overall tritium distribution. 
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Figure 5.30. Tritium evolution to off-gas and retention in the core pebbles as a function of 

percent flow through the chemical control sub-loop. 

Table 5.19. Tritium concentrations and release fractions for various flow percentages through a 

chemical control sub-loop. 

Value 5% Flow 1% Flow 0.5% Flow 0.1% Flow 

T2 [mol/m3] 4.33∙10-6 4.22∙10-6 4.19∙10-6 4.07∙10-6 

TF [mol/m3] 1.16∙10-5 5.78∙10-5 1.15∙10-4 5.61∙10-4 

Heat Exchanger 52.1% 52.9% 52.8% 51.4% 

Core Pebbles 27.7% 27.1% 27.0% 26.3% 

Hot Leg 9.1% 8.9% 8.8% 8.6% 

Reactor Vessel 6.1% 6.0% 5.9% 5.8% 

Cold Leg 4.7% 4.5% 4.5% 4.4% 

Off-Gas 0.4% 0.6% 1.0% 3.5% 
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5.4.3. Influence of Pebble Desorption Conditions  

 An underlying assumption in the previous simulation results is the treatment for the 

desorption of pebbles in the recirculation system. In the baseline results, sensitivity studies, and 

redox control simulations, complete pebble tritium desorption was considered to occur for each 

pass in the recirculation process. Numerically, the full desorption condition was applied by using 

a desorption factor of one in equation 5.26 for both the diffusing and trapped tritium. Another 

option in TRIDENT Mod1 is to simulate the tritium desorption in pebbles during the simulation 

in order to calculate and periodically update desorption factors for the recirculation system. In this 

case, the desorption factors would be less than one, with lower desorption temperatures and times 

resulting in desorption factors closer to zero. 

 Currently in TRIDENT Mod1, the desorption process is modeled for a fixed temperature 

and total duration, which remain constant throughout the simulation. The desorption calculation 

uses the pebble tritium concentration profiles from the top core axial node as the initial starting 

condition. Next, a pebble desorption subroutine runs a transient desorption simulation for the 

specified duration. Tritium diffusion and detrapping is calculated using the grain-only transport 

method, as done for the simulation of the Atsumi et al desorption profile in Section 4. In Figure 

5.31, example concentration profiles of trapped tritium (Tt) are provided before and after 

desorption at 900ºC for 100 hours, 1000ºC for 10 hours, and 1000ºC for 100 hours. The trapped 

tritium concentration for 900ºC and 10 hours was nearly equal to the initial profile and thus was 

omitted from the plot. In all four cases, the weakly-bonded diffusing tritium (Td) was successfully 

desorbed to nearly zero (DFd=1). Comparing the differences between trapped tritium for the 

900ºC-100hr and 1000ºC-100hr cases verses the 1000ºC-10hr and 1000ºC-100hr cases, raising the 

desorption temperature is generally more effective in increasing the desorption fraction compared 

to increasing the desorption duration. 
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Figure 5.31. Trapped tritium (Tt) concentration profiles before and after desorption simulations. 

The concentration profiles are shown for a fixed temperature and desorption time in three cases: 

900ºC for 100 hours, 1000ºC for 10 hours, 1000ºC and for 100 hours. 

 Simulating a pebble desorption for 10 to 100 hours adds significant computational time to 

the TRIDENT Mod1 simulation. Additionally, solving the diffusion equations at temperatures of 

900ºC and above requires time steps of less than one second in the desorption subroutine. 

Therefore, the desorption calculation is only completed once for every 100 time steps in the 

TRIDENT Mod1 loop simulation, or every 125,000 seconds for a baseline simulation step of 1250s. 

Updating the desorption calculation only periodically is justifiable since the desorption factors 

change gradually throughout the simulation and the equilibration in pebble retention rate occurs 

over much larger timescales than the 125,000 seconds between desorption factor updates. 

 The influence of desorption conditions on the FHR tritium distribution is shown in Figure 

5.32. Aside from the desorption parameters, all other conditions were consistent with the previous 

baseline tritium distribution simulations. As shown in Figure 5.32, the weaker desorption 

conditions led to less tritium removal through pebble recirculation, which was mainly offset by 

increased permeation through the heat exchanger. The other permeation regions also increased 

slightly as desorption decreased. There was only a 20% relative decrease of tritium retention in 
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graphite pebbles for the fully-desorbed case compared to zero desorption. However, the zero 

desorption case took much longer to reach equilibrium since the time dependence was based only 

on the 500 day pebble lifetime instead of the 50 day core residence time. Equilibrium release 

fractions for the desorption cases plotted in Figure 5.32 are shown in Table 5.20. 

 

Figure 5.32. Permeation through the heat exchanger, tritium retention in core graphite pebbles 

(solid lines) and tritium removal in the pebble recirculation system (dashed lines) for four 

different desorption conditions. Pebbles were simulated with a 50 day core residence time and a 

500 day total lifetime. 
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Table 5.20. Tritium distribution summary for the case of 1000ºC and 900ºC desorption in the 

pebble recirculation system for 10 hours in comparison to the baseline case (full desorption) and 

the case where pebbles are not desorbed but are removed after a 500 day residence time. 

Release Pathway Full Desorption 1000ºC-10hr 900ºC-10hr Zero Desorption 

Heat Exchanger 53.6% 54.3% 55.5% 57.3% 

Core Pebbles 26.3% 25.4% 23.6% 21.2% 

Hot Leg 8.9% 9.0% 9.2% 9.5% 

Reactor Vessel 4.8% 4.8% 4.9% 5.1% 

Cold Leg 4.2% 4.3% 4.4% 4.5% 

Graphite Reflector 1.9% 1.9% 2.0% 2.0% 

Off-Gas 0.3% 0.3% 0.3% 0.3% 

 As shown in Table 5.20, tritium retention rates in the core pebbles remained fairly steady 

despite significantly different desorption conditions. The effect can be partially explained by 

changes in the bulk salt and graphite surface T2 concentrations, as shown in Figure 5.33. For the 

weaker desorption conditions, the tritium inventory in the pebbles increases and the T2 

concentration at the graphite surface is also raised. The higher T2 surface concentration lowers the 

overall retention rate in the pebbles. However, since retention in the core pebbles is a significant 

fraction of the overall tritium distribution, a lower retention rate increases the T2 concentration in 

the bulk salt which in turn allows for more retention to occur. Therefore, the changing T2 

concentration in Flibe creates a mitigating factor which partially compensates for the decrease in 

retention rate during low- or zero-desorption scenarios. 
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Figure 5.33. Concentration of T2 at the graphite pebble surfaces and in the bulk salt for the 

various pebble desorption cases. 

 Another factor which allows for additional retention at various desorption conditions is the 

recirculation of pebbles – in all cases, pebble recirculation in the core was simulated with the same 

50 day residence time. As shown in Figure 5.34, the flux of T2 remains highest at the upper nodes 

of the core despite the changing graphite surface concentrations for each desorption scenario. For 

a pebble recirculation system which fully desorbs tritium, each pebble then only passes through 

the high T2 flux region of the core once before being desorbed. In contrast, recirculating the pebbles 

without full desorption allows for several passes through the high flux zones, although at a 

relatively lower T2 flux because of the increasing graphite surface concentration. Therefore, the 

recirculation of pebbles also contributes to the moderation of retention rates during low-desorption 

cases. Based on the desorption simulations in TRIDENT Mod1, designing a thorough desorption 

apparatus in the pebble recirculation system of a FHR will reduce the tritium inventory in the core 

pebbles, but the desorption conditions are not expected to have a significant influence on the 

overall tritium distribution in the reactor. 
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Figure 5.34. Flux of T2 to core pebbles verses axial node in the core for each desorption case. 
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6. Overview of Tritium Management Strategies for the FHR   

 The previous results in Section 5 discuss the expected tritium release paths under baseline 

FHR conditions in a generic reactor design. Additionally, the change in tritium distribution among 

reactor regions is shown as input parameters are varied and the model assumptions are adjusted. 

In this section, the FHR design parameters are modified to represent various tritium control 

strategies and the resulting tritium releases are simulated with the TRIDENT Mod1 code. 

Ultimately, a FHR tritium management strategy will involve several systems and components 

which are not currently modeled. For example, tritium capture systems will be required to collect 

releases from a given reactor region and subsequent steps following capture may be required in 

order to convert collected tritium into a stable form for long term storage. Therefore, the full tritium 

management plan for a FHR cannot be determined from TRIDENT Mod1 alone until tritium 

collection and storage technologies are selected and incorporated into the reactor design. However, 

the FHR tritium distribution calculated with TRIDENT Mod1 when various tritium control 

systems are applied can provide useful information in understanding the potential impact of each 

design implementation. Furthermore, the release rates predicted by the model are helpful in 

determining the size and efficiency required by tritium collection systems in various regions of the 

plant. In this section, predicted FHR tritium releases are compared to representative values from 

other designs such as pressurized water reactors which discharge 800 Ci/GWe-yr and heavy water 

reactors which release 25,000 Ci/GWe-yr on average [29]. 

6.1. Technology Options for Tritium Capture and Storage  

 Features of the FHR design can be modified in order to promote tritium transport into 

favorable release streams and prevent releases in undesirable regions. Whether or not a certain 

type of tritium release is desirable depends, in part, on the technologies selected for tritium capture 

and storage. For example, the potential for tritium sequestration in a certain material will depend 

on the chemical form of tritium. As previously discussed, tritium which permeates into the nitrate 

salt intermediate loop is expected to oxidize into HTO/T2O, permeation through metals is expected 

to predominantly produce HT/T2, and HT/T2 and TF can be present in the off-gas of the primary 

system. Therefore, different tritium capture strategies will be required for each region and the 

effectiveness of each system may vary. Methods to capture each form of tritium are summarized 

briefly in this section along with advantages and limitations of each technology. 
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 Considering the tradeoffs of tritiated water storage can provide a useful frame of reference 

when discussing other storage options. Tritium is difficult to store in highly concentrated liquid 

concentrations because the addition of HTO in water can create a corrosive environment through 

radiolytic production of H2O2 [189]. Specific activities greater than 1PBq/m3, or 27 Ci/L, were 

measured to shift an iron-water environment from a passivated state into the active corrosion 

region [189]. It is also difficult to rely on tritium decay to reduce corrosivity over time since the 

amount of H2O2 radicals produced per H-3 disintegration increases with decreasing specific 

activity [189]. Therefore, in order to store tritiated water in low-alloy steel vessels, the 981 Ci/day 

produced at equilibrium in a FHR would need to be diluted into 36.3 liters of water per day which 

amounts to a tritiated water production of 13.3 m3 per year. Using storage vessels with greater 

corrosion resistance would increase the allowable activity and reduce the required volumes. 

However, any tritiated water storage system would also need to strictly limit leaks of liquid water 

as well as release of evaporating HTO vapor. For these reasons, among other considerations, the 

tritium which builds up in the heavy water coolant and moderator of CANDU reactors is typically 

extracted through a process such as combined electrolysis and catalytic exchange [190, 191]. 

 Collecting HTO on an adsorbent material, instead of storage as a liquid, can alleviate 

potential concerns from tritiated water liquid leaks or evaporated moisture releases. For molecular 

sieve materials such as SiO4-AlO4 zeolites, water is captured through strong interactions and the 

adsorption capacity for water can reach 19.6%, as measured by the ratio of captured water mass to 

mass of sieve material [192]. Radiolysis of tritiated water will also occur from HTO stored on 

molecular sieve, but corrosion is less of a concern since the zeolites are chemically inert [192]. 

However, the radiolysis of tritiated water will liberate H2 from the molecular sieve [192], and thus 

production of HT is also likely possible. Therefore, a system to recombine HT back into HTO 

should be included in a storage vessel if molecular sieve is intended to be used as a long term 

tritium sequestration material. If a HT recombination system is feasible, then HTO can be stored 

on molecular sieves in concentrations up to the potential water loading limits of the adsorbent. 

Recombiner systems could also be used during the tritium capture process to convert HT/T2 into 

HTO/T2O to allow for adsorption onto molecular sieve. However, since HTO is 10,000 times more 

biologically hazardous than HT [25], a recombiner system should only be employed in certain 

conditions where HT/T2 capture is exceedingly difficult, the HT/T2 concentrations are high and 

cannot be released, and conversion to HTO significantly improves capture efficiency. 
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 In practice, the specific of activity of tritium on an adsorbent will depend on the 

concentration of other moisture impurities present, since both H2O and HTO will be collected 

together on the sieve. Thus, the molecular sieves would be the most effective in the off-gas system 

of the intermediate loop, where tritium is expected to oxidize into HTO/T2O and dry cover gas will 

likely be used to limit corrosion from the nitrate salt [193]. Molecular sieve detritiation systems 

have previously shown capacity to maintain gases as dew points of -60ºC [194], which corresponds 

to 6.59 ppm H2O by mass [195]. For an intermediate loop cover gas flow of 100 liters/min pre-

dried to the -60ºC dew point, a total mass of 1.16 g of H2O and 0.676 g of HTO would be produced 

per day assuming a tritium source equal to the full 981 Ci/day equilibrium generation. The tritiated 

water could then be captured using 8.98 g of molecular sieve per day or 0.0136 L/day of sieve 

volume at an adsorbent density of 0.66 g/cc [196]. While the 0.0136 L/day is a significant 

improvement over the volume required for liquid water storage, the molecular sieve volume could 

be further reduced by decreasing the gas flow rate or the lowering moisture impurity levels. 

 Another tritium capture method with a high capacity for specific activity is storage as a 

metal hydride on a getter bed. For example, titanium metal is used as the primary storage 

technology for tritium which is extracted from the heavy water coolant and moderator of CANDU 

reactors [197]. The titanium getter beds used at the Wolsong CANDU plant tritium removal facility 

are designed to contain 18.5 PBq (500,000 Ci) of tritium on 1 kg of titanium sponge inside of a 

6.5 L vessel [34]. Therefore, 981 Ci/day from a FHR would require 0.0128 L/day of storage using 

similar vessels at the same utilization rates. It is also possible that titanium metal could be used to 

capture TF by first converting the tritium through equation 6.1, which is written with a variable 

valence state for TiF2, TiF3, or TiF4 [198]. However, the reaction of titanium would reduce the 

storage capacity of the getter bed since titanium fluoride is more stable than titanium hydride [199]. 

Similarly, the oxidation of titanium from ambient air would also prevent a hydride getter bed from 

effectively capturing tritium. Therefore, a titanium getter bed would best be used in the inert gas 

environments of a FHR, such as in the primary system off-gas or the cover gas of a pebble 

desorption facility. 

