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Executive Summary 

The fluoride-salt-cooled high-temperature reactor is an advanced reactor design with 

greater efficiency and safety features than the current fleet. It uses a 2:1 mixture of lithium 

fluoride and beryllium fluoride, called FLiBe, to cool the core. Neutron absorption reactions in 

FLiBe isotopes generate tritium. The core also contains a packed bed of fuel and reflector 

pebbles composed primarily of graphite, which acts as a tritium sink. The goal of this thesis is to 

produce the concept for a computational model, which simulates the tritium generation in the salt 

and absorption into the graphite in the core.  

COMSOL Multiphysics ® is used as the modeling tool. COMSOL includes a Subsurface 

Flow Module, Heat Transfer Module, and Chemical Reaction Engineering Module, which are 

used to model fluid flow, heat transfer, and chemistry and mass transport, respectively; see 

Figure 0-1. 

 

 

Figure 0-1. Flow chart of COMSOL Multiphysics® model of tritium transport in FHR core. 
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Chemistry and mass transport physics are added to a previously-developed FHR thermal 

hydraulics (TH) COMSOL model, which approximates the packed bed of pebbles as a 

homogeneous porous medium. The analogy of chemical and nuclear reaction rates is exploited to 

allow the Chemical Reaction Engineering Module to be used for nuclear engineering. A 

diffusion-coefficient-based model of mass convection is used to model the transport of tritium in 

the salt. Unsteady-state diffusion is used to model its transport in graphite. The COMSOL model 

depicts an open system, in which fluid, heat, and chemical species quantities flow into and out of 

the core. The COMSOL solver is set to decouple the TH and mass transport physics, solving the 

TH in a stationary solver then applying the solutions to a time-dependent solver for mass 

transport. The solver is run for five hundred days, which is the lifetime of a pebble in the core. 

The chemical reaction engineering equations applied in the COMSOL model are verified 

with analytical calculations, showing that the COMSOL model misrepresents the reacting 

volume in the core. The analytical solution yields tritium outlet concentrations of 3.26x10
-6

 and 

8.41x10
-6

 mol/m
3
 for porosities of 0.4, the actual porosity of the bed, and 1, a core with no 

pebbles, respectively. The COMSOL model yields 8.41x10
-6

 for both porosities. However, the 

tritium generation rate is not dependent on volume, and both methods show a rate of 1.14x10
-7

 

mol/m
3
-s . This is constant throughout the core, because the concentrations of the FLiBe isotopes 

are not significantly depleted in one pass of the core. 

The transport of tritium in graphite has not been well characterized experimentally at the 

700-°F FHR conditions. As a starting point for model development, this thesis assumes a simple 



iii 

 

 

 

diffusion process of tritium in the graphite spheres. It also assumes that equilibrium occurs when 

concentrations are equal in the salt and graphite. Empirical correlations for unsteady-state 

diffusion in spheres are used to calculate the tritium concentration in graphite required to absorb 

all of the tritium generated in the lifetime of a pebble. A maximum required diffusion coefficient 

of 10
-12

 m
2
/s is established. This analysis calculates the required concentration in the graphite 

then sets the salt concentration equal to this value. 

In COMSOL, the salt concentration is calculated, and the graphite concentration is set 

equal to this value. A sweep of diffusion coefficient values proves that the COMSOL model 

correctly increases the rate of diffusion when the diffusion coefficient increases. The tritium 

diffuses into the graphite until the graphite and salt are in equilibrium. A value of 10
-12

 m
2
/s 

matches the time frame of the diffusion to the lifetime of the pebble, although this value has no 

relation to the 10
-12

 m
2
/s established from the empirical-correlation analysis. 

Parametric sweeps are performed for the fluid velocity, tritium and lithium 

concentrations, reaction cross sections, and the neutron flux as well. The fluid velocity exhibits 

an inverse relationship to the tritium outlet concentration in the salt. Perturbations of the initial 

tritium concentrations in the salt and graphite show that the solution reached by the time-

dependent solver is indeed a steady-state solution. The sweeps of the reactant concentrations, 

reaction cross sections, and neutron flux and all exhibit a direct relationship to the outlet tritium-

in-FLiBe concentration. The neutron flux profiles are varied, showing correlation between the 

temperature and concentration of tritium in salt profiles. These analyses show that the COMSOL 

model is consistent with the conservation equations of the physics on which it is based.  
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This thesis successfully demonstrates a modeling tool for the generation of tritium in 

FLiBe salt and the diffusion of tritium into graphite pebbles. To apply this modeling tool to 

analysis of the FHR core, the assumptions made in this thesis will need to be revisited: reacting 

volume, mass transport boundary conditions, transport mechanism in graphite pebbles, chemical 

speciation of tritium in salt and graphite, tritium solubility in salt and graphite, impurities, and 

salt and pebble circulation. The application of the model will aid in the evaluation and design of 

tritium management systems in the FHR, ultimately determining if the FHR’s calculated tritium 

release rates make it viable for commercial operation. 

This thesis presents the background on the FHR, motivation for the study, literature 

review, and goal of the thesis in Chapter 1. Chapter 2 discusses the modeling approach, detailing 

the application of COMSOL Multiphysics ® to the problem described in Chapter 1. In Chapter 

3, conservation equations are used to verify the tritium generation calculations. Unsteady-state 

diffusion correlations are used to determine the diffusion coefficient required for complete 

tritium absorption in Chapter 4. Chapter 5 shows the parameter sweeps of model parameters, to 

illustrate the consistency of the model with expected results, when compared to itself. The 

conclusions and future work are presented in Chapters 6 and 7, respectively.  
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1 Introduction 

The production of tritium is a key design issue in the fluoride-salt-cooled high-

temperature reactor (FHR). To mitigate this concern, the prediction of tritium generation 

reactions and absorption in the pebble bed are important calculations. The study reported 

in this thesis uses COMSOL, a chemical engineering modeling tool, to build a porous-

media model of chemical species transport for the core of the current FHR design, the 

Mark 1 pebble-bed FHR (Mk1 PB-FHR). This section gives an overview of the reactor 

design, explains the significance of its tritium production problem, reviews the work 

currently being done on FHR tritium transport, and presents the figures of merit relevant 

to this study. 