Eq. 6.1 𝑥𝑇𝐹 + 𝑇𝑖
 
→ 𝑇𝑖𝐹𝑥 +

𝑥
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 When considering molecular sieve or metal hydrides as a tritium storage form, the reactor 

building will likely be the most difficult region to capture tritium from in a FHR. Analyzing reactor 

building tritium control would require additional details of a FHR plant design, and evaluating the 

overall dose consequence of releases will depend on the chemical forms of tritium, the dilution 

rate in the ventilation systems, and potential mitigations through a large release stack. Considering 

tritium capture only, general concepts can be taken from other design sources for preliminary 

estimations. A schematic of the proposed Mk-1 FHR reactor building design is shown below in 

Figure 6.1. It may be possible to isolate regions in the building for dedicated tritium removal, so 

taking 10% of the full volume of the cylindrical shield building shown in Figure 6.1 results in 

2,239 m3. Air circulation rates in the Mk-1 FHR reactor building were not explicitly set in the 

design, but the ventilation rate of a commercial reactor could be used as a substitute since both 

systems should have similar safety functions. The ventilation rate of the GE BWR Mark II 

secondary containment, for example, is designed to limit the inleakage of ambient air to 50% of 

secondary containment volume per day [200]. Applying a 1,120 m3 per day air inflow with an 

optimistically low dew point of 0ºC (3640 ppm H2O by mass) produces roughly 5 kg of water per 

day which requires 38.4 L/day of molecular sieve. Filling the reactor building with inert gas would 

enable the use of titanium getter beds, but would also prohibit personnel from performing online 

maintenance in inerted regions of the building. With a 1ppm O2 impurity concentration and the 

same inleakage flow rate, the amount of oxygen entering the building would still outnumber the 

mols of tritium produced at 0.0474 mol O2/day and 0.0338 mol-T/day. Therefore, the capacity of 

titanium getter beds would likely be below their expected performance under an inert gas 

environment in the reactor building. 
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Figure 6.1. Mk-1 FHR reactor building diagram. From [5]. 

 In summary, potential tritium capture technologies exist for the FHR which have been 

previously demonstrated in other systems. The storage of tritium on titanium getter beds has been 

extensively used in CANDU reactors [34, 201], and molecular sieve beds have been used on the 

exhaust detritation system of the JET tokamak as well as other laboratory applications [194, 202]. 

Molecular sieve driers could be used to capture HTO/T2O from the nitrate salt intermediate loop 

off-gas while titanium beds could be used to capture T2 from the primary loop. Both technologies 

have the potential to create stable long-term waste forms with attractive storage volume utilization. 

Among various regions of the FHR plant, the reactor building will likely present the most 

challenging conditions for tritium capture because of the large volume and higher potential 

concentrations of moisture and oxygen, which compete against tritium for storage on metal 

hydrides and molecular sieve adsorbents. Therefore, tritium distribution calculations with 

TRIDENT Mod1 were performed with the intent to identify strategies to limit the permeation of 

tritium through the reactor vessel, hot leg, and cold leg. Limiting permeation through these zones 

into the reactor building will likely provide the greatest benefit towards lowering the cost and 

complexity for a tritium management strategy which focuses on capturing tritium prior to 

environmental release. 
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6.2. Influence of Permeation Barrier Coatings 

 Permeation barrier coatings can assist in creating a favorable tritium distribution in a FHR 

by reducing permeation through unwanted zones and promoting release in other regions. One 

significant limitation of a tritium management strategy which purely relies on permeation barriers 

is that coating performance may degrade over time in the reactor environment. As previously 

discussed in Section 2.4.2, even small changes in the integrity of barrier layers can degrade the 

overall permeation resistance [203]. As a result, a permeation reduction factor practical upper limit 

of 1000 was suggested for any coating used in an irradiation environment [76]. The significance 

of radiation damage, corrosion, and other degradation mechanisms may vary for coating 

applications in different regions of a FHR. Furthermore, coating environments will be significantly 

different depending on whether they are applied on inner, Flibe-facing surfaces or on the exterior 

of the primary system structural metals. Verifying the long-term performance of permeation 

barriers in a FHR environment will require further experimental testing in prototypical conditions. 

In this section, the coating materials themselves are not explicitly modeled in TRIDENT Mod1. 

Instead, a fixed PRF is set for a given set of regions and the resulting tritium distribution is 

calculated. Therefore, the TRIDENT Mod1 results can demonstrate what impacts on the overall 

tritium distribution are possible for varying levels of coating performance, and thus can assist in 

providing coating performance requirements for future FHR designs. 

6.2.1. Coatings Applied to Flibe-Facing Surfaces 

 One initial reference case is to consider a Flibe-facing internal coating on all metallic 

surfaces of the FHR: hot leg, heat exchanger, cold leg, and reactor vessel. A fully-coated scenario 

could be pursued in the case that permeation into the reactor building as well as the intermediate 

loop is intended to be minimized, and thus tritium collection in the primary system would be the 

main management strategy. Considering the previously discussed permeation reduction factor 

practical limit of 1000 for reactor applications, as well as the unknown influence of molten Flibe 

on long-term coating stability, a limit of 500 was used for the PRFs applied in TRIDENT Mod1. 

The model input values for PRFs were also selected based on discussions with FHR designers to 

confirm the feasibility of the modeled PRF range compared to preliminary experimental results 

[174]. As shown in Section 5, the permeation reduction factor for inner-surface coatings directly 

reduces the flux of T2 to metallic surfaces. However, the resulting release rate is not simply the 
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baseline value divided by the PRF since the bulk T2 concentration in Flibe also increases as release 

rates are reduced. As shown in Figure 6.2, the retention rate of tritium in the graphite pebbles 

increases significantly because of the increased bulk concentration. Graphite pebbles were still 

well below the capacity limits in high-energy trapping sites since a full desorption was assumed 

with a pebble core residence time of 50 days. Applying zero-desorption instead, the decrease in 

pebble retention rate compared to the full-desorption case in Figure 6.2 would result in a more 

significant drop in retention rates compared to the baseline cases in Section 5.4.3. Therefore, 

designing for thorough desorption conditions in the pebble recirculation system and applying 

coatings to the inner-surfaces of structural metals in a FHR is one method to reduce permeation 

through the heat exchanger and promote the retention in pebbles into the dominant tritium transport 

pathway. 

 

Figure 6.2. Tritium permeation through the heat exchanger and retention on core pebbles when 

coatings of a specified PRF are applied to all Flibe-facing metallic surfaces in a FHR. 
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 As with the heat exchanger, the permeation rates through the hot leg, cold leg, and reactor 

vessel are similarly reduced as inner-coating permeation resistance increases. The buildup of 

tritium concentration in Flibe also increases the evolution rate to the primary off-gas system, but 

still the tritium evolution does not become a major release path in the overall distribution. Tritium 

evolution could be further increased by a higher redox potential, but TF was negligible in all cases 

since the fully-reduced redox potential was imposed for each simulation. Release rates from the 

remaining FHR regions in the fully-coated scenario are plotted in Figure 6.3. The increase in T2 

concentration and decrease in permeation rates for the higher PRF cases is summarized in Table 

6.1. 

 

Figure 6.3. Remaining tritium release pathways for the Flibe-facing coatings on applied to all 

FHR metallic regions. 
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Table 6.1. Bulk Flibe T2 concentration and tritium releases for Flibe-facing coatings applied to 

all FHR regions. 

Value Baseline PRFin=10 PRFin=50 PRFin=100 PRFin=500 

T2 [mol/m3] 4.26∙10-6 1.38∙10-5 1.82∙10-5 1.89∙10-5 1.96∙10-5 

Heat Exchanger 54.0% 19.5% 5.41% 2.84% 0.593% 

Core Pebbles 26.8% 72.5% 91.3% 94.7% 97.7% 

Hot Leg 8.99% 3.21% 0.888% 0.466% 0.0973% 

Reactor Vessel 5.62% 2.16% 0.600% 0.315% 0.0658% 

Cold Leg 4.28% 1.59% 0.440% 0.231% 0.0483% 

Off-gas 0.285% 1.01% 1.40% 1.47% 1.53% 

  As shown in Table 6.1, the sum of tritium permeation from all regions amounts to 0.804% 

of the tritium distribution under a PRFin=500 scenario. For an equilibrium generation rate of 981 

Ci/day, the 0.804% permeation still results in a release of 2880 Ci/yr into the reactor building and 

intermediate loop. In comparison, a typical pressurized water reactor (PWR) will discharge 800 

Ci/GWe-yr while a heavy water reactor (HWR) will release 25,000 Ci/GWe-yr. Scaling the release 

values to the electricity output of a 140 MWe FHR results in 112 Ci/yr and 3500 Ci/yr to match 

PWR and HWR discharge levels, respectively. Therefore, unmitigated releases to the reactor 

building and intermediate loop in a FHR with a 500 PRF coating on all metal surfaces would 

produce less environmental discharge than a HWR, but significantly more release than a PWR. If 

the PRFin value was 100, then the FHR releases to the reactor building and intermediate loop would 

amount to 13,800 Ci/yr and would thus be above both HWR and PWR values. In summary, a fully-

coated FHR would require permeation barriers with a PRFin of near 500 throughout the reactor life 

in order to maintain releases below HWR levels if tritium capture was only designed for the 

primary system. For lower permeation resistance from inner-surface coatings, tritium control 

systems would likely also be required in the reactor building and intermediate loop. 

 In all inner-coating cases shown in Table 6.1, the heat exchanger remains as the greatest 

release path for tritium in the metallic permeation zones. The TRIDENT Mod1 results demonstrate 

the difficulty in achieving a tritium distribution through inner-surface coatings where permeation 

to the heat exchanger can be freely released without additional mitigation. Therefore, a more 

strategic arrangement of barriers would be to apply coatings to the hot leg, cold leg, and reactor 

vessel inner-surfaces while leaving the heat exchanger uncoated and adding a tritium capture 

system to the intermediate loop. Compared to the fully-coated cases, the partial coating scenario 
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has the added benefit of maintaining a similar T2 concentration in the salt in all cases, since the 

main release path remains as permeation into the heat exchanger and retention on core pebbles, as 

shown in Figure 6.4. As a result, the coatings have a greater effect in reducing permeation into the 

reactor building for a given PRFin value since reducing hot leg, cold leg, and reactor vessel 

permeation has only a mild effect on the buildup of T2 concentration in the primary loop. The 

sources of permeation into the reactor building in the partially-coated cases are shown in Figure 

6.5, while the full distribution and bulk T2 concentration from each simulation is summarized in 

Table 6.2. 

 

Figure 6.4. Heat exchanger permeation and retention on core pebbles in when coatings of various 

PRFs are applied to the Flibe-facing surfaces of the hot leg, cold leg, and reactor vessel. 
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Figure 6.5. Permeation rates through the regions where Flibe-facing coatings are applied in the 

partially-coated FHR scenario. 

Table 6.2. Bulk Flibe T2 concentration and tritium releases when the Flibe-facing coatings of 

various permeation resistance are applied to the hot leg, cold leg, and reactor vessel only. 

Value Baseline PRFin=10 PRFin=50 PRFin=100 PRFin=500 

T2 [mol/m3] 4.26∙10-6 5.15∙10-6 5.25∙10-6 5.26∙10-6 5.27∙10-6 

Heat Exchanger 54.0% 65.9% 67.3% 67.4% 67.6% 

Core Pebbles 26.8% 31.4% 31.9% 32.0% 32.0% 

Hot Leg 8.99% 1.10% 0.224% 0.112% 0.0225% 

Reactor Vessel 5.62% 0.716% 0.146% 0.073% 0.0147% 

Cold Leg 4.28% 0.525% 0.107% 0.054% 0.0108% 

Off-gas 0.285% 0.346% 0.353% 0.353% 0.354% 

 

 If tritium capture is feasible in both the intermediate loop and primary systems, then there 

are clear benefits in coating only the hot leg, cold leg, and reactor vessel. First, the partially-coated 

scenario requires permeation barriers on only 2.5% of the surface area as the fully-coated condition, 

since the sum of inner surface areas for the hot leg, cold leg, and vessel amounts to 123.8 m2 

compared to 5750 m2 from the heat exchanger. The overall permeation reduction into the reactor 

building is also greater for the partially-coated case. As shown in Table 6.2, at a PRFin of 50, the 

reactor building permeation accounts for 0.447% of the total tritium distribution. For an 

equilibrium generation rate of 981 Ci/day, the PRFin=50 case results in a reactor building release 

of 1710 Ci/yr, which is lower than the average 3500 Ci/yr HWR tritium discharge rate scaled to 
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FHR power output [29]. The same is not true for the fully-coated case, where reactor building 

permeation would be 6900 Ci/yr using the values in Table 6.1. When the PRFin is raised to 500 for 

the hot leg, cold leg, and vessel, the reactor building release is 172 Ci/yr, which approaches the 

PWR release goal of 112 Ci/yr. Therefore, the partial coating scenario is an efficient way to utilize 

inner-surface coatings to reduce permeation into the reactor building. However, whether or not 

tritium control in the reactor building is required will depend on the achievable coating 

performance, the efficiency of tritium capture systems in various FHR regions, and the true release 

targets set by future FHR designs. 

6.2.2. Coatings on Exterior Reactor Surfaces 

 When considering coatings on the inner- and outer-surfaces of FHR structural metals, there 

are numerous advantages to the use of exterior coatings. Most notably, the exterior coatings are 

not in contact with Flibe salt and therefore only require corrosion resistance against ambient air at 

elevated temperatures in the case of the reactor building surfaces, or molten nitrate salt for 

secondary-side heat exchanger coatings. Using coatings in these environments allows for a wider 

range of possible coating materials when the condition for stability against molten Flibe is removed. 

Furthermore, coatings on the exterior surfaces of a FHR will be easier to inspect during operation 

and could potentially be reapplied during the reactor lifetime if a degradation in performance is 

observed. 

 One significant drawback to exterior coatings is that, as previously discussed, the 

permeation process in a FHR will be mainly limited by mass transport in Flibe, rather than by 

diffusion of tritium in the metal. Therefore, outer-surface coatings can only provide permeation 

resistance if the tritium concentration in the metal increases significantly and the boundary 

condition at the salt-metal interface begins to limit the concentration gradient in the salt. In contrast, 

coatings on Flibe-facing surfaces can provide permeation resistance by preventing tritium from 

initially entering the metal regions. As shown in Section 5, various degrees of permeation 

resistance are created by the 316 stainless steel in the FHR depending on tritium concentrations in 

each metal region. Tritium in the metal increases with higher fluxes of T2 from the salt, and longer 

transit times during diffusion from thicker metal components or lower temperatures. As a PRF is 

applied to the metal outer surface, the concentration of diffusing tritium in the metal increases 

roughly linearly with the strength of the coating. However, for PRFout values of up to 500, the rise 
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in concentration of tritium in the heat exchanger metal does not significantly decrease in the influx 

of T2 from Flibe. The heat exchanger permeation and pebble retention rates for various PRFout 

values applied to all primary loop exterior surfaces are shown in Figure 6.6. Results from Figure 

6.6 confirm the observations from the Mk-1 reactor simulations in the original TRIDENT model, 

where outer-surface coatings delayed the permeation rate, but were not able to significantly 

decrease the equilibrium permeation through the heat exchanger [3]. In fact, the heat exchanger 

permeation rate actually increases with stronger outer-surface coatings since a higher PRFout has 

some influence on decreasing permeation rates though the other reactor zones. 

 

Figure 6.6. Permeation through the heat exchanger and retention on core pebbles as coatings of 

various PRFs are applied to all exterior metal surfaces of the primary system. 

 The varying effect of exterior coatings on the permeation rates can be further explained by 

examining the concentration profiles within the 316 stainless steel of FHR regions. Concentration 

profiles for the heat exchanger outlet and the cold leg are plotted in Figure 6.7 to provide an 

example of two metal regions both modeled at 550ºC. For the baseline case of with a PRFout of 1, 

the concentration at the exterior surface is slightly greater than zero because of the modeled 

recombination resistance. The slope in the concentration profile is proportional to the tritium flux, 

which is significantly higher in the cold leg than the heat exchanger because the mass transfer 

coefficients in Flibe are 5.63∙10-5 m/s and 3.66∙10-6 m/s for each region, respectively. A higher 
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PRFout value has the effect of raising the entire concentration profile in the metal. However, at a 

PRFout of 500, the concentration of tritium in the heat exchanger at the salt interface (depth of zero) 

is only slightly above the baseline cold leg surface concentration. As previously stated, the cold 

leg creates less than 1% of overall permeation resistance from diffusion in the metal at the baseline, 

uncoated conditions. Therefore, permeation resistance in the heat exchanger does slightly increase 

at high PRFout values, but the greater increase in permeation resistance in the hot leg, cold leg, and 

reactor vessel results in an overall higher rate of heat exchanger permeation when outer surface 

coatings are applied to all metal exteriors. 

 

Figure 6.7. Tritium concentration profile inside the 316SS out the heat exchanger outlet (left), 

and average concentration profile in the cold leg (right) for various outer coating PRFs. 

 The buildup of diffusing tritium concentration in the cold leg metal shown in Figure 6.7 

does lead to a noticeable increase in overall permeation resistance, which leads to a decrease in the 

equilibrium permeation rate through the region. Similarly, a decrease in permeation rate for the 

hot leg and vessel also occurred for greater outer barrier reduction factors, as shown in Figure 6.8. 

Among the regions shown in Figure 6.8, the relative decrease in permeation rate for each PRF was 

largest for the reactor vessel. As the thickest metal region at the lowest temperature in the loop, 

the reactor vessel was shown to have the highest permeation resistance of the structural metal 

zones under baseline FHR conditions. Therefore, the exterior coating surfaces best amplify the 
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permeation resistance of the vessel compared to other metallic regions. For example, the ratio of 

permeation fractions for the PRFout of 500 case to the baseline case was 0.244 for the hot leg, 0.238 

for the cold leg, and 0.157 for the vessel, as shown by the distribution results in Table 6.3. While 

higher tritium concentration in metals leads to additional permeation resistance, elevated tritium 

concentrations produced by exterior-surface coatings could potentially lead to embrittlement 

issuses from tritium decay into helium-3, which is discussed in Appendix B. 

 

Figure 6.8. Permeation rates in the hot leg, vessel, and cold leg when outer-surface coatings of 

various permeation reduction factors are applied to all regions. 

Table 6.3. Tritium distribution and bulk Flibe T2 concentrations for tritium permeation barrier 

coatings applied to all exterior surfaces in TRIDENT Mod1. 

Value Baseline PRFout=10 PRFout=50 PRFout=100 PRFout=500 

T2 [mol/m3] 4.26∙10-6 4.29∙10-6 4.44∙10-6 4.62∙10-6 5.07∙10-6 

Heat Exchanger 54.0% 54.3% 56.4% 58.8% 64.6% 

Core Pebbles 26.8% 26.9% 27.8% 28.7% 31.0% 

Hot Leg 8.99% 8.90% 7.94% 6.45% 2.19% 

Reactor Vessel 5.62% 5.32% 3.89% 2.76% 0.88% 

Cold Leg 4.28% 4.24% 3.75% 3.02% 1.02% 

Off-gas 0.285% 0.286% 0.297% 0.309% 0.340% 
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 The distribution results in Table 6.3 show that exterior permeation barrier coatings are not 

effective in reducing tritium release through the heat exchanger. Repeating the runs with coatings 

removed from the heat exchanger but maintained in other regions resulted in nearly the same 

tritium distributions – heat exchanger permeation was 0.1% higher in terms of overall release for 

the PRFout=500 case when coatings were simulated only on the hot leg, cold leg, and reactor vessel. 

In the fully-coated cases, permeation rates were reduced for the hot leg, cold leg, and reactor vessel, 

but the decrease in permeation was relatively less than for the Flibe-facing coatings at a given 

permeation reduction factor. Reactor building releases in the fully-coated case amount to 14,600 

Ci/yr for a PRFout of 500 based on the distribution values in Table 6.3. Therefore, unless outer 

coatings can maintain permeation reduction factors of over 500, it is unlikely that an exterior-

surface coating can be used as the sole defense against unmitigated releases of tritium into the 

reactor building. If a reactor building tritium control system is then needed, and the cost and 

complexity of the system requirements scales with of the total amount of tritium collection 

required, then outer-surface coatings would be beneficial in lowering the release of tritium into the 

reactor building and reducing the design limits required for corresponding tritium capture 

technologies. 

 In summary, coatings on the outer surfaces of FHR structural metals are only likely to 

provide a supporting role in the overall tritium management strategy. Compared to Flibe-facing 

barriers, outer surface coatings have a weaker influence because the permeation process in FHRs 

is mainly limited by mass transfer in Flibe, rather than diffusion through metals. Coatings on outer-

facing surfaces can only suppress permeation if an increase in tritium concentration in the metal 

leads to a significantly higher T2 boundary value at the salt-metal interface. In the heat exchanger, 

for example, the T2 boundary condition is very low in the uncoated scenario, and remains 

negligible up to permeation reduction factors of 500 on outer surface coatings. Therefore, practical 

exterior surface coatings can only be used to reduce permeation from the hot leg, cold leg, and 

reactor vessel. However, the expected permeation rates with PRFs of 500 will still be sufficiently 

high as to require tritium control systems in the reactor building if exterior coatings are used as the 

sole mitigation strategy. Tritium capture systems could be avoided with PRFs above 500, but a 

more effective exterior coating will also potentially lead to a degradation of mechanical properties 

through a higher helium-3 concentration caused by tritium decay. At a PRFout value of 500, outer 

surface coatings applied to the hot leg, cold leg, and reactor vessel could reduce the permeation 
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rate into the reactor building to 21.7% of the rate calculated for the uncoated case, based on values 

in Table 6.3. A useful application for outer-surface coatings could exist if a tritium capture system 

is designed into the FHR reactor building, and the tritium capture and storage characteristics of the 

system have a significant dependence on the release rate of tritium into the building. 

6.3. Tritium Extraction System Concepts and Performance 

 Permeation barrier coatings are a type of tritium management intervention which does not 

significantly change the design of the FHR reactor and supporting systems. The efficacy of a 

tritium management strategy based on coatings relies on the permeation resistance and long-term 

stability of the barrier materials, but does not require any major new systems to be added to the 

plant. In contrast, another approach is to incorporate a large-scale tritium extraction system into 

the primary coolant loop. The purpose of a tritium extraction system is to create a favorable 

collection stream for tritium release, contain a significant fraction of the overall tritium distribution, 

and minimize tritium releases in other regions of the plant where tritium capture is more difficult. 

Since the tritium extraction system must compete for releases against the tritium transport paths 

native to the rest of the FHR design, the requirements for size and surface areas of any extraction 

system will typically be similar to that of other main components in the reactor, such as the 

intermediate heat exchanger. However, one advantage for extraction systems over coatings is that 

the design of tritium extraction systems can proceed without the development and demonstration 

of novel materials. For example, a tritium permeator could be fabricated with 316 stainless steel 

as with the other FHR structural materials and a graphite retention bed could utilize the same 

nuclear graphite material as the reactor core. There is currently no consensus for the preferred 

tritium extraction technology in FHRs since no system has yet been demonstrated in a 

representative large-scale test [204]. 

 A comparative analysis of a tritium permeator, graphite retention bed, and gas stripping 

system was performed by Stempien using the TRIDENT model applied to the Mk-1 FHR design 

[3]. In this section, the analysis is repeated with an emphasis on optimization and sizing of example 

extraction systems. Furthermore, the graphite retention system was modeled using the updated 

graphite retention methodology based on pore and grain diffusion described in Section 4. The gas 

stripping system was modeled previously using an assumed equilibrium condition in several 

separation stages [3]. An equilibrium analysis can provide an estimate of the tritium extraction 
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efficiency of the gas stripping system, but calculating the size and pressure drop of a gas stripping 

column requires values for the tritium mass transfer coefficients in the gas and liquid films of a 

prototypical system [85], which have not been previously measured. Therefore, an analysis of the 

tritium permeator and retention bed is only included in this work. As with the original TRIDENT 

model, the tritium extraction systems are represented after the core outlet. In this manner, tritium 

can be removed from the salt first before flowing into the hot leg, heat exchanger, and remaining 

regions of the primary loop. Additionally, the higher temperatures near the core outlet should 

benefit each extraction process, since the mass transfer coefficient for tritium transport to metal 

surfaces increases with higher T2 diffusivities in Flibe and the retention flux to graphite was 

previously shown to be greatest for the higher-temperature regions of the core. An illustration of 

the TRIDENT Mod1 reactor layout with a tritium extraction system is shown in Figure 6.9.  

 

 

Figure 6.9. TRIDENT Mod1 calculation overview of regions and releases with the addition of a 

tritium extraction system following the core outlet. 
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6.3.1. Tritium Permeator Design Optimization  

 Extraction systems based on tritium permeation through metal membranes have been 

previously studied for potential use in breeding blankets of fusion reactor concepts [205, 206]. For 

use in a FHR, a tritium permeator system can be modeled using the same methodology employed 

for the intermediate heat exchanger. A conceptual schematic for a single permeator tube is shown 

in Figure 6.10 [205], while a design using several tubes and a single tritium collection volume is 

also possible. The concept in Figure 6.10 uses a vacuum on the downstream collection zone to 

effectively neglect any back-permeation of tritium and maximize the concentration gradient from 

the tritiated fluid to the boundary. Tritium concentration can also be treated as zero in the collection 

area if an inert sweep gas is used and continuously circulated through a tritium capture system. 

Since tritium permeation through metals at FHR temperatures would produce a predominatly T2 

chemical form in the collection zone [113], titanium or other metal hydride-forming getter beds 

would be a suitable tritium capture option to pair with the permeator extraction system. An 

important performance metric of the permeator system is the removal efficiency, η, which is 

defined as the decrease in tritium concentration from the fluid inlet to outlet divided by the inlet 

concentration, as shown in equation 6.2. 

 

Figure 6.10. Permeator system illustration shown for extraction of tritium from a fluid in the 

center concentric tube. 

Eq. 6.2 𝜂 = (𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡)/𝐶𝑖𝑛 
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 Before implementation into the system-level model, an analysis of various permeator 

designs was conducted assuming an inlet T2 concentration of 4.3∙10-6 mol/m3 in 650ºC Flibe to 

simulate the core outlet conditions of the previous FHR baseline simulations. The test case is 

simulated with the constant inlet concentration, and then efficiency is calculated once the 

concentration of tritium in the permeator 316SS tubes reaches equilibrium. Initially, the effect of 

tube diameter on removal efficiency was examined using a 1000-tube permeator with a 1m length 

and 1mm tube thickness. The removal rate increases as tube diameter is decreased because the 

mass flow rate is held constant and the smaller diameters lead to a higher Flibe velocity, thereby 

accelerating mass transfer in the salt. A higher flux of T2 from increased mass transfer also 

increases the steel tritium concentration and thus the permeation resistance created by the metal.  

 An optimal removal efficiency occurs at a certain tube inner diameter once the benefits of 

additional mass transfer in Flibe are counterbalanced by increases in permeation resistance. As 

shown in Figure 6.11, the optimal removal efficiency occurs at larger tube diameters and overall 

lower efficiencies for more restrictive conditions at the tube outer surface. The higher and lower 

bounds on the tritium recombination coefficient (referred to as High kr and Low kr) discussed in 

Figure 2.20 of Section 2.4.1 were applied along with a PRFout of 10 to simulate a characteristic 

permeation reduction caused by an oxide layer on the stainless steel [113]. Figure 6.11 also shows 

the pressure drop across the permeator tube bundle as calculated by equation 6.3, where L is the 

tube length, d is the inner diameter, ρ is the density of Flibe, and v is the bulk velocity of Flibe in 

each tube [86]. The friction factor, f, is calculated with the McAdams correlation for Reynolds 

numbers above 104 and the Blasius relation for Reynolds numbers between 4∙103 and 104 [86]. 

Permeator systems with Reynolds numbers significantly below 4∙103 have a low degree of tritium 

mass transfer in Flibe and are typically out of the range of interest for design optimization. 

Eq. 6.3 𝛥𝑃 = 𝑓
𝐿

𝑑

𝜌𝑣2

2
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Figure 6.11. Removal efficiency for a permeator system with 1000 tubes of 1m length, 1mm in 

thickness, and various inner diameters. Upper and lower bounds for a 316SS recombination 

constant were used along with PRFouts of 1 and 10 to simulate a bare tube exterior and a 

chromium oxide layer. The tube diameter at the maximum removal efficiency depends on the 

outer surface conditions and pressure drop across the system increases with decreasing diameter. 