 

1.1 The Fluoride-Salt-Cooled High-Temperature Reactor 

The Mk1 PB-FHR incorporates elements of two other advanced reactor designs: 

liquid fluoride salt coolant from molten salt reactors (MSRs) and tristructural-isotropic 

(TRISO) fuel particles from gas-cooled reactors (GCRs). The fluoride salt used in the 

FHR is a 2:1 mixture of lithium fluoride (LiF) and beryllium fluoride (BeF2), called 

FLiBe. It was first used in the molten salt reactor experiment (MSRE), an experimental 

reactor run successfully at Oak Ridge National Laboratory (ORNL) in the 1960s. Unlike 

high-pressure light water reactor (LWR) systems, FLiBe’s high boiling point allows the 

system to operate at atmospheric pressure, making it inherently safer. During normal 
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operation, pumps propel FLiBe through the system. However, in the event of a pump 

failure, natural circulation of FLiBe removes decay heat from the core, depositing it in 

the infinite heat sink of ambient air. This is known as a passive safety or “walk-away 

safe” feature; passive safety features are a requirement of Generation IV reactors. In 

addition to enhanced safety, FLiBe has excellent heat transfer properties, with a 

volumetric heat capacity greater than that of water. Also, because of its high boiling 

point, FLiBe runs through the system at temperatures of 600-700 °C; greater 

temperatures allow for greater thermal efficiency. However, FLiBe is not perfect. Its 

high freezing point make solidification during accident scenarios a primary concern. The 

toxicity of beryllium is a health concern. And, the isotopes in the salt lead to tritium 

production; this thesis focuses on the issue of tritium production. 

While the MSRE used molten salt fuel as well as molten salt coolant, the FHR 

uses solid fuel. However, standard LWR fuel elements will fail under the high-

temperature conditions of the FHR. TRISO particles encased in graphite pebbles can be 

used up to 1600 °C [1]. The TRISO particle designed for the FHR consists of a 19.9%-

enriched UO0.5C1.5 kernel encapsulated in layers of buffer carbon, silicon carbide, and 

pyrolytic carbon, and 4730 of these particles reside in the annulus of each of 470,000 

fuel pebbles in the core [2]; see Figure 1-1. 
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Figure 1-1. FHR TRISO fuel element. 

 

The failure of a fuel element is defined by the release of radioisotopes from the fuel or 

fission products. The silicon carbide layer is the primary defense against fuel failure, 

augmented by the pyrolytic and buffer carbon layers. 

The interface of the coolant salt and the fuel elements lies in the FHR core. The 

salt flows upward through a packed bed of pebbles and subsequently through pumps and 

heat exchangers, which transfer heat to an air Brayton cycle with gas cofiring; see Figure 

1-2. This figure also shows passive and active safety features: the natural circulation 

decay heat removal system and control rods, respectively. 
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Figure 1-2. Flow diagram of Mk1 PB-FHR [2]. 

 

The core consists of 688,000 pebbles, only 470,000 of which contain TRISO fuel 

particles; the remainder are graphite pebbles, which line the outer edges of the core and 

act as the neutron moderator. While these pebbles essentially act as a packed bed with 

respect to the flow of the salt, they do travel upward through the core region, cycling 

through the core 8 times in 1.4 years, at which point they are removed from circulation. 

This movement equips the FHR for online refueling. With its inherent and passive safety 

features, high thermal efficiency, and online refueling capabilities, the FHR is a 

commercially-viable and innovative design. 
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1.2 Motivation 

While the FHR design has many benefits, there are also concerns, which require 

resolution prior to the deployment of such a reactor. This thesis focuses on the issue of 

tritium production in the core. Tritium is a radioactive isotope of hydrogen, with a half 

life of 12.32 years. It decays by beta emission. With an average energy of 5.68 keV and 

an endpoint energy of 18.6 keV [3], the beta particle from a tritium decay travels at most 

7.2 mm in air and averages at 0.41 mm [4].  

Tritium is chemically identical to hydrogen. The greatest human exposure hazard 

arises from tritium replacing hydrogen in water molecules. The ingestion or absorption 

of tritiated water puts the emitted beta particles in direct contact with human tissue. 

Tritiated water is distributed throughout the body as ubiquitously as is untritiated water. 

Once in the body, collisions of beta particles with tissue can cause DNA damage, which 

can ultimately lead to cancer, genetic, developmental, and reproductive effects [5]. 

However, it is also excreted as water, giving it a biological half life of only 10 days, far 

lower than the radiological half life of 12.3 years.  

While tritium is a health risk, releases from current nuclear power plants account 

for less than 0.1% of the average human’s annual radiation dose [6]. However, the FHR 

produces more tritium than other reactors when normalized by power; see Table 1-1. 

FHR tritium production is a result of neutron interactions with isotopes present in FLiBe.  
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Table 1-1. SS tritium production rates in operational commercial nuclear reactor types 

and the FHR [7].  

 Total Tritium 

Production Rates 

(Ci/GWt/d) 

BWR 12 

PWR 14 

GCR 18 

HTGR 19 

FBR 25 

HWR 1176 

FHR 2931 

Abbreviations: boiling water reactor (BWR), pressurized water reactor (PWR), high 

temperature gas reactor (HTGR), fast breeder reactor (FBR), heavy water reactor (HWR) 

 

While, due to the design of the reactor, the tritium production rate in the FHR 

cannot be lowered to the level of the other reactor types, the release of tritium can be 

mitigated through tritium management systems. To make the FHR a viable reactor for 

commercial deployment in the United States, its tritium release rate must be the same as 

or below that of BWRs and PWRs currently operated in the United States. Further 

research is required to ensure an accurate prediction of the production rate and to design 

tritium management systems to mitigate the release rate.  
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1.3 Literature Review 

Tritium is generated by the reactions shown in Equations (1-1) - (1-4). In the 

FHR, the fuel particles trapped the small amount of tritium generated by ternary fission. 

Therefore, all tritium generation of interest occurred in the salt. 

 

 
6
3
𝐿𝑖 + 1

0
𝑛 → 4

2
𝐻𝑒 + 3

1
𝐻  (1-1) 

 

 9
4
𝐵𝑒 + 1

0
𝑛 → 4

2
𝐻𝑒 + 6

2
𝐻𝑒

𝑡1/2=0.8 s
→      2(4

2
𝐻𝑒) + 6

3
𝐿𝑖 + 0

−1
𝑒 + 𝜈𝑒  (1-2) 

 

 
7
3
𝐿𝑖 + 1

0
𝑛 → 4

2
𝐻𝑒 + 3

1
𝐻 + 1

0
𝑛′  (1-3) 

 

 
19
9
𝐹 + 1

0
𝑛 → 17

8
𝑂 + 3

1
𝐻  (1-4) 

 

The tritium generation rate depends on the neutron flux, reaction cross sections, 

and target number densities. The core neutron flux distribution, neutron spectrum, 

thermal power, power density, and the initial salt enrichment and total and core 

inventory affect these three parameters. The history of MSR design reports listed 

disparate values for tritium generation rates when normalized by reactor power; see 

Table 1-2. 
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Table 1-2. Summary of MSR tritium generation rates at beginning of life (BOL) and SS 

(SS) and relevant parameters. 

Reactor Type MSBR

* [8,9] 
MSRE

*† 

[8,10] 

AHTR 

(annular) 

[11] 

FHR 

[12,13

] 

FHTR 

[13] 
Mk1 

FHR 

[2,7,14] 

Tritium 

Generation Rate 

(Ci/d) SS/BOL 

2420 54 500/5000 32.8 10.2 670, 

691/2390, 

658 

Thermal Power 

(MWt) 

2250 7.3 2400 900 100 236 

Normalized 

Tritium 

Generation 

Rate 

(Ci/GWt/d) 

SS/BOL 

1080 7400 208.3/ 

2083 

36.4 102 2840, 

2931/ 

10129, 

2970 

Core Power 

Density 

(MWt/m
3
) 

22.2 3.4 8.3 --- --- 22.7 

Salt Inventory 

(m
3
) Core/Total 

30.41/

48.7 

0.566 ---
 

---/15 0.456 11.67/ 

46.82 

Li-7 Enrichment 

(mol%) 

99.995 99.99 99.99 99.995 99.99 99.995 

Total Neutron 

Flux (n/cm
2
/s) 

2.6 

x10
14

 

1.5 

x10
13 

--- --- 2.85 

x10
14

 

3.41 

x10
14 

*Fluid-fuel reactors 

†Experimental data; includes tritium absorption rates 

--- Data not given 

 

Of note is the difference between SS and beginning-of-life tritium generation 

values. Natural lithium is 92.4 mol% Li-7 and 7.6 mol% Li-6. The rate of tritium 
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production from Li-6 is more than four orders of magnitude greater than the rate from 

any other FLiBe constituent. Therefore, removing Li-6 from natural lithium is desired. 

Even after enriching to 99.995 mol% Li-7, Li-6 contributed greatly to the total tritium 

generation. At steady state (SS), the MSBR calculations predict that 50% of the tritium 

will be generated from Li-6 reactions, followed closely by 48% from Li-7 [8]. 

Calculations for the FHR go as high as 64.4% from Li-6 at SS [14]. However, the 

consumption of Li-6 occurs at a rate over 10
4
 times faster than its generation. As the 

reactants are consumed, the tritium generation rate falls to a SS rate 3-10 times lower 

than the beginning-of-life (BOL) rate.  

Also of note is that both the MSBR and MSRE are fluid-fuel reactors, while the 

others use solid-fuel. Furthermore, the MSRE data is experimental, while the other data 

are the results of calculations and simulations. Therefore, these MSRE values 

incorporate tritium absorption in graphite. Tritium release rates are lower than 

generation rates because of this absorption. The Tritium Diffusion Evolution and 

Transport (TRIDENT) model [7] is also capable of incorporating absorption effects. 

TRIDENT is based on the same reactor design as is this thesis: the Mk1 PB-

FHR. The key parameters pertaining to the tritium generation are FLiBe volumes of 7.2 

m
3
 in the core and 46.82 m

3
 in the entire primary system, a FLiBe lithium enrichment of 

99.995% Li-7 (0.005% Li-6), and a thermal power of 236 MWth. TRIDENT results 

report a tritium generation rate of 10129 Ci/GWth/d at BOL and 2931 Ci/GWth/d at SS, 

which is reached after 20 EFPY; see Figure 1-3. The change in generation rate from 
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BOL to SS is attributed to the consumption of Li-6. At BOL, the fast Li-6 reaction rate 

dominate the tritium generation rate. As Li-6 is consumed, its rate of reaction decreases 

until none remained. Instead of dropping to zero, the contributions from the Li-7 reaction 

and the generation of more Li-6 from the Be-9 reaction hold the tritium generation rate 

at a higher constant. The vast quantities of Li-7 and Be-9 initially in FLiBe created a 

quasi-SS generation rate, because their rate of consumption is low enough that it does 

not affect their concentrations, and they can be treated as infinite sources. 