 Since the pressure drop in Flibe over the permeator system increases significantly with 

smaller tube diameters, as shown in Figure 6.11, the maximum removal efficiency for a system 

constrained to a certain pressure drop will not necessarily utilize the tube diameter where mass 

transfer and permeation resistances are optimized. To further constrain the analysis, a pressure 

drop limit of 2 atmospheres can be imposed, which was selected based on the ΔP of the primary 

heat exchanger in the Mk-1 FHR design [5]. The pressure drop of the permeator scales linearly 

with tube length, as shown in equation 6.3, and thus the calculated pressure decrease for a given 

tube diameter in the 1m length calculations can be used to determine the tube length at a ΔP of 2 

atm. As shown in Figure 6.12, a relationship exists between the total volume of Flibe inside the 

permeator and the tritium removal efficiency once the total pressure drop in each case is fixed. The 
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removal efficiency increases when the tube diameter is raised, the pressure drop decreases, and the 

overall length is extended to reach ΔP = 2 atm. Since the total volume of Flibe in the FHR primary 

loop was 50 m3 with the baseline dimensions in Table 5.2, achieving a high-efficiency permeator 

system requires a significant addition of Flibe inventory to the reactor.  

 

Figure 6.12. Calculated removal efficiencies for permeator systems with various numbers of 

tubes and increasing tube diameters. The tube length is set to create a pressure drop of 2 atm for 

all results and the total volume of Flibe in each case is used as the x coordinate. All simulations 

use the ideal exterior surface conditions of PRFout=1 and a high recombination coefficient. 

 Taking the number of tubes, length of tubing at ΔP = 2 atm, and tube thickness of 1mm 

can produce the amount of steel used in each permeator system case from Figure 6.12. A clear 

relationship is present between the volume of steel in the permeator and the tritium removal 

efficiency, as shown in Figure 6.13. The relationship can be explained by the removal rate being 

proportional to the total inner-surface area, and the geometry of the tubes is roughly that of a thin 

cylindrical shell where volume is directly proportional to inner area. Slight deviations in efficiency 

from the trend exist because of varying degrees of permeation resistance in the metal as well as 

concentration differences across the length of the tubing in each case. Since there are diminishing 

returns in overall efficiency as the steel volume increases, the amount of steel should also be 

considered in selecting the size of a permeator system to implement in a FHR. 
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Figure 6.13. Tritium removal efficiency verses the total volume of steel in the permeator cases 

shown in Figure 6.12.  

 Another trend present in Figure 6.12 is the increase in removal efficiency with a greater 

number of tubes. The higher tube number cases divide the flow and reduce the pressure drop while 

allowing for smaller diameter tubes with higher removal efficiencies. Therefore, for a given salt 

volume and pressure drop, the higher tube number systems will have a lower tube diameter and a 

decreased length. Shortening the length of the system also has the benefit of better utilizing each 

incremental length of the tube. In long systems, the tube surfaces near the permeator outlet will 

remove relatively less tritium from the fluid since the concentration of T2 continuously decreases 

across the permeator length. However, as shown in Figure 6.14, there are diminishing returns in 

removal efficiency for increasing the number of tubes once the system pressure drop and total 

Flibe volume are fixed. To further constrain the permeator dimensions, Figure 6.14 shows the 

optimized efficiencies at a total Flibe volume equal to half that of the original FHR inventory, or 

25 m3. The cases were repeated for the pessimistic assumptions of exterior surface conditions of a 

PRFout at 10 to represent oxidation and a lower estimate for the 316 stainless steel hydrogen 

recombination coefficient. At each tube length, the change in surface conditions represented 

roughly a 6% decrease in overall removal efficiency. Dimensions for each permeator case plotted 

are shown in Table 6.4. 
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Figure 6.14. Permeator efficiency for bounding surface conditions when inner tube diameters are 

set to create a Flibe volume of 25 m3 and pressure drop of 2 atm. 

Table 6.4. Permeator dimensions and removal efficiencies for the cases plotted in Figure 6.14. 

Number 

of Tubes 

Tube Inner 

Diameter [cm] 

Permeator 

Length [m] 

Steel 

Volume [m3] 

η PRFout=1 

High kr 

η PRFout=10 

Low kr 

1000 2.293 60.49 4.55 41.04% 35.30% 

5000 1.204 43.91 8.99 58.28% 52.00% 

10000 0.907 38.61 12.22 66.49% 60.28% 

20000 0.684 33.97 16.74 74.53% 68.67% 

 Using the dimensions in Table 6.4, a model region can be implemented into TRIDENT 

Mod1 to calculate the influence of the permeator extraction system on the FHR tritium distribution. 

The permeator release, heat exchanger permeation, and core pebble retention rate are shown in 

Figure 6.15 using the dimensions of the 20,000 tube permeator. As shown in the figure, the 

permeator extraction rate becomes the dominant path for tritium release while diminishing the 

releases through other regions. The remaining FHR release paths from the same simulation are 

plotted together in Figure 6.16. 
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Figure 6.15. Tritium generation and release rate through a 20,000 tube permeator plotted along 

with the retention rate in core pebbles and heat exchanger permeation rate. 

 

Figure 6.16. Tritium releases through all baseline FHR regions when the 20,000 tube permeator 

is used between the core and hot leg. 
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 Permeator systems with 10000 tubes, 5000 tubes, and 1000 tubes were also simulated in 

TRIDENT Mod1 according to the system dimensions in Table 6.4. As the number of tubes 

decreases, the removal efficiency of the system is reduced, but the release through the permeator 

remains as the dominant tritium transport path in the FHR as shown in Figure 6.17. The tritium 

distribution in the FHR for each permeator design is summarized in Table 6.5. Compared to the 

test cases at a constant inlet concentration of 4.3∙10-6 mol-T2/m
3, the efficiency of each permeator 

system slightly increased in the system-level implementation in TRIDENT Mod1. When the 

extraction systems are added, the T2 concentration in the salt is significantly reduced, as shown in 

Table 6.5. Lower concentrations create more favorable boundary conditions at the salt-metal 

interface, since the partial pressure of T2 in the salt is linear with concentration, whereas the 

concentration of T2 in metals for a given partial pressure follows the square root of partial pressure 

[3]. Therefore, lower T2 concentrations can slightly decrease some of the permeation resistance 

produced by tritium diffusion through the permeator tube walls. The difference between test case 

efficiencies and values from the TRIDENT Mod1 simulations decreases as T2 in the salt increases. 
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Figure 6.17. Tritium removal through a permeator simulated in TRIDENT Mod1 using the 

system dimensions in Table 6.4. 

Table 6.5. Comparison of permeator efficiency calculated in the TRIDENT Mod1 simulations 

compared to the constant inlet concentration test case. The tritium distribution from each 

simulation is shown along with the T2 concentration at the core outlet. 

Value Baseline 20k Tube 10k Tube 5k Tube 1k Tube 

Test Case η -- 74.53% 66.49% 58.28% 41.04% 

TRIDENT η -- 74.91% 66.88% 58.65% 41.36% 

T2 [mol/m3] 4.26∙10-6 3.72∙10-7 4.11∙10-7 4.62∙10-7 6.25∙10-7 

Permeator -- 96.0% 95.0% 93.6% 89.4% 

Heat Exchanger 54.0% 1.2% 1.7% 2.4% 4.5% 

Core Pebbles 26.8% 2.4% 2.7% 3.1% 4.4% 

Hot Leg 8.99% 0.19% 0.28% 0.40% 0.76% 

Reactor Vessel 5.62% 0.12% 0.18% 0.26% 0.49% 

Cold Leg 4.28% 0.09% 0.13% 0.19% 0.36% 

Off-gas 0.29% <0.01% 0.01% 0.05% 0.09% 
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 The percent of overall tritium removal by the permeator is much greater than the single 

pass extraction efficiencies in Table 6.4. If all other FHR regions were treated as one removal 

system, then the FHR single pass efficiency could be estimated from the ratio of the salt volume 

exchange rate to the residence time of tritium. For 50 m3 of salt in the FHR flowing at 0.729 m3/s 

in the primary loop, the characteristic flow time through the loop would be 74.1 s. The residence 

time for tritium can be estimated from the inventory in the salt divided by the total production rate 

[48]. For the baseline result of 4.3∙10-6 mol/m3 of T2 and negligible TF, there is a steady-state 

inventory of 12.5 Ci in the salt and the residence time is 1101s based on a tritium production of 

981 Ci/day. Therefore, the combined single-pass removal efficiency of all FHR regions is roughly 

6.7%, and the 20,000 tube permeator is over 12 times more effective. For a FHR with a uniform 

tritium concentration throughout the primary loop, the ratio of tritium extraction through the 

permeator (REX) can be estimated by equation 6.4, where ηEX is the removal efficiency of the 

extraction system and ηFHR is the 6.7% removal rate in the FHR estimated by the characteristic 

times for flow around the loop and residence time of tritium. If the extraction system removes 

tritium first before all other FHR regions, then equation 6.5 can be used to account for the lesser 

tritium concentration occurring after the initial extraction. In the FHR model, tritium extraction 

occurs before the hot leg, heat exchanger, cold leg, and vessel, but there is still unavoidable tritium 

retention on the core pebbles which occurs once prior to the permeator system. Therefore, the 

TRIDENT Mod1 results for removal fraction verses permeator efficiency fall between the 

estimates of equations 6.4 and 6.5, as shown in Figure 6.18. 

Eq. 6.4 𝑅𝐸𝑋 =
𝜂𝐸𝑋

𝜂𝐸𝑋 + 𝜂𝐹𝐻𝑅
  

 

Eq. 6.5 𝑅𝐸𝑋 =
𝜂𝐸𝑋

𝜂𝐸𝑋 + 𝜂𝐹𝐻𝑅(1 − 𝜂𝐸𝑋)
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Figure 6.18. Permeator release fraction verses efficiency from TRIDENT Mod1 results in Table 

6.5 compared to the estimates based on a constant-concentration combined extraction process 

(equations 6.4) and an extraction in series with the permeator leading (equation 6.5). 

 Results from TRIDENT Mod1 as well as estimations in Figure 6.18 demonstrate that a 

permeator design with reasonable constraints can constitute the majority of tritium releases in a 

FHR and become the most significant release path from the reactor. However, the results also show 

the difficulty in utilizing an extraction system as the sole tritium release mitigation strategy. For 

example, the sum of hot leg, cold leg, and reactor vessel permeation from the 20,000 tube 

permeator simulation in Table 6.5 amounts to a release of 1432 Ci per year into the reactor building, 

which is below the average HWR tritium discharge rate of 3500 Ci/yr but increases to 5729 Ci/yr 

if the intermediate loop tritium FHR releases are also unmitigated. Therefore, either a larger 

permeator than the 20,000 tube design or a dedicated tritium control system for the intermediate 

loop would be required to maintain overall FHR releases below HWR levels. To match the PWR 

discharge rate of 112 Ci/yr using only the permeator extraction system, the sum of all other FHR 

release would have to be 0.3068 Ci/day, or 0.03127% of the total distribution. Using equation 6.5 

as an upper estimate, the efficiency of the permeator in this scenario would have to be at least 99.5% 

in order to freely release tritium from all other regions of the FHR. As previously demonstrated, 

there are diminishing returns on permeator extraction efficiencies as system dimensions are 
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increased. Therefore, depending on FHR design goals for tritium release, it is not likely that a 

tritium permeator system can be practically used as the single tritium control system in the plant. 

A more efficient implementation would be to use a permeator or other tritium extraction system in 

tandem with additional tritium mitigation and control technologies in the FHR. 

6.3.2. Tritium Extraction with a Graphite Retention Bed 

 Another possible tritium extraction technology involves separating tritium from liquid 

Flibe through retention onto a graphite pebble bed. Advantages of a graphite bed over a permeator 

system are the enhanced mass transfer in a bed of spheres compared to straight tubes as well as a 

potentially higher surface area per system volume, depending on the diameter of pebbles in the 

bed and the volume requirements for the tritium collection area between tubes in the permeator 

system. However, the buildup of tritium inventory in the graphite will decrease the flux of tritium 

to the spheres over time in a similar process to that of the core pebbles in previous TRIDENT 

Mod1 simulations. Therefore, a graphite retention bed can be paired with an absorber sphere 

circulation and desorption system in order to maintain a useful extraction rate of tritium from the 

salt. One likely orientation for a conceptual system would be to rely on the same pebble 

recirculation technology used for the core, where the movement of pebbles is driven by the 

buoyancy of graphite spheres in molten Flibe and fresh pebbles are injected into the bottom of the 

retention bed, as shown in Figure 6.19. A counter-current of Flibe and graphite spheres can also 

lead to a more efficient axial utilization the bed – since tritium concentration continuously 

decreases in the direction of salt flow, graphite pebbles with the lowest tritium inventory and 

highest retention potential can assist in increasing tritium retention rates in the lower sections of 

the bed when injected near the salt outlet.   



294 

 

 

Figure 6.19. Illustration of salt and pebble movement in a counter-flow graphite retention bed 

system with Flibe flowing from the top to bottom of the absorber column. Sphere diagram from 

[207]. 

 The graphite retention bed can be simulated using the same subroutine implemented for 

the reactor core in the TRIDENT Mod1 system-level model. As with the permeator system, the 

graphite bed was modeled as an isothermal region at 650ºC since the intended position is directly 

following the core outlet. The graphite retention bed was examined using the same test case 

conditions as the permeator system: an inlet T2 concentration of 4.3∙10-6 mol-T2/m
3, negligible TF, 

and a Flibe mass flow rate equal to 100% of the FHR primary loop flow. A sphere packing fraction 

of 0.6 was used to be consistent with the FHR core [3], which is in the range of most likely packing 

fractions of a randomly oriented bed [208]. The total pressure drop over the graphite bed was also 

constrained to 2 atm, which was calculated using the Foumeny correlation shown in equation 6.6 

[209]. In addition to the Flibe density, viscosity, and superficial velocity, the correlation also 

includes the effect of bed porosity, ε, and the ratio of bed diameter to pebble diameter, DB/dp. 

Eq. 6.6 
𝛥𝑃

𝐿
=

130𝜇𝑣

𝑑𝑝
2

(
(1 − 𝜖)2

𝜖3
) +

𝜌𝑣2

𝑑𝑝
(
1 − 𝜖

𝜖3
)(

𝐷𝐵/𝑑𝑝

0.335𝐷𝐵/𝑑𝑝 + 2.28
) 
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 In the test case simulation, the removal efficiency of the bed decreases over time as the 

tritium inventory in absorber spheres increases. The equilibrium efficiency in each retention bed 

geometry depends on the recirculation rate of pebbles, as shown in Figure 6.20. Desorption of 

pebbles on each recirculation was assumed to be 100% efficient, and thus graphite pebbles with 

an internal tritium concentration of zero were returned to the lower node of the retention bed. 