 

Figure 1-3. Tritium generation rate for Mk1 PB-FHR design as a function of operating 

time. 

 

When absorption is considered, TRIDENT calculates a net core tritium 

production rate SS value of 2640 Ci/EFPD after 70 days. When circulation of the pebble 
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bed is accounted for, the tritium concentration gradient between the surface of the pebble 

and the bulk fluid is steeper and tritium is driven into the fresh pebbles at a greater rate, 

yielding a SS net core production rate of 2410 Ci/EFPD, again after 70 days. At BOL, 

little tritium has diffused into the pebbles, leaving the BOL net core production rate 

equivalent to the BOL generation rate. 

 

1.4 Goal 

The goal of this thesis is to perform a proof of concept for a core-level tritium 

transport model, which can be applied to the FHR core. This model incorporates tritium 

generation reactions, convection in FLiBe, and diffusion in graphite into an existing 

thermal hydraulics (TH) model. It supports two-dimensional modeling of the 

axisymmetric core to allow tracking of the tritium loading to individual pebbles at any 

point in the reactor core. The model generates results for time-dependent conditions. 

This thesis focuses on coming to a SS solution after a start-up transient. 

The generation reaction rates are verified with analytical chemical reaction 

engineering calculations and by comparison to results from Table 1-2. The generation 

and absorption rates are subjected to parameter sweeps and perturbations to determine if 

they respond as expected from the laws of physics. The tritium concentrations in the 

FLiBe and in the pebbles are monitored, as is the relationship between the core tritium 

concentration profile in the FLiBe and the core temperature profile. When this model is 

applied to the FHR core, its results can be benchmarked with results from TRIDENT.  
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2 Modeling Approach 

The following chapter discusses the modeling methodology: the software used 

for modeling (COMSOL), the physics applied in the model, and the solution method. 

 

2.1 COMSOL Multiphysics® 

COMSOL Multiphysics® is a finite element analysis (FEA) solver with several 

built-in physics interfaces and the capacity for self-built algebraic and differential 

equation applications. It also includes physics- and user-defined meshes for the FEA. It 

solves for stationary and transient solutions to linear and nonlinear studied. After 

reaching a solution, COMSOL allows the user to generate graphs, tables, and derived 

values from the results. In addition to constructing models using the COMSOL graphical 

user interface (GUI), the MATLAB LiveLink
TM

 provides the option for scripting the 

model set-up, computation, and post-processing. 

The models generated for this study are run using version 5.2. They inhabit the 

two-dimensional axisymmetric space and employ the Subsurface Flow Module, Heat 

Transfer Module, and Chemical Reaction Engineering Module, all of which is discussed 

in detail below. The resulting models are run on a computer with two eight-core 2.4-

GHz processors, and 64 GB of RAM, and 2 TB of storage. 

 



13 

 

 

 

2.2 Geometry 

For the purposes of proof of concept, the complex geometry of the FHR core is 

not required; the geometry is simplified to facilitate faster solving times. This straight 

annular analog is depicted in Figure 2-1.  

 

 

Figure 2-1. Flow paths in FHR (left) and straight annular analog (right) cores (blue). 
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This geometry collapses the two-dimensional into one-dimensional, axial-only 

flow patterns for all of the physics in question. The total volume is held constant at 17.0 

m
3
 when transferring the geometry. This volume is obtained by evaluating the volume of 

the core in the TH COMSOL model; this does not align with the 18-m
3
 volume defined 

in the Mk1 PB-FHR design report [2]. The original outer boundaries of the geometry in 

the TH COMSOL model are roughly honored. These boundaries for the two geometries 

are given in Table 2-1. 

 

Table 2-1. Outer boundaries of FHR straight annular analog core geometries. 

Outer 

Boundaries 
FHR 

Straight Annular 

Analog 

Left [m] 0.350 0.250 

Right [m] 1.25 1.07 

Bottom [m] 0.259 0.00 

Top [m] 5.57 5.00 

 

2.3 Physics 

The physics implemented in this model are momentum transfer in porous media 

from the Subsurface Flow Module, heat transfer in porous media from the Heat Transfer 

Module, and chemistry and chemical species transport from the Chemical Reaction 

Engineering Module. 
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2.3.1 Fluid Flow 

The core of the FHR is comprised of a packed bed of graphite pebbles and fuel 

pebbles, through which molten salt flows. With the goal of tracking the pebbles to 

determine the tritium loading of each, a model defining each of the pebbles is proposed. 

However, this is computationally expensive; a simplified model is preferable. For this 

thesis, the core is approximated as a homogeneous porous medium. In addition to being 

less complex, previous work demonstrates the functionality of the porous media 

approximation in a TH COMSOL model for molten salt pebble bed reactors [15]. This 

TH model is the basis for the model developed for this thesis. 

The porous media physics interface in COMSOL use the Brinkman equations; 

see Equation (2-1) [16]. 

 

 

1

𝜖𝑝
𝜌(𝒖 ∙ 𝛻)𝒖

1

𝜖𝑝
= 𝛻 ∙ [−𝑝𝑰 + 𝜇

1

𝜖𝑝
(𝛻𝒖 + (𝛻𝒖)𝑇)] 

−(𝜇𝜅−1 + 𝛽𝐹|𝒖| +
𝑄𝑏𝑟

𝜖𝑝
2 )𝒖 + 𝑭 

(2-1) 

where 𝜖𝑝 is the porosity of the pebble bed, 𝜌 is the fluid density, 𝒖 is the velocity field, 𝑝 

is the pressure, 𝜇 is the fluid dynamic viscosity, 𝜅 is the permeability of the pebble bed, 

𝛽𝐹 is the Forcheimer drag coefficient, 𝑄𝑏𝑟 is the mass source or sink, and 𝑭 is the sum of 

the volume forces. 

 



16 

 

 

 

In this case, the mass source term is neglected, as the depletion of initial salt 

species and generation of tritium are small enough that they do not affect the overall 

flow of the salt. 

The gravitational volume force, 𝑭𝑮, is calculated as shown in Equation (2-2). 

 

 𝑭𝑮 = 𝛽𝐿(𝑇 − 𝑇𝑎𝑣𝑔)𝜌𝐿(𝑇)𝑔 (2-2) 

where 𝛽𝐿 is the thermal expansion coefficient of FLiBe, 𝑇 is temperature, 𝑇𝑎𝑣𝑔 is the 

average temperature, 𝜌𝐿(𝑇) is the temperature-dependent density of FLiBe, and 𝑔 is the 

acceleration due to gravity. 

 

The fluid flow problem is defined by pressure boundary conditions shown in 

Table 2-2, which correspond to the inlets and outlets in Figure 2-1. The center inlet 

pressure head will be applied in the FHR core geometry, but only the bottom inlet and 

top outlet pressure heads are used in the straight annular core geometry. Slip conditions 

are applied at all walls not defined as inlets or outlets. The initial conditions are set at a 

velocity and pressure of zero throughout the core; then the boundary conditions are 

applied. 
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Table 2-2. Boundary conditions for fluid flow in porous media physics. 

Boundary Symbol Value Units 

Center inlet pressure head 𝑝𝑐𝑖  1.3 m 

Bottom inlet pressure head 𝑝𝑏𝑖  1.5 m 

Top and side outlet pressure 𝑝𝑜  0 atm 

 

In addition to the boundary conditions, the parameters and variables defined in 

Table 2-3 are input into the fluid flow model defined by Equations (2-1) and (2-2). 

 

Table 2-3. Parameters and variables for fluid flow in porous media physics. 

Parameter/Variable Symbol Value Units 

Pebble bed porosity [2] 𝜖  0.4 - 

FLiBe density [15] 𝜌𝐿  2282 − 0.49𝑇[°𝐶]  kg/m
3
 

FLiBe viscosity [15] 𝜇𝐿  4.638 × 105/(𝑇[°𝐶])2.79  kg/m-s 

Beavers coefficient [17] 𝑐𝐹  0.52 - 

Forchheimer coefficient [17] 𝑏𝐹  𝑐𝐹𝜌𝐿(𝑇)/𝜅
0.5  kg/m

4
 

Pebble diameter [2] 𝑑𝑝  3 cm 

Pebble specific surface area 𝑆𝐴𝑝  6/𝑑𝑝  1/cm 

Kozeny coefficient for  

spherical pebbles [17] 
𝐾𝑠𝑝ℎ  5 - 

Pebble bed permeability [17] 𝜅  𝜖3/𝐾𝑠𝑝ℎ𝑆𝐴𝑝
2(1 − 𝜖)2  - 

FLiBe thermal expansion  

coefficient [15] 
𝛽𝐿  0.00025 1/K 
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2.3.2 Heat Transfer 

The significance of heat transfer to the species transport is low; its greatest 

contribution is to the temperature-dependent diffusion coefficient of tritium in graphite. 

The temperature also has minor effects on the physical properties of the salt, which 

affect the flow streamlines and, therefore, the deposition of tritium in the core. However 

small the contribution, this model retains the heat transfer physics from the original TH 

model, as it does not significantly increase the time required to find a solution for the 

model. Furthermore, due to the homogenous nature of the core, the power and flux 

peaking profiles are identical. Therefore, the temperature and tritium concentration maps 

are expected to coincide, a property which is used to evaluate the functionality of the 

model. 

The equations governing the heat transfer in porous media are shown in 

Equations (2-3) and (2-4) [18]. 

 

 
(𝜌𝑐𝑝)𝑒𝑓𝑓

𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝒖 ∙ ∇𝑇 + ∇ ∙ 𝒒 = 𝑄, (2-3) 

where 𝜌 is the density of FLiBe, 𝑐𝑝 is the heat capacity of FLiBe, the subscript 𝑒𝑓𝑓 

represents the effective values for the porous medium, 𝑇 is temperature, 𝑡 is time, 𝒖 is 

the velocity field, 𝑄 is the heat source, and 𝒒 is the conductive heat flux. 
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 𝒒 = −𝑘𝑒𝑓𝑓∇𝑇, (2-4) 

where 𝑘𝑒𝑓𝑓 is the effective thermal conductivity for the porous medium. 

 

The heat transfer model is defined by a boundary condition of 600°C at the core 

inlet(s) and an outflow of heat at the outlet(s) in Figure 2-1. Heat is generated only in the 

blue highlighted core region. The parameters and variables employed in the model are 

shown in Table 2-4. 

 

Table 2-4. Parameters and variables for heat transfer in porous media physics. 