Recirculation parameters for the absorber spheres were selected based on factors applied to the 

volumetric flow rate of fuel pebbles in the core, which is 0.225 m3 of graphite per day for 4 cm 

pebbles at the baseline core residence time value of 50 days. Results in Figure 6.20 therefore refer 

to recirculation rates 1, 5, 10, 20, and 30 times that of core pebble handling system. During the 

simulation, the equilibrium values were calculated once the removal efficiency had a relative 

decrease of less than 0.01% over a 10,000s length of time.  

 

Figure 6.20. Example retention bed test case output of removal efficiency over time for various 

absorber sphere volumetric recirculation rates. An absorber sphere diameter of 2.5 cm was used 

along with a cylindrical bed diameter of 2.5 m and overall length of 8.099 m to create a pressure 

drop of 2 atm. 
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 Additional graphite retention bed cases were investigated in order to determine the effects 

of design parameters on system performance. Figure 6.21 shows the tritium removal efficiency for 

various absorber sphere diameters and recirculation rates for a 2.5m and 3m diameter bed. In each 

case, the length of the system was set based on the bed and sphere diameters to create a pressure 

drop of 2 atm as calculated by equation 6.6. Smaller diameter spheres lead to a higher pressure 

drop per system length, but create a higher surface area per volume for retention to occur. As 

shown by the 2.5m diameter bed cases, there is a higher potential efficiency for smaller sphere 

systems, but only at higher pebble recirculation rates. Spheres with lower diameters are more 

sensitive to the recirculation rate since they will approach their retention capacity faster than larger 

diameter pebbles. Increasing the diameter of the graphite bed has a similar effect to increasing the 

number of tubes in the permeator study – the salt velocity decreases when the retention bed 

diameter is raised, which decreases the pressure drop per until length and allows for larger volume 

systems with higher removal efficiencies. As shown for the 3m bed cases in Figure 6.21, retention 

beds with a larger volume require even higher recirculation rates to benefit from smaller pebble 

diameters. 

 

Figure 6.21. Retention bed removal efficiency for a 2.5m and 3m bed diameter, various pebble 

diameters, increasing recirculation rates, and various lengths set to produce an overall pressure 

drop of 2 atm in each case. 
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  The total Flibe volume from each of the cases in Figure 6.21 varies since the system length 

was adjusted to match a pressure drop of 2 atm. As seen in the permeator results, the potential 

removal efficiency of the retention bed increases with additional Flibe volume. However, the 

removal efficiencies throughout all Flibe volumes in the retention bed simulations are lower than 

the results from the 1000 tube permeator test case, as shown in Figure 6.22. The graphite bed 

results at each recirculation rate are shown in the figure, as well as open circles which represent 

the graphite bed efficiency at an infinite volumetric flow of absorber spheres. An infinite 

recirculation rate was calculated by maintaining a zero T2 boundary condition at the salt-graphite 

interface of all spheres. The same treatment could be applied to represent an infinite solubility of 

tritium within the spheres. In both cases, the only limitation on tritium retention in the bed is mass 

transfer to the pebble surfaces in Flibe. 

 

Figure 6.22. Comparison of retention bed tritium removal efficiencies from Figure 6.21 to the 

1000-tube permeator results. The open circles in the retention bed cases represent infinite 

recirculation rates. 
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 For the infinite recirculation results with the retention bed, the extraction efficiencies 

remain lower than the permeator cases despite a greater geometric surface area of pebbles than 

Flibe-facing area of tubes per system volume in some designs. The lower efficiency occurs because 

the model simulates an influx of T2 only into the pores of graphite first, where the open pore area 

is calculated by the geometric surface area time the graphite porosity, φ. Mass transfer potential in 

Flibe can be examined for each system through the product of the overall Flibe-facing area times 

the T2 mass transfer coefficient. As shown in Table 6.6, the kT2A values for the retention bed 

designs simulated are all greater than the values of the 1000-tube and 5000-tube permeators, while 

the 3m diameter retention beds have kT2A numbers above all permeator cases. However, when the 

area is scaled down by a factor of φ, or 0.1858 for AXF-5Q graphite [127], the retention bed falls 

below the permeator kT2A values in each design. Table 6.6 also shows removal efficiency 

calculations if the retention bed was a perfect absorber of tritium, where the full surface area of 

the graphite was applied when calculating the flux of T2 to pebble surfaces. In these cases, the 

retention bed maximum performance was higher than most permeator results.  

Table 6.6. Comparison of relevant dimensions and results for the retention bed and permeator 

test cases. The permeator specific volume was calculated assuming a 50% occupancy of tubes 

inside a tube bundle and 50% void space. 

Graphite Bed: 
2.5m DB, 

3cm dp 

2.5m DB, 

2.5cm dp 

2.5m DB, 

2cm dp 

3m DB,    

2cm dp 

3m DB, 

1.5cm dp 

Bed Length [m] 9.911 8.099 6.331 12.722 9.217 

Flibe Volume [m3] 19.46 15.90 12.43 35.97 26.06 

Specific Area [m2/m3] 120 144 180 180 240 

kT2A [m3/s] 0.611 0.634 0.664 1.494 1.578 

φkT2A [m3/s] 0.114 0.118 0.123 0.278 0.293 

Infinite Recirculation η 15.31% 15.84% 16.52% 33.39% 34.89% 

Perfect Absorber η 59.11% 60.46% 62.16% 88.77% 90.06% 

Permeator: 1k Tube 5k Tube 10k Tube 20k Tube  

Tube Length [m] 60.49 43.91 38.61 33.97  

Flibe Volume [m3] 25 25 25 25  

Specific Area [m2/m3] 74 122 148 175  

kT2A [m3/s] 0.365 0.603 0.755 0.945  

Test Case η 41.04% 58.28% 66.49% 74.53%  
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 Model assumptions based on whether or not the full graphite pebble surface can retain an 

influx of tritium, or trapping sites can only be accessed first by diffusion through pores, will 

influence the resulting retention bed efficiency under high pebble recirculation rates. However, at 

pebble volumetric flow rates thirty times that of the FHR core and below, the removal efficiency 

of the graphite bed is significantly lower than the infinite recirculation values because the main 

limitation in the retention process is the tritium diffusion and trapping rate in graphite and not mass 

transfer in Flibe. Similarly, the performance of the retention bed is more dependent on the rate of 

tritium transport into graphite, rather than the total capacity for tritium retention in the spheres. 

For example, results from the 2.5m retention bed case with 2.5cm spheres made of stainless steel 

instead of graphite are shown below in Figure 6.23. The solubility of tritium in graphite is roughly 

five times higher than 316 stainless steel at FHR temperatures [91, 126], but the faster diffusion 

of tritium into steel results in a greater total inventory of tritium in the pebbles since a larger 

fraction of the sphere volume is engaged in the retention process. Time dependence of removal 

efficiency in the steel retention bed differs from the graphite system because the T2 surface 

boundary condition does not begin to increase significantly until tritium diffuses towards the center 

and saturates the metal sphere. Note that this analysis is not intended to support development of a 

steel sphere tritium retention bed concept, but only to illustrate the importance of considering both 

tritium capacity and retention kinetics for any retention bed design. 
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Figure 6.23. Removal efficiencies in a 2.5m diameter bed 8.099m in length using 2.5cm POCO 

AXF-5Q graphite or 316 stainless steel spheres in the constant T2 inlet condition test case. 

 In summary, the removal efficiency of a graphite retention bed as predicted by the pore 

and grain tritium transport model is lower than that of permeator systems at similar Flibe volumes 

and pressure drops. Because of the low solubility of T2 in Flibe, along with the relatively high 

diffusivity and solubility of tritium in steel, the permeation process in FHRs is predominantly 

limited by mass transfer in Flibe rather than diffusion in the metal. All tritium extraction systems 

are limited by the rate at which tritium can transfer through Flibe to the extraction surfaces, and 

thus using an extraction technique based on permeation through metals is one method which 

creates very little additional resistance to the overall tritium exchange process. In contrast, the 

diffusion of tritium into graphite bulk appears to be slow enough as to limit the total useful 

retention volume in a graphite bed extraction system. The tritium diffusion and trapping limitations 

in the graphite retention process can also explain the significant tritium concentration gradient 

observed in the MSRE graphite moderator as well as the difference between mCi/g and μCi/mm2 

values measured in desorptions of the FS-2 irradiation samples [140, 41]. Regardless of the 

removal efficiency of the graphite retention bed, the same conclusions from the TRIDENT Mod1 

permeator analysis apply – the majority of tritium generated by a FHR can be removed by a 10-

20% efficient extraction system (using the analysis in Figure 6.18), but an extraction system 

efficiency of greater than 99% is likely required to allow unmitigated tritium releases in all other 

regions of the reactor. 
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6.3.3. Summary of TRIDENT results and Tritium Management Options 

 The implementation of a tritium extraction system or permeation barrier coating into the 

design of a FHR will require significant levels of investment and effort in order to fully 

demonstrate the efficacy of each approach. To justify the necessity of any tritium management 

related design intervention, FHR designers should first have a thorough understanding of the 

tritium control and capture systems required to maintain acceptable release rates with a generic 

FHR plant layout. For this purpose, the results from TRIDENT Mod1 or a similar system-level 

tritium transport code can provide useful predictions for understanding the baseline tritium 

distribution expected in FHR designs.  

 As previously discussed, potential candidate materials for long term tritium storage are 

hydride getter beds for HT/T2 and molecular sieve adsorbents for HTO/T2O. For both storage 

materials, the capture mechanisms are based on chemical interactions, and thus tritium and other 

hydrogen isotopes will be captured at roughly equivalent rates. Therefore, the efficiency of each 

tritium capture method depends on the amount of hydrogen-containing molecules or otherwise 

undesirable species present in each collection flow path. As the largest volume region and likely 

the most difficult to fully isolate from impurities, the reactor building can be considered the most 

difficult region in which to deploy a tritium capture system. Tritium collection efficiency could be 

improved in these areas by constructing gas-tight enclosures surrounding the sources of tritium 

release into the reactor building, which in the current TRIDENT Mod1 code are permeation 

through the hot leg, cold leg, and reactor vessel. Isolating a smaller volume in the reactor building 

dedicated to tritium capture could allow for effective HTO/T2O collection in very dry air or HT/T2 

capture in an inert cover gas. The cost and complexity of any proposed tritium control system or 

design change should then be weighed against the reactor building modifications required to 

achieve a given tritium release design goal in a baseline FHR design. 

 If reactor building design modifications and subsequent tritium control systems are found 

to be not practical, the release rate through the hot leg, cold leg, and reactor vessel can be reduced 

through permeation barrier coatings. Coatings applied to the outside of metal surfaces reduce 

releases by amplifying the permeation resistance in the metal. However, the permeation resistance 

created by diffusion through steel is small at normal FHR conditions. At the highest outer-coating 

performance case studied, the permeation rate through the hot leg, cold leg, and reactor vessel was 

reduced from 67,600 Ci/yr in the baseline simulation to 14,600 Ci/yr with a PRFout value of 500. 
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Considering that a HWR releases only 3,500 Ci/yr for an equivalent electrical output [29], the 

outer coating release reduction appears to be insufficient to leave tritium releases uncontrolled in 

the reactor building and prevent the implementation of building tritium control systems. 

 Permeation barrier coatings on Flibe-facing surfaces of structural materials are more 

effective in reducing permeation rates because the coatings directly reduce the flux of T2 into the 

material. Disadvantages of inner-facing coatings also exist, such as potential corrosion concerns 

from molten Flibe and the added difficulty in inspecting or replacing coatings during service life. 

When coatings are applied to all inner-surfaces of the FHR, permeation rates are significantly 

reduced, but the concentration of T2 in the salt also increases which adds to the concentration 

gradient and initial flux of T2 from Flibe. The permeation rate to the reactor building when all 

inner-surfaces are coated with a PRFin of 500 amounts to 757 Ci/yr. A more efficient use of 

coatings, both in terms or required surface areas and release reductions per PRFin applied, is to 

allow permeation through the heat exchanger and utilize coatings only on the hot leg, cold leg, and 

reactor vessel. In this case, the buildup of T2 concentration in the salt is prevented because the heat 

exchanger remains as the dominant tritium release path, and permeation into the intermediate loop 

is preferred over the reactor building since suitable tritium capture systems exist for the nitrate salt 

cover gas. For coatings with PRFin values of 500 applied to the hot leg, cold leg, and reactor vessel 

only, the reactor building release rate decreases to 172 Ci/yr. 

 A tritium extraction system implemented into the FHR primary loop can lower releases in 

all regions by decreasing the equilibrium concentration of tritium in Flibe. The removal efficiency 

of an extraction system depends on the dimensions of each design. For example, the volume of 

Flibe in the extraction system generally increased the removal efficiency for both the permeator 

and graphite retention beds examined in this Section. Considering the time constants of Flibe flow 

and tritium residence time in the FHR, the sum of releases in the primary loop amount to a removal 

efficiency of 6.7% per salt pass through the primary loop. Therefore, an extraction system will 

begin to absorb the majority of tritium releases once the system single-pass removal efficiency 

surpasses that of the overall FHR, which is readily achievable with each of the permeator and 

retention bed designs studied in this section. However, to achieve a tritium release rate equal to 

PWR levels of 112 Ci/yr for an equivalent FHR electrical output, an extraction system would have 

to be at least 99.5% efficient to allow unmitigated releases from all other regions in a FHR. 

Furthermore, the removal efficiency of an extraction system will increase diminishingly as the 
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scale of the system is raised, as exhibited by the steel volumes and number of tubes verses 

performance of permeator systems analyzed previously. Therefore, it is increasingly difficult to 

achieve an extraction system efficiency of 99.5% without attempting to first restrict the baseline 

release rates of the other FHR regions. 

 The TRIDENT Mod1 results reveal the difficulty in relying on only a single design change 

to achieve a release rate below that of current PWRs – either Flibe-facing coatings with PRFin 

values greater than 500 must be demonstrated for a strategy solely based on coatings, or an 

extraction system with a removal efficiency of greater than 99.5% would be required if the 

extraction system outlet was the only region where tritium capture took place. Since tritium 

permeation through the heat exchanger and tritium retention on the core pebbles are the two main 

release pathways in a baseline FHR, the requirements for additional tritium control systems are 

significantly relaxed if design considerations are implemented to recover tritium from the 

intermediate loop and the core graphite pebbles. Retention on the core pebbles is maximized when 

pebbles are fully desorbed on each pass through the core, but the retention rate remains significant 

if recirculation without desorption occurs and pebbles are simply replaced on a 500 day residence 

time. Therefore, permeation through the heat exchanger and retention on graphite pebbles can both 

be leveraged as a partial tritium control solution regardless of whether a desorption facility is 

integrated into the pebble desorption system. 

 Because suitable candidate tritium collection options exist to recover tritium from the core 

pebbles and the intermediate loop cover gas, in addition to the fact that these transport pathways 

are the most difficult to minimize in any tritium control strategy, the FHR design should 

incorporate focused efforts to reduce and control tritium releases into the reactor building. To this 

end, a combination of technologies will likely be more effective than a single solution. For example, 

the majority of tritium extraction in a FHR can be achieved with a small system capable of 10-20% 

extraction efficiency. Pairing a minor tritium extraction system with various levels of Flibe-facing 

coatings results in significantly lower coating PRFin requirements for a given release rate, as shown 

in Figure 6.24. Adding permeation barriers to Flibe-facing surfaces also appears to greatly reduce 

the overall release rate, even at much lower extraction efficiencies than the permeator results 

plotted vertically at PRFin=0 in Figure 6.24.  
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Figure 6.24. Annual release into the reactor building simulated by TRIDENT Mod1 for the 5k, 

10k, and 20k tube permeator cases (ηEX=58.65%, 66.88%, and 74.91%) along with cases without 

extraction systems but permeation barriers applied to the hot leg, cold leg, and reactor vessel. 

Additional cases with permeation barriers and extraction systems of efficiencies between 10% 

and 20% outperform results from coating- or extraction-only simulations. 

 The combination of Flibe-facing coatings and minor extraction systems can lead to release 

rates into the reactor building which are lower than that of average PWR tritium discharge values 

according to simulations with TRIDENT Mod1. As shown in Figure 6.25, release values are below 

the PWR average for extraction system efficiencies of 10%, 15%, and 20% when coatings with 

PRFin values of 250, 200, and 150, respectively, are applied to the hot leg, cold leg, and reactor 

building. In this strategy, determining the required margin from the tritium release design goal will 

ultimately depend on the capture efficiency of tritium control systems employed for the primary 

releases and intermediate loop. If effective tritium capture systems can be implemented for the 

remaining release paths, then a combination of a modest tritium extraction system and Flibe-facing 

permeation barrier coatings on the hot leg, cold leg, and reactor vessel is an efficient strategy to 

minimize overall tritium release from a FHR plant. 
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Figure 6.25. Annual reactor building release for various combinations of Flibe-facing coating 

permeation resistance and extraction system efficiencies compared to average PWR discharge 

rates [29].  
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7. Conclusions and Future Research Needs 

 While several design features of the Fluoride-Salt-Cooled High-Temperature Reactor have 

been successfully demonstrated in previous reactor designs, the eventual realization of the FHR 

depends on the ability to address key technical challenges. One such challenge is the need to 

mitigate the environmental release of tritium generated by neutron irradiation of the Flibe coolant 

salt. Implementing design and engineering controls to limit tritium release from the plant first 

requires an understanding of how and where tritium release will occur from the primary system, 

whether by permeation through metals, evolution to the reactor cover gas, or retention on graphite 

in the core. The TRIDENT system-level tritium transport code originally developed by Stempien 

[3], and expanded upon in this study, was utilized to determine the rates of tritium release by 

various modes and in multiple regions of a FHR design. The model was then be used to explore 

design changes which promote tritium release to favorable collection streams and reduce release 

into undesirable zones, thus outlining the basis for an overall tritium management strategy. 

 In any FHR design, the majority of surface areas in contact with Flibe salt will likely consist 

of structural metals from components such as the heat exchanger, reactor vessel, and primary 

piping. The permeation process at typical FHR conditions is mainly limited by mass transfer in 

Flibe, rather than diffusion through metals, which was proved analytically for Flibe and nickel 

systems and was shown numerically for Flibe and 316 stainless steel in TRIDENT Mod1 [188]. 

Therefore, the permeation rates through various regions in a FHR can be predicted based solely on 

the mass transport characteristics of Flibe flow in each zone. However, if the only limitation 

towards retention in graphite was tritium transport to graphite surfaces, then the core pebbles 

would absorb the majority of generated tritium, or 79.8% of the total tritium for the FHR design 

modeled in this study. 

 Modeling the transport of tritium within graphite materials is a solution to represent other 

phenomena which may add resistance to the overall tritium retention process. The inclusion of 

graphite transport and trapping kinetics into the TRIDENT Mod1 code can therefore produce more 

representative values for the expected rates of tritium retention in the graphite pebbles and reflector 

regions in a FHR. In this study, tritium analysis of graphite samples from in-core irradiations at 

the MIT Reactor were used to understand contributing factors which influence tritium retention 

mechanisms in the Flibe and graphite environment. Experimental measurements were then used 

to construct and justify a method for simulating the transport of tritium inside graphite materials 
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at FHR conditions. The graphite retention methodology was then implemented into the TRIDENT 

system-level model to examine the baseline distribution of tritium in a FHR and explore potential 

tritium management solutions. Conclusions from each individual step in this research process are 

summarized below. 

7.1. Conclusions from Experimental Measurements 

The main conclusions from the experimental measurements presented in Section 3 can be 

summarized as follows: 

 Retention in graphite accounted for a significant fraction of the total tritium generation 

in the FS-1, FS-2, and FS-3 in-core irradiations. The total retention in graphite from each 

irradiation was estimated through tritium desorption experiments which measured the total 

tritium content in several samples. An average of each sample set was extrapolated to represent 

the total graphite inventory of the particular experiment, either by using the tritium content per 

Flibe-facing surface area measured for FS-1 and FS-2 samples or the tritium activity per 

sample mass in FS-3. The estimated percent of total tritium generation retained by graphite 

was then 19.6±1.9% for FS-1, 34±10% for FS-2, and 27.1±1.9% for FS-3. Considering that 

the difference between calculated tritium generation and measured releases from the FS-3 

experiment was 22±10% of the total production, tritium retention in graphite is the main reason 

for total release being less than the overall generation. While there are several differences 

between the MITR Flibe experiments and the tritium transport conditions of a FHR, the 

significant fraction of tritium retained by graphite samples in the FS-1, FS-2, and FS-3 

irradiations demonstrates the need to consider tritium retention in graphite in full-scale FHR 

models. 

 

 Tritium content in FS-2 graphite samples was concentrated near the salt-facing surfaces, 

and not evenly distributed through the graphite volume. Three graphite disc samples from 

the FS-2 experiment were split into subsections with various amounts of Flibe-facing exterior 

surface areas per sample mass. Sample subsections originating from the same disc should have 

similar tritium retention characteristics, and the tritium inventories measured in each individual 

subsection test were compared by normalizing the tritium activity to the subsection area and 

subsection mass. For all three disc sample sets, the normalization by sample area provided 
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more consistent values than normalization by sample mass, as judged by the relative standard 

deviation of each group. Relative standard deviations by mass and area were 20% and 10% for 

the IG2 sample, 39% and 17% for the ARB sample, and 50% and 28% for the IG1 sample, 

with the lower value in each case being the tritium activity per surface area deviation. A 

subsection analysis could not be completed for the FS-1 crucible samples, but the similarities 

between tritium per area measurements compared to tritium per sample mass between FS-2 

and FS-1 samples also suggests that retention in the FS-1 crucible was better explained by 

surface-concentrated retention rather than volumetric saturation. For example, the activity per 

surface area average was 4.75 μCi/mm2 for the IG1 sample and 4.18 μCi/mm2 for the FS-1 

crucible sections, compared to 3.669 mCi/g for IG1 and 0.7563 mCi/g for the FS-1 crucible. 

The MITR tritium desorption measurements, as well as post-operation analysis of MSRE 

moderator graphite [140], reveals that the regions closest to the salt-graphite interface are 

preferentially engaged in tritium retention. Therefore, a method to calculate the tritium 

transport into bulk graphite is required in order predict the tritium inventory in FHR core 

materials, rather than relying only on the volumetric capacity of graphite to calculate the total 

retention. 

 

 Tritium desorption measurements of nuclear graphites irradiated in Flibe demonstrate 

several similarities to mechanisms observed in retention of gaseous hydrogen. A central 

assertion made from the experimental measurements in this study is that there are several 

parallel observations between desorption testing of MITR Flibe irradiation samples and 

previous studies on the retention of gaseous hydrogen isotopes in graphite. Therefore the 

mechanisms proposed for the H2 gas retention process can also be used to describe tritium 

transport in the Flibe-graphite system. The observed similarities are summarized below. 

 

 Tritium desorption from MITR Flibe irradiation samples occurred in distinct peak 

structures which are indicative of trapping sites in graphite.  All thermal desorption 

experiments of samples from the FS-1, FS-2, and FS-3 irradiations displayed a central peak 

tritium desorption rate at temperatures in the range of 650ºC to 900ºC. Another distinct 

desorption peak at temperatures above 1000ºC was clearly observed for the FS-3 samples, but 

not consistently shown in FS-1 and FS-2 samples. A tritium desorption profile with two main 
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peaks is consistent with previous observations of nuclear graphites charged with deuterium gas 

[115]. Peaks in the desorption profile observed in previous gaseous retention studies were 

proposed to be a result of active sites in graphite with distinct trapping energies [123]. Peak 

desorption rates occurred at lower temperatures in the MITR sample desorptions than for the 

D2 retention studies in literature, which can be explained by the graphite samples being below 

the point of saturation [123]. For example, the FS-3 graphites were the closest of the MITR 

samples to being saturated as judged by the subsection analysis of the U44 IG-110U sample, 

and thus the FS-3 samples had relatively higher peak desorption temperatures than observed 

for FS-1 and FS-2 graphites of the same grade. 

 

 Tritium desorption as a function of temperature was influenced by the presence of 

additional H2 in the furnace sweep gas. A shift to lower peak desorption temperatures was 

observed as hydrogen concentration increased during the analysis of FS-1 crucible sections, 

the ARB samples from FS-2, and the lower crucible IG-110U samples from FS-3. In each case, 

increasing the H2 concentration in the furnace sweep gas led to peak desorption temperatures 

earlier in the experiment and at lower overall temperatures. Studies on the absorption of 

hydrogen gas have shown that the effective diffusivity of H2 in graphite increases as the partial 

pressure of H2 is raised [136]. Therefore, adding hydrogen to the sweep gas of the desorption 

furnace would lead to a peak desorption rate at lower temperatures if the desorption release 

was controlled by a diffusion process through the graphite sample. The effect of hydrogen in 

the furnace sweep gas can also explain a portion of the difference between the lower peak 

desorption temperatures from MITR graphite samples and gas retention studies in literature, 

where desorption occurred in a vacuum and no additional H2 was present [123, 159].  

 

 The measured activation energy for tritium desorption in MITR graphite samples was 

consistent with previously proposed mechanisms. When graphite samples are charged with 

hydrogen gas and desorbed at high temperatures, the rate limiting step in the desorption process 

is described as the diffusion-controlled transport of tritium through graphite filler grains [115, 

123, 159]. Several experiments have measured the diffusivity of hydrogen in graphite grains, 

and the four studies described in Section 2 present diffusivities with an average activation 

energy of 273.5 kJ/mol [126, 129, 127, 134]. The activation energy corresponding to the central 
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desorption peak from the MITR IG1 sample subsections was measured by observing the shift 

in peak desorption temperature as the temperature ramp rate was varied. An activation energy 

of 260 kJ/mol was calculated for the IG1 sample set, which is consistent with a tritium 

desorption process being rate-limited by diffusion through graphite grains since the range of 

grain diffusivity activation energies varied from 251 to 305 kJ/mol in the previous studies. A 

tritium desorption process controlled by diffusion also helps to explain why the desorption 

rates of MITR samples as a function of temperature were influenced by sweep gas hydrogen 

concentration. 

 

 The chemical forms of tritium retained on FS-1, FS-2, and FS-3 graphite samples were 

mainly HT/T2. The chemical form of tritium desorbed from the MITR samples could be 

examined by detecting whether or not the species were soluble in the first three vials of the 

water bubbler collection system. The resulting average soluble tritium fraction of each sample 

group was 4.2% for FS-1, 11.2% for FS-2, and 7.2% for FS-3 samples. Therefore, the majority 

of tritium desorption in all cases occurred from a water-insoluble form, of which HT/T2 are the 

most likely. The chemical form of tritium measured from MITR samples then also supports 

the use of transport mechanisms proposed for gaseous hydrogen to describe the retention 

process in graphite of tritium originating from molten Flibe under neutron irradiation. 

 

7.2. Conclusions from Graphite Tritium Transport Model Development 

The central takeaways from the development of the graphite transport and trapping model are 

summarized below. 

 A bulk-diffusivity model can be used to represent tritium transport in graphite, but only 

when diffusion length scales are controlled. Treating graphite as a homogenous medium 

with a single diffusivity was used to replicate the thermal desorption of deuterium in 1mm 

thick POCO AXF-5Q1 samples from previous studies [159]. Using the experimental 

desorption profile, a bulk-diffusivity was fit from the data by varying the diffusion activation 

energy and pre-exponential factor. The resulting bulk diffusivity from the data fit had values 

in between that of previous measurements for the diffusivity of hydrogen in graphite pores and 

the diffusivity inside graphite grains. Therefore, a bulk-diffusivity can be used to represent the 

diffusion in graphite pores and grains with a single process. However, since the grain size stays 
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constant in graphite while bulk dimensions can vary, the bulk-diffusivity fit from a single 

experiment cannot be generally applied to other graphite systems with different diffusion 

length scales. For example, when the bulk-diffusivity from the 1mm desorption experiment 

was used to model the retention of a 0.39mm thick sample from a separate study, the retention 

rate for a given time and temperature was over predicted by the model since then sample length 

scale was significantly reduced. To apply the bulk-diffusivity model to retention calculations 

in a FHR, an experimental data source would be required with temperatures, hydrogen partial 

pressures, and physical dimensions similar to that expected in the reactor. 

 

 Modeling tritium transport in graphite pores along with tritium diffusion and trapping 

in graphite grains can provide a more general approach towards simulating tritium 

retention in graphite. Models which simulate tritium diffusion and trapping in graphite grains 

have demonstrated an ability to reproduce results from gaseous retention experiments [127, 

108]. However, one assumption made in previous models is that grains inside graphite are 

exposed to the same partial pressure of tritium throughout the graphite bulk. Considering that 

a significant tritium concentration gradient may be present in graphite at FHR conditions, a 

retention model for a FHR requires some representation for the change in tritium partial 

pressures which may occur over the physical dimensions of graphite materials in the core. 