Parameter/Variable Symbol Value Units 

Total core thermal power [2] 𝑄𝑐𝑜𝑟𝑒 236 MWth 

Total core volume 𝑉𝑐𝑜𝑟𝑒 17.0 m
3
 

FLiBe density [15] 𝜌𝐿 2282 − 0.49𝑇[°𝐶]  kg/m
3
 

FLiBe thermal conductivity [15] 𝑘𝐿 0.7662 + 0.0005𝑇[°𝐶]  W/m-K 

FLiBe heat capacity [15] 𝑐𝑝𝐿  2415.78 J/kg-K 

Ratio of specific heat capacities [15] 𝛾 1 - 

Graphite density [15] 𝜌𝑆 1720 kg/m
3
 

Graphite thermal conductivity [15] 𝑘𝑆 15 W/m-K 

Graphite heat capacity [15] 𝑐𝑝𝑠 1744 J/kg-K 
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2.3.3 Chemistry and Mass Transport 

The mass transport physics is comprised of the chemistry of the reactions, the 

mass convection of species in the salt, and the diffusion of species into the graphite 

pebbles. 

 

2.3.3.1 Tritium Generation “Chemical” Reactions 

The COMSOL chemical species transport module is a component of the 

chemical reaction engineering module. While the reactions in question, Equations (1-1)-

(1-4), are nuclear reactions, they could be represented as chemical reactions in 

COMSOL. The general form of a chemical reaction rate is given in Equation (2-5). 

  

 −𝑟𝐴 = 𝑘𝑐𝐴 (2-5) 

where 𝑟𝐴 is the rate of formation of species 𝐴, 𝑘 is the reaction rate constant, and 𝑐𝐴 is 

the concentration of species 𝐴.  

 

Nuclear reaction rates took the form shown in Equation (2-6). 

 

 𝑟 = 𝜙𝜎𝑁 (2-6) 

where 𝑟 is the reaction rate, 𝜙 is the neutron flux, 𝜎 is the microscopic cross section of 

the reaction, and 𝑁 is the number density of the target nucleus.  

 



21 

 

 

 

The number density is essentially a concentration, making 𝜙𝜎 the rate constant of 

the nuclear reaction, which is an input in the COMSOL reaction engineering module. An 

example of this analogy is given in Table 2-5. 

 

Table 2-5. Example of chemical-nuclear reaction analogy. 

Reaction 

Type 

Chemical Nuclear 

Reaction 6
3
𝐿𝑖 + 1

0
𝑛 → 4

2
𝐻𝑒 + 3

1
𝐻  

Rate 

Expression 
𝑟3𝐻 = 𝑘𝑐6𝐿𝑖  

𝑟3𝐻: rate of 
3
H production 

𝑘: rate constant 

𝑐6𝐿𝑖: concentration of 
6
Li 

𝑟3𝐻 = 𝜙𝜎𝑁6𝐿𝑖  

𝑟3𝐻: rate of 
3
H production 

𝜙: neutron flux 

𝜎: reaction microscopic cross 

section 

𝑁6𝐿𝑖: number density of 
6
Li  

Rate 𝑟3𝐻  𝑟3𝐻  

Rate Constant 𝑘  𝜙𝜎  

Concentration  𝑐6𝐿𝑖 𝑁6𝐿𝑖 = (6.02 × 10
23)𝑐6𝐿𝑖  

 

 

The mass transfer initial conditions, i.e. the concentrations of the isotopes in 

FLiBe are defined in Table 2-6, converting from an initial Li-7 enrichment of 99.995%, 

which is the specified enrichment for the Mk1 PB-FHR [2]. 
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Table 2-6. Initial concentrations of isotopes in 99.995% Li-7-enriched FLiBe. 

Constituents 
- 6

Li 
7
Li 

9
Be 

19
F 

Molar Mass, 

𝑀𝑊𝑖 (g/mol) 
- 

6.015123 7.016113 9.012183 18.99840 

Moles in Unit 

Structure, 𝑛𝑖 
-
 

2 1 4 

Mole Fraction, 

𝑥𝑛𝑖 
- 

0.005% of 

2/7 = 

1.4286x10
-5

 

99.995% of 

2/7 = 

0.28570 

1/7 = 

0.14286 

4/7 = 

0.57143 

Moles, 𝑛𝑖 
(kmol) 

𝑥𝑛𝑛 0.92785
 

1855.6
 

927.85 6494.9 

Mass Fraction, 

𝑥𝑚𝑖 
𝑚𝑖/𝑚 6.0736x10

-6 
0.14168 0.09100 0.76732 

Mass, 𝑚𝑖 (kg) 𝑛𝑖𝑀𝑊𝑖 0.55811 13019 8362.0 70511 

Number 

Density, 𝑁𝑖 
(atom/cm³) 

𝑛𝑖𝑁𝐴/𝑉 1.1934x10
18 

2.3867x10
22 

1.1934x10
22 

4.7737x10
22

 

Concentration, 

𝑐𝑖 (mol/m³) 
𝑛𝑖/𝑉 1.9790 3.9579x10

4 
1.9790x10

4 
7.9162x10

4
 

 

Unlike the actual FHR, this model supplies fresh FLiBe to the core inlet at all 

times. Instead of depleting Li-6, it is constantly supplied. The other isotopes exhibit high 

enough initial concentrations to be impervious to this condition. The tritium inflow 

concentration is also zero at all times. If the system were truly closed, tritium would 

accumulate. However, the rate of tritium release through the piping and heat exchangers 

is unknown, and the installation of additional tritium management systems is not 

considered; these are out of the scope of this analysis. Therefore, it is entirely possible 
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that no tritium would enter the core through the inlet. This model does not accurately 

depict the depletion of Li-6 nor does it allow for the simulation of tritium circulation 

under different scenarios. A more robust model can be developed using MATLAB 

LiveLink
TM

 to adjust the input parameters accordingly. The piping and heat exchangers 

can also be simulated in a one-dimensional model in COMSOL, which can then be 

coupled to the existing core model. 