Modeling the diffusion of molecular tritium through graphite pores in connection with the 

uptake, diffusion, and trapping of tritium in grains is one method in which a tritium retention 

can be solved for as a function of depth into graphite. A pore and grain transport solution is a 

more general approach than the bulk-diffusivity method since each input into the model has 

been previously measured in literature and no additional data fitting is required. However, as 

significant uncertainty in some parameters exists, calculations from the pore and grain 

diffusion method would benefit from additional experimental investigation into tritium 

transport properties in graphite grades of interest. 

 

 Both tritium retention calculation methods demonstrate that tritium transport in 

graphite limits the overall retention rate in a FHR. Using the baseline FHR description 

outlined in Section 5, tritium retention on the core graphite pebbles accounted for 26.3% of the 

total tritium distribution with the pore and grain transport methodology and 20.3% with the 
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bulk-diffusion treatment. Both values are significantly below the 79.8% retention estimate 

which would have occurred if tritium retention in graphite was only limited by mass transfer 

in Flibe. As a result, tritium transport into graphite adds a considerable resistance to the overall 

retention process at expected FHR conditions according to the transport models proposed in 

this study. 

 

7.3. Conclusions from Proposed Tritium Management Strategies 

The updated tritium retention methodology for graphite was implemented into the TRIDENT 

Mod1 system-level tritium transport model to calculate the baseline FHR tritium distribution and 

explore tritium management strategies. While the strategies implemented were not an exhaustive 

list of potential options, the resulting changes to the tritium distribution can provide general 

guidance towards the effect from similar tritium management solutions. 

 Permeation through the hot leg, cold leg, and reactor vessel comprises a significant 

fraction of the baseline tritium distribution. In addition to implementing the graphite 

retention methodology, the updates to TRIDENT from this work included development of 

additional regions in the FHR to better describe the complete tritium distribution in the reactor. 

One surprising result was that tritium permeation through the hot leg, cold leg, and reactor 

vessel produced 17.9% of total tritium releases, despite accounting for only 1.9% of the total 

surface areas in contact with Flibe in the primary loop. The elevated permeation in these 

regions occurs because of the significant turbulence and enhanced mass transfer characteristics. 

For an equilibrium tritium generation rate of 981 Ci per day, the baseline releases from the hot 

leg, cold leg, and reactor vessel amount to 64093 Ci per year. Considering that permeation 

from these regions will lead to release into the reactor building where tritium capture may be 

the most difficult, it is important factor these releases into the overall tritium management 

strategy for the FHR.  

 

 Permeation barrier coatings applied to exterior surfaces only marginally reduce 

permeation into the reactor building, and are not practical for limiting permeation into 

the intermediate loop. In the TRIDENT Mod1 code, permeation barrier coatings applied to 

the exterior surfaces of structural metals have the effect of increasing the concentration of 

diffusing tritium. Increased tritium concentration in the metal can in turn amplify the 
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permeation resistance through increasing the boundary T2 value at the salt-metal interface. 

However, since the heat exchanger has negligible permeation resistance under baseline 

conditions, exterior coatings with permeation reduction factors up to 500 were not effective in 

reducing the permeation rate into the intermediate loop. In contrast, there is a small, but notable 

permeation resistance created by tritium diffusion through the hot leg, cold leg, and vessel at 

baseline FHR conditions. For exterior coatings with PRFout values of 500 applied to these 

regions, the sum of permeation releases is estimated to decrease from the baseline value of 

64093 Ci/yr to 14,600 Ci/yr.  

 

 Flibe-facing coatings can reduce permeation rates, and can be most efficiently leveraged 

in strategies which also employ tritium capture in the intermediate loop. For coatings 

applied to the inner surfaces in the primary loop, the flux of T2 into the metal is directly reduced 

according to the specified PRFin value. Applying coatings to all Flibe-facing surfaces decreases 

permeation rates, but also increases the T2 concentration in the salt as tritium release paths are 

diminished. The sum of permeation rates from the hot leg, cold leg, and reactor vessel was 757 

Ci/yr when all inner-surfaces were simulated with a PRFin of 500. By leaving the heat 

exchanger uncoated instead, and thus assuming that tritium capture systems can be effectively 

employed in the intermediate loop, the significant increase in T2 concentration can be 

prevented and permeation through the heat exchanger remains as the dominant release path. 

For a PRFin of 500 applied only to the hot leg, cold leg, and vessel, the permeation rate into 

the reactor building was calculated to be 172 Ci/yr. In this case, the amount of Flibe-facing 

coating surface area required is only 2.5% of the fully-coated case.  

 

 A tritium extraction system in the primary loop can remove substantial tritium releases, 

but other FHR transport pathways remain significant even at high removal efficiencies. 

The calculated tritium residence time in the FHR primary systems along with the Flibe flow 

transit time reveals that 6.7% of the salt tritium inventory is removed upon each pass through 

the primary loop. Therefore, a tritium extraction system will start to absorb the majority of 

tritium releases from the reactor once a single-pass removal efficiency of 6.7% is exceeded. A 

removal efficiency of greater than 10% was readily achieved for the permeator and graphite 

retention bed designs considered in Section 6. For example, a permeator system constrained to 
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a 25 m3 internal Flibe volume and 2 atm overall pressure drop had a calculated removal 

efficiency of 41.04% for a 1000 tube design and 74.53% for a 20,000 tube design. However, 

the sum of all other FHR release paths still amounted to 5729 Ci/yr when the 20,000 tube 

permeator design was implemented in TRIDENT Mod1. A simple formula discussed in 

Section 6 suggests that the required removal efficiency of an extraction system would have to 

be greater than 99.5% in order to achieve releases from all other FHR regions equal to the 

average PWR discharge rate of 112 Ci/yr [29]. In both the permeator and graphite bed designs 

studied, there were diminishing returns on extraction performance as the dimensions of each 

system increased. Therefore, achieving a PWR-equivalent release rate would require an 

impractically large extraction device in the primary loop if the extraction system was the only 

region where tritium was captured from the FHR. 

 

 Combining a low efficiency tritium extraction system with moderate strength Flibe-

facing coatings leads to tritium releases from the hot leg, cold leg, and reactor vessel 

which are lower than a reference PWR annual tritium release rates. As the dominant 

tritium release path in the baseline FHR simulations, permeation through the heat exchanger 

is the most difficult to minimize in any tritium management strategy. If a nitrate salt is used as 

an intermediate coolant, tritium which permeates through the heat exchanger is expected to 

undergo oxidation and thus be restrained from further permeation [176, 114]. A tritium 

management strategy which implemented controls to sequester tritium from the intermediate 

loop would thus not necessarily require limitations on the permeation rate through the heat 

exchanger. Focusing then on releases to the reactor building, Flibe-facing permeation barriers 

can be applied to the hot leg, cold leg, and reactor vessel while the heat exchanger is left 

uncoated. Adding a low efficiency tritium extraction system to the primary loop can 

significantly reduce the coating requirements for permeation resistance while maintaining low 

release rates into the reactor building. For example, TRIDENT Mod1 simulations demonstrate 

that reactor building releases below the PWR annual discharge rate can be achieved for PRFin 

values and extraction system efficiencies of 250 and 10%, 200 and 15% or 150 and 20%, 

respectively. As previously shown, a coating with a PRFin above 500 would be required to 

achieve the same results without the added extraction system. 
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7.4. Data Needs and Opportunities for Future Improvement 

 The TRIDENT Mod1 code relies on numerous experimentally measured parameters in 

order to perform system-level tritium transport calculations. Additional experiments to measure 

certain parameters would improve the confidence in the predicted tritium distribution. The 

sensitivity study discussed in Section 5 can provide information as to which experiments would 

be the most valuable in future studies, as summarized below. 

 

 The Henry’s law coefficient for T2 solubility in Flibe (KH,T2):  The KH,T2 values had a 

notable sensitivity to tritium release in all FHR regions. Measurements of KH,T2 fall into two 

groupings in literature studies – either relatively low values from direct measurements of 

solubility, or relatively high values measured during permeation experiments. Future 

measurements could help to rule out one group of measurements over the other, and thus 

significantly reduce the relative uncertainty in the parameter. For example, the relative 

standard deviations of the low and high groupings are 55% and 41%, compared to a combined 

relative standard deviation of 103%. Therefore, the uncertainty could be reduced by half 

through an experiment which identifies which grouping is more appropriate.  

 

 Solubility of tritium in graphite (KS,g):  Sensitivity values for KS,g were among the top three 

highest in all reactor regions, despite the moderate relative uncertainty. The solubility of tritium 

in graphite influences the total tritium capacity and also partially governs the transition of from 

pores to grains in graphite. High sensitivity values from KS,g also highlight the need to 

understand how the solubility of tritium in graphite will change under neutron irradiation at 

FHR conditions. 

 

 Diffusivity of tritium in graphite grains (DT,g):  The DT,g input value had the highest relative 

uncertainty in literature measurements, and also the third largest impact on the tritium release 

to primary systems. One cause of the high uncertainty is that previous measurements on several 

grades of graphite as well as significantly different testing conditions were used to calculate 

the relative uncertainty. Once the graphite grades of interest are selected for the FHR, directed 

testing on these materials at suitable FHR conditions could lead to significant improvements 

on the spread in observed data. 
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 Diffusivity of tritium in graphite pores (DT2,p): Varying the diffusivity of tritium in graphite 

pores has a similar effect to that of graphite grains, although at a slightly lower sensitivity. 

Only two measurements on the diffusivity of hydrogen in nuclear graphite pores were found 

in literature [126, 108], and the data set was supplemented with estimations on the diffusivity 

of helium calculated from thermal desorption profiles [138]. In addition to more measurements, 

there is also a need for data to be taken over a larger range of FHR-representative temperatures. 

 

 Diffusivity of T2 in Flibe (DT2,Flibe):  The diffusivity of tritium in Flibe has a fairly high 

uncertainty in previous experimental measurements, and has a notable impact on tritium 

transport to all regions in a FHR. Further resolving the T2 diffusivity in Flibe is also important 

when determining the removal efficiency of any candidate tritium extraction system for the 

FHR. Additionally, the DT2,Flibe value had the second largest sensitivity in terms of tritium 

release to the intermediate loop. Therefore, tritium management strategies which rely on 

tritium capture in the nitrate salt will require higher certainty in diffusivity values in order to 

accurately predict the amount of tritium control required in the intermediate loop. 

 

 Trapping rate constant (ΣT):  No experimental studies which explicitly measure a trapping 

rate constant were found in the literature review and TRIDENT Mod1 relies on the ΣT structure 

proposed by the TMAP code [92]. When all parameters were varied by 10%, the trapping rate 

constant had the sixth highest sensitivity on the amount of tritium retention in the core. Further 

studying the temperature dependence of the trapping rate constant will be important in 

determining the fraction of tritium which is converted to high-energy trapping sites in graphite. 

As shown for the baseline TRIDENT Mod1 results, the amount of high-energy trapping 

significantly varied between the graphite pebbles near the 550ºC core inlet and pebbles near 

the 650ºC core outlet. Furthermore, the FS-3 desorption experiments show that there was a 

large difference between strong trapping behavior in the lower crucible samples which had an 

irradiation temperature of 600ºC and the upper crucible samples at 720ºC. Therefore, the range 

of FHR operating temperatures appears to be near transition temperatures where high-energy 

trapping in graphite becomes significant. 
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 Beyond the input parameter sensitivity study, other possibilities were explored to examine 

how the tritium distribution in a FHR would change if the baseline assumptions varied. For 

example, the assumptions on the chemical form of tritium in Flibe were varied by using more 

oxidizing redox potentials in the salt, as well as modeling a delay in redox equilibration with a 

chemical control sub-loop. In both scenarios, the TF concentration in the salt significantly 

increased, as was well above the T2 concentration in some cases. However, substantial increases 

in the TF concentration in Flibe did not lead to a large deviation from the baseline tritium 

distribution because evolution to the reactor cover gas was the only modeled path for tritium 

release. If FHR-representative systems are indeed found to exhibit high levels of TF relative to T2, 

then the underlying assumptions on TF release paths should be revisited. 

 One reason why TRIDENT Mod1 results were not sensitive to large changes in tritium 

chemical forms is that evolution to the reactor cover gas had the lowest contribution to overall 

release in the baseline results. The evolution rate calculation relies on an experimentally measured 

mass transfer coefficient, where in the current model a value from a static Flibe irradiation is used 

[48]. It should be noted that the evolution mass transfer coefficient is comparable to other values 

in TRIDENT Mod1 – it is higher than the mass transfer coefficient in the heat exchanger and 82% 

of the value for the mass transfer coefficient in the vessel downcomer. However, evolution rates 

could be still higher in actual FHR designs if there is a significant rate of additional mass transfer 

occurring near the top of the vessel. For example, integral pumps in the vessel head could enhance 

the evolution mass transfer coefficient and potentially increase the potential salt-gas interfacial 

area if the salt surface is continuously disturbed. For these reasons, the current evolution rates 

predicted by TRIDENT Mod1 could be considered as lower bound estimates. 

 For tritium management strategies, the TRIDENT Mod1 results provide a preliminary 

understanding or design considerations for different tritium management solutions. With the 

extraction system analysis, the results demonstrate the size and scale of equipment needed to 

achieve various amounts of tritium release. For coatings, the tritium distribution results show what 

permeation reduction factors would be required from candidate coating materials. The TRIDENT 

Mod1 tritium management results were evaluated based on release out of the primary systems in 

gross terms of Curies of tritium per day. However, the true targets to minimize are the radiation 

hazards of tritium release and the potential for environmental contamination, which depend not 

only on the total amount of tritium release but also on the tritium effluent concentrations and 
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chemical forms. Future work should be carried out to connect the modeled results for tritium 

distribution in the primary FHR systems shown in this study to the release and potential tritium 

capture in the FHR plant, and then eventually to solve for tritium dose and radiation hazards in a 

site-scale mechanistic release model.  

 The tritium management discussion in Section 6 also did not examine any economic factors 

of the proposed solutions since little concrete information is available for certain aspects of each 

strategy. Overall costs of each approach will also significantly depend on the implementation of 

each solution into the FHR design, which requires a further detailed analysis. Since compliance 

with tritium release regulations will be required for licensing and operation of the reactor, a 

challenge for FHR designers exists in selecting and demonstrating a tritium management strategy 

for the plant that does not create a significant cost burden which diminishes the prospects for future 

FHR commercialization. 
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Appendix 

A. Additional Details on MITR Fluoride Salt Irradiation Experiments 

 Further detail is provided here on the capsule designs and sample test matrix from each in-

core Flibe irradiation at MITR. For the FS-1 experiment, the graphite crucible dimensions are 

displayed in Figure A.1. The samples and salt loading in each compartment are described in Table 

A.1. Desorption analysis was conducted with the crucible-third section containing compartments 

C and D, which are the two holes in the crucible without protruding metal wires. The metal hanging 

wires were used to suspend the 316SS and Hastelloy samples in the salt during the irradiation.  

 

 

Figure A.1. FS-1 crucible before irradiation (left). The crucible was assembled from three 

sections (right) fabricated according to the drawing with dimensions in inches. 

Table A.1. Salt and sample loading for the FS-1 irradiation. Additional descriptions in [17]. 

Compartment Liner Flibe Mass [g] Samples 

A None 21.3 2 Hastelloy N Plates 

B None 21.2 2 316SS Plates 

C None 21.2 3 SiC/SiC, 1 SiC 

D None 21.2 ~300 TRISO Surrogates 

E 316SS 18.2 2 316SS Plates 

F Hastelloy N 18.1 2 Hastelloy N plates 
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 Sample discs of IG-110U and ARB graphite from FS-2 were desorbed for tritium. The IG-

110U and ARB samples were contained in the same crucible compartment during the irradiation. 

 

Figure A.2. FS-2 crucibles filled with salt before irradiation (left), crucible top view dimensions 

(center), and crucible axial cutaway (right). 

Table A.2. Sample descriptions and dimensions (in mm) from FS-2. Additional details in [145]. 

Specimen Description Thickness  Width/Diameter  Height 

IG110U-1 Disc 2.006 19.05 
 

IG110U-2 Disc 2.01 19.04 
 

ARB-1 Disc 1.978 19.04 
 

ARB-2 Disc 2.006 19.04 
 

CC-1 Rectangular 2.449 11.67 20.83 

CC-2 Rectangular 2.388 11.99 20.34 

316-1-1 Rectangular 1-hole 0.712 9.97 19.73 

316-1-2 Rectangular 1-hole 0.641 9.86 19.74 

316-1-3 Rectangular 1-hole 0.483 9.94 19.8 

316-2-1 Rectangular 2-hole 0.516 9.96 19.84 

SiC-1 Rectangular 1.835 7.55 20.15 

SiC-2 Rectangular 1.871 7.62 20.07 

SiC-3 Rectangular 1.894 7.55 21.42 

SiC-4 Rectangular 1.865 7.62 20.10 

TRISO 400 particles 
 

0.916 
 



336 

 

 For the FS-3 experiment, samples from the upper and lower crucibles were tested. The 

samples were IG-110 from compartment FS-S-U4 and IG-110U from FS-3-3 listed in Table A.3. 

The FS-S-Ux crucible occupied the highest in core position, while FS-S-Lx was in the center, and 

FS-3-x was the lower crucible. Since no samples from FS-S-Lx were tested in this study, samples 

from the FS-3-x were referred to with the L designation, for simplicity. 

 

 

Figure A.3. FS-3 Crucibles after fabrication (left), top view drawings (center), and rotated axial 

cutaway drawings (right). Upper and lower crucibles have identical dimensions. 

Table A.3. Sample matrix for FS-3 with dimensions and surface conditions. 

Flibe salt Sample 

name 

Material 

name 

Surface 

condition 

Baking or 

not 

Thickness 

[mm] 

Diameter 

[mm] 

Sample 

Mass [g] 

5.2g 

FS-S-U1-1 NG-CT-50 
  

2.009 8.019 0.1773 

FS-S-U1-2 NG-CT-50 
  

2.011 8.019 0.1768 

FS-S-U1-3 NG-CT-50 
  

2.009 8.013 0.1774 

FS-S-U1-4 NG-CT-50 
  

2.018 8.01 0.1771 

FS-S-U1-5 NG-CT-50 polished 
 

2.0421 8.04 0.17244 

FS-S-U1-6 NG-CT-50 polished 
 

2.0451 8.04 0.17359 

FS-S-U1-7 NG-CT-50 
  

2.009 8.01 0.1775 
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5.2g 

FS-S-U2-1 NG-CT-10 
  

2.02 8.004 0.1871 

FS-S-U2-2 NG-CT-10 
  

2.018 8.013 0.1889 

FS-S-U2-3 NG-CT-10 
  

2.023 8.004 0.1864 

FS-S-U2-4 NG-CT-10 
  

2.017 8.012 0.1909 

FS-S-U2-5 NG-CT-10 polished 
 

2.0445 8.04 0.1803 

FS-S-U2-6 NG-CT-10 polished 
 

2.0419 8.03 0.18385 

FS-S-U2-7 NG-CT-10 
  

2.017 8.018 0.19 

5.2g 

FS-S-U3-1 TFX-10 
  

2.038 8.013 0.1794 

FS-S-U3-2 TFX-10 
  

2 8.025 0.176 

FS-S-U3-3 TFX-10 
  

2.207 8.018 0.1881 

FS-S-U3-4 TFX-10 
  

1.999 8.038 0.1769 

FS-S-U3-5 TFX-10 polished 
 

2.0286 8.01 0.16519 

FS-S-U3-6 TFX-10 polished 
 

2.0295 8.01 0.16564 

FS-S-U3-7 TFX-10 
  

2.025 8.012 0.1746 

5.2g 

FS-S-U4-1 IG-110U 
  

2.057 7.97 0.17829 

FS-S-U4-2 IG-110 
  

2.022 8.005 0.1792 

FS-S-U4-3 IG-110 
  

2.018 7.997 0.1787 

FS-S-U4-4 IG-110 
  

2.007 8.00 0.1782 

FS-S-U4-5 IG-110 polished 
 

2.0578 8.00 0.17701 

FS-S-U4-6 IG-110 polished 
 

2.0568 8.01 0.17806 

FS-S-U4-7 IG-110 
  

2.004 7.997 0.1757 

5.2g 

FS-S-U5-1 C/C 
  

2.069 7.96 0.179 

FS-S-U5-2 C/C 
  

2.075 7.985 0.1802 

FS-S-U5-3 C/C 
  

2.058 7.959 0.1765 

FS-S-U5-4 C/C 
  

2.067 7.958 0.1776 

FS-S-U5-5 C/C polished 
 

2.0566 7.99 0.17438 

FS-S-U5-6 C/C polished 
 

2.0587 8.04 0.17843 

FS-S-U5-7 C/C 
  

2.068 7.978 0.1787 

10.6g 

FS-S-L1-1 NG-CT-50 
  

15.997 8.018 1.4274 

FS-S-L1-2 NG-CT-50 
  

15.998 8.00 1.4246 

FS-S-L1-3 NG-CT-50 
  

16 7.948 1.4118 

FS-S-L1-4 NG-CT-50 
  

16.003 8.02 1.428 

FS-S-L1-5 NG-CT-50 
  

15.999 7.985 1.4174 

10.6g 

FS-S-L2-1 NG-CT-10 
  

16.018 8.009 1.4991 

FS-S-L2-2 NG-CT-10 
  

16.02 8.01 1.5013 

FS-S-L2-3 NG-CT-10 
  

16.019 8.02 1.4981 

FS-S-L2-4 NG-CT-10 
  

16.018 8.01 1.5282 

FS-S-L2-5 NG-CT-10 
  

16.02 8.009 1.5141 

10.6g 

FS-S-L3-1 TFX-10 
  

15.999 8.011 1.3836 

FS-S-L3-2 TFX-10 
  

16.001 8.01 1.4036 

FS-S-L3-3 TFX-10 
  

16 8.012 1.3849 
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FS-S-L3-4 TFX-10 
  

16.001 8.01 1.397 

FS-S-L3-5 TFX-10 
  

15.99 8.01 1.399 

10.6g 

FS-S-L4-1 IG-110 
  

16.019 8.00 1.4128 

FS-S-L4-2 IG-110 
  

16.002 7.998 1.4193 

FS-S-L4-3 IG-110 
  

16.019 8.001 1.4134 

FS-S-L4-4 IG-110 
  

16.013 7.995 1.4123 

FS-S-L4-5 IG-110 
  

16.018 7.998 1.4201 

10.8g 

FS-S-L5-1 C/C 
  

10.108 10.03 1.4093 

FS-S-L5-2 C/C 
  

10.111 10.05 1.4101 

FS-S-L5-3 C/C 
  

10.109 10.049 1.4075 

FS-S-L5-4 C/C 
  

10.122 10.024 1.4223 

FS-S-L5-5 C/C 
  

10.12 10.016 1.4147 

5.2g 

FS-3-1-1 IG-110 
  

2.018 7.995 0.179 

FS-3-1-2 IG-110U 
  

2.0643 7.99 0.17929 

FS-3-1-3 IG-110U 
 

baked 2.0658 7.99 0.18010 

FS-3-1-4 IG-110U 
  

2.0672 7.98 0.17956 

FS-3-1-5 IG-110U polished baked 2.0717 7.98 0.18387 

FS-3-1-6 IG-110U polished 
 

2.0619 7.98 0.17929 

FS-3-1-7 IG-110U 
  

2.0684 7.97 0.17875 

5.2g 

FS-3-2-1 A3-3 
  

2.0583 7.98 0.16170 

FS-3-2-2 A3-3 
  

2.0644 7.98 0.16271 

FS-3-2-3 A3-3 
 

baked 2.0671 7.99 0.15901 

FS-3-2-4 A3-3 
 

baked 2.0654 7.98 0.15808 

FS-3-2-5 A3-3 polished 
 

2.0695 7.99 0.17520 

FS-3-2-6 A3-3 polished baked 2.0866 7.99 0.17695 

FS-3-2-7 A3-3 
  

2.0614 7.98 0.16244 

5.2g 

FS-3-3-1 IG-110U 
  

2.0636 7.98 0.17896 

FS-3-3-2 IG-110U 
  

2.0674 7.99 0.17932 

FS-3-3-3 IG-110U 
 

baked 2.0710 7.98 0.18033 

FS-3-3-4 IG-110U 
 

baked 2.0711 7.98 0.17928 

FS-3-3-5 IG-110U polished 
 

2.0758 7.98 0.18257 

FS-3-3-6 IG-110U polished baked 2.0658 7.98 0.18012 

FS-3-3-7 IG-110U 
  

2.0726 7.98 0.18057 

5.2g 

FS-3-4-1 A3-3 
  

2.0690 7.97 0.16124 

FS-3-4-2 A3-3 
  

2.0640 7.97 0.16010 

FS-3-4-3 A3-3 
 

baked 2.0644 7.97 0.15642 

FS-3-4-4 A3-3 
 

baked 2.0683 7.98 0.15747 

FS-3-4-5 A3-3 polished 
 

2.0307 7.99 0.16067 

FS-3-4-6 A3-3 polished baked 2.0916 7.99 0.17887 

FS-3-4-7 A3-3 
  

2.0680 7.98 0.15856 

0g 
FS-3-5-1 IG-110U polished 

 
2.0537 7.98 0.17862 

FS-3-5-2 A3-3 polished 
 

2.0966 7.99 0.18288 
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FS-3-5-3 NG-CT-50 polished 
 

2.0541 8.04 0.17411 

FS-3-5-4 NG-CT-10 polished 
 

2.0407 8.04 0.18199 

FS-3-5-5 TFX-10 polished 
 

2.0380 8.01 0.16662 

FS-3-5-6 IG-110 polished 
 

2.0562 8.02 0.17560 

FS-3-5-7 C/C polished 
 

2.0568 8.00 0.17499 

 

 

A. Calculations for Helium-3 Production with Exterior-Surface Coatings Applied 

 As discussed in Section 6.2.2, outer-surface coatings add permeation resistance by 

increasing the tritium concentration inside of metals, and thus raising the salt-metal tritium 

boundary condition. One undesirable feature of a higher tritium concentration is the buildup of 

helium-3 over time from tritium decay. Helium can cause embrittlement of stainless steels at high 

temperatures by concentrating into susceptible defects such as voids or grain boundaries [210]. In 

stainless steels, fast neutron reactions with Fe, Ni, Cr, and N can produce a source of helium inside 

metals under neutron irradiation [210]. Even at low concentrations, such as atomic parts per 

million (appm) levels, helium can create significant changes in the ductility of stainless steels at 

high temperatures [210]. For example, a transition from a ductile to fully intergranular fracture 

mechanism was observed during tensile tests at 750ºC with 316FR steel once loaded with 5 appm 

helium from an ion beam source [211]. The graphite reflector of a FHR will reduce the fast neutron 

flux near the reactor vessel, but the additional helium created from tritium decay could potentially 

cause a degradation of material properties if highly effective outer barriers are used.  

 The helium-3 concentration in structural metals can be calculated from TRIDENT Mod1 

results with equation A.1, where λ is the decay constant for tritium and TRPV is the inventory of 

tritium in the reactor vessel, for example, as a function of time. As shown in Figure A.4, the 

helium-3 concentration increases linearly once the reactor vessel reaches an equilibrium tritium 

concentration over roughly one year. An assumption in this analysis is that all helium-3 remains 

in the metal after production from tritium decay, and there is no losses of He-3 by diffusion out of 

the vessel. The steady state tritium inventories for the reactor vessel are shown in Table A.4 along 

with the time required to reach a helium-3 concentration of 1 appm, which is used only as a 

reference point. As the metal region with the second highest tritium inventory, the cold leg is also 

shown in Table A.4 for comparison. 
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Eq. A.1 𝐻𝑒 
3 (𝑡) = 𝜆 ∫𝑇𝑅𝑃𝑉(𝑡)𝑑𝑡 

 

 

Figure A.4. Helium-3 buildup from tritium decay in the reactor vessel for various outer-coating 

permeation reduction factors assuming all helium-3 is immobile in the metal. 

Table A.4. Equilibrium tritium inventories for the reactor vessel and cold leg under several outer-

coating conditions along with the time at which each region reaches a helium-3 concentration of 

1 atomic part per million in 316 stainless steel. 

Region and PRF Equilibrium H-3 Time to Reach 1 appm He-3 

Vessel PRFout=1 2136 Ci 113.5 yr 

PRFout=10 5004 Ci 57.20 yr 

PRFout=50 12860 Ci 22.67 yr 

PRFout=100 17350 Ci 17.07 yr 

PRFout=500 23930 Ci 12.67 yr 

Cold Leg PRFout=1 113.5 Ci 235.1 yr 

PRFout=10 124.8 Ci 213.8 yr 

PRFout=50 436.9 Ci 61.06 yr 

PRFout=100 678.0 Ci 39.35 yr 

PRFout=500 1102 Ci 24.21 yr 