The parameters and variables used to define the reaction rates and species 

transport in the salt and graphite pebbles are included in Table 2-7. 

 

Table 2-7. Parameters and variables for tritium generation reactions. 

Parameter/Variable Symbol Value Units 

6
Li(n,αT) microscopic cross section [14] 𝜎6𝐿𝑖 148.026 bn 

7
Li(n,n'αT) microscopic cross section [14] 𝜎7𝐿𝑖 1.00x10

-3
  bn 

9
Be(n,α) microscopic cross section [14] 𝜎9𝐵𝑒 3.63x10

-3
  bn 

Core average flux [14] 𝜙𝑎𝑣𝑔 3.41x10
14

  1/cm
2
-s 

 

The benefit of treating nuclear reactions as chemical reactions, as opposed to 

determining the tritium generation reaction rates in another program and inserting mass 

source and sink terms, is that the reactions accounted for production of intermediates and 

other interesting species. For instance, the 
9
Be(n,α) reaction generates Li-6, which in 

turn generates tritium. As Li-6’s tritium generation cross section is the highest of any of 

the FLiBe isotopes by five orders of magnitude, neglecting the generation of Li-6 as an 
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intermediate significantly affects the perceived tritium generation rate. Additionally, the 

19
F(n,T) also generates O-17, which is an interesting species from a salt-chemistry 

standpoint. Since COMSOL is already calculating the rate of the 
19

F(n,T) reaction, 

addition of O-17 is trivial, whereas it would involve further calculation to add an oxygen 

source term. However, the cross-section for the 
19

F(n,T) reaction is not well-established 

for the neutron spectrum of the FHR; it is deemed low enough to be neglected in 

rigorous neutronics calculations. Therefore, it is left out of this analysis. Pending the 

calculation of the reaction cross section, the O-17 analysis can be easily added to this 

model. 

 

2.3.3.2 Mass Transport in Salt and Graphite 

Diffusion coefficients define the transport of tritium in both the salt and the 

graphite; see Table 2-8.  
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Table 2-8. Parameters and variables for species transport physics, 

Parameter/Variable Symbol Value Units 

Diffusion coefficient of tritium in FLiBe [19] 𝒟3𝐻,𝐹𝐿𝑖𝐵𝑒 3.91x10
-9 

m
2
/s 

Self-diffusion coefficient of Li in FLiBe [20] 𝒟𝐿𝑖,𝐹𝐿𝑖𝐵𝑒 4.14x10
-5

  cm
2
/s 

Self-diffusion coefficient of Be in FLiBe [20] 𝒟𝐵𝑒,𝐹𝐿𝑖𝐵𝑒 6.50x10
-6

  cm
2
/s 

Self-diffusion coefficient of F in FLiBe [20] 𝒟𝐹,𝐹𝐿𝑖𝐵𝑒 1.48x10
-5

  cm
2
/s 

Diffusion coefficient of tritium in graphite [20] 𝒟3𝐻,𝑔 1x10
-12

  m
2
/s 

Diffusion coefficient of FLiBe in graphite 

(FLiBe intrusion) 
𝒟𝐹𝐿𝑖𝐵𝑒,𝑔 0 m

2
/s 

 

 

Although the porous medium model is sufficient for the heat transfer and 

momentum equations, the COMSOL framework for species transport in porous media 

only provided the option for transport in fluid. However, the chemical reaction 

engineering module offered a “reactive pellet bed” domain. This domain generated an 

auxiliary dimension for the pebbles, which showed the one-dimensional propagation of 

species through the solid material. While this application is helpful in providing the 

tritium absorption physics, the reactive pellet bed is designed to contain pellets, in which 

the reaction occurred at the center and the reaction products diffused out; in the FHR, the 

reactions occurred in the salt and diffused into the pebbles. Therefore, the reaction rates 

are set to zero in the reactive pellet bed domain, requiring another reaction-only domain 
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to inhabit the fluid region of the porous medium. This allowed the reactions to occur in 

the salt and the species to diffuse both in the salt and into the graphite pebbles.  

The auxiliary dimension gave a concentration gradient within the pebbles. 

However, the focus of this study is core-level tritium concentration. Therefore, the 

concentration profile in the pellet is not investigated, other than to confirm the expected 

trends of a parabolic profile with the highest concentration at the surface and the lowest 

concentration at the center.  

Further investigation of the tritium loading in the pebbles is not conducted 

because the diffusion model is a simplification of the actual trapping-detrapping 

mechanism. Detailed analysis of the results would overreach the accuracy of the known 

input parameters. Diffusion coefficients for the simplified mechanism are reported in the 

literature, but even these exhibited an imprecise spread of values; see Table 2-9. 
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Table 2-9. Diffusion coefficients for tritium in graphite. 

Gas Graphite 

Diffusion Coefficient 

 

Ref. 

Expression 
@ 650 °C 

[m
2
/s] 

@ 750 °C  

[m
2
/s] 

D2 pore, high-

density (1.90 

g/cm
3
) 

isotropic 

1800exp(-121/RT) 

R[kJ/mol-K] 

D[cm
2
/s] 

2.6x10
-8

 1.2x10
-7

 [21] 

D2 bulk (filler 

grains), high-

density (1.90 

g/cm
3
) 

isotropic 

1.69exp(-251/RT) 

R[kJ/mol-K] 

D[cm
2
/s] 

1.06x10
-18

 2.59x10
-17

 [21] 

H2 crystallite 

boundary 

diffusion 

coefficient; 

neglects 

trapping effects 

3.3x10
-10

exp(-1.3/kT) 

k[eV/K] 

D[m
2
/s] 

2.6x10
-17

 1.3x10
-16

 [22] 

H2 IG-430 8.95x10
-8

exp(-1.99/kT) 

k[eV/K] 

D[m
2
/s] 

1.22x10
-18

 1.41x10
-17

 [22] 

H2 IG-430; 

irradiated with 

5.0x10
9
/m

2
, 

>1-MeV 

neutrons 

8.26e-10*exp(-1.92/kT) 

k[eV/K] 

D[m
2
/s] 

2.72x10
-20

 2.88x10
-19

 [23] 

T2 pyrolitic 

carbon; 

irradiated with 

1.0x10
14

/m
2
 

neutrons 

332*exp(-98400/RT) 

R [cal/mol-K] 

D [cm
2
/s] 

1.59x10
-25

 3.03x10
-23

 [24] 
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The large range in diffusion coefficients could be attributed to the difference in 

type of graphite used in each test. The graphite used in the Mk1 PB-FHR design is still 

under study, so matching it with a literature diffusion coefficient is not possible. 

Moreover, the design of the Mk1 PB-FHR core is such that not all the pebbles are 

identical: some are fuel pebbles, and some are pure-graphite reflector pebbles. 

Additionally, both fuel and reflector pebbles would be subject to a neutron flux while in 

the core, which is another factor affecting the diffusion coefficient. In fact, the 

irradiation of the graphite would require a diffusion coefficient which not only depended 

on temperature but on time as well. These considerations further complicated the 

diffusion analysis, rendering further detailed analysis of the results irrelevant. 

Another unknown diffusion coefficient is that of FLiBe into graphite. For this 

thesis, it is set to 0, i.e. no salt entered the graphite. Studies are currently underway to 

determine the degree of FLiBe intrusion into graphite. Upon the collection of further 

data and the calculation of a corresponding diffusion coefficient, FLiBe intrusion can 

also be introduced into this model. 

 

2.4 Solutions 

In COMSOL, the above physics are coupled into a multiphysics model. A 

flowchart is shown in Figure 2-2. 
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Figure 2-2. Flow chart of COMSOL Multiphysics® model of tritium transport in FHR 

core. 

 

In this model, the heat and momentum transfer are coupled together and solved 

using a stationary solver. These results are then fed to the chemistry and species 

transport model, which is solved using a time-dependent solver. The stationary solver 

does not converge on a solution. However, the results of the time-dependent solution 

show the approach to a SS value. The SS solution of the species transport model is 

defined as the constant solution reached by the end of the time-dependent study. Because 

the fluid flow and heat transfer model reach SS faster than the species transport model, 

decoupling the physics does not affect the final results, and it expedites the solution 

time. 
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The timescale of the time-dependent solver is defined by the lifetime of a pebble 

in the core: 1.4 y [2]. This is because the functionality of the loading of tritium in the 

pebbles throughout the pebble lifetimes is the focus of this study. Running the model at 

short timescales shows that the tritium generation reactions, elements of the mass 

transport in the salt, reached SS in five minutes. While the concentration of tritium in the 

salt is also important to this study, the start-up transient is not required. Therefore, a SS 

value evaluated at 1.4 y is equal to that evaluated at five minutes. The salt residence time 

in the core, informed by the existing fluid flow model, is on the order of one minute, and 

the tritium decay time is on the order of ten years. These phenomena are not the focus of 

this study. 

The COMSOL solver performed finite element analysis for user- or physics-

defined meshes. The same mesh is used for both solvers; see Figure 2-3. 
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Figure 2-3. Mesh for fluid flow and heat transfer, and species transport solvers. 

 

A coarse mesh is selected to facilitate fast solving times. However, the results are 

sensitive to the mesh size; see Figure 2-4. 
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Figure 2-4. Tritium concentration profile in salt at top outlet for “extremely coarse” 

mesh (top) and “extra coarse” mesh with “coarser” mesh at vertical walls (bottom); 

regarding mesh size, extremely coarse > extra coarse > coarser. 
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The boundary conditions applied to the fluid flow and species transport physics 

suggested that a flat profile should be seen for both the velocity and concentration in the 

radial direction. Due to the radial fluctuation, further study on the boundary condition 

implementation and mesh sensitivity is required. However, this is beyond the scope of 

this project. To handle the radial variations, radial averages are computed, and these 

averages are treated as the expected flat profiles would have been. 
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3 Verification of Tritium Generation Reaction Rates 

One-dimensional analysis is used to verify COMSOL’s modeling of the tritium 

generation reactions. This analysis is used to ensure that the physics input into the 

COMSOL model match the analytical expressions derived from the input physics. It is 

performed for SS conditions. 

When considering only the chemistry and fluid flow, the phenomena are 

essentially a plug flow reactor (PFR). The analysis of PFRs is well-established in the 

chemical engineering field. PFRs are open systems in which reactants flow into a control 

volume and reactants, if the reaction does not reach completion, and products flow out. 

The established model assumes that no mixing occurs in the axial direction and that the 

concentrations and flow rates are constant in the radial direction; these assumptions are 

what make the model one-dimensional. The model is ideal for turbulent flow systems 

with slip conditions at the walls, because they too approach constancy in the radial 

direction. Differential equations derived from mole balances relate the change in molar 

flow rate to the change in volume. If the cross-sectional area of the reaction volume is 

constant, the molar flow rate can be expressed as a function of length. 

PFR analysis is outlined in Fogler’s reaction engineering textbook [25], 

beginning with a generic mole balance; see Equation (3-1). 
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𝑖𝑛 − 𝑜𝑢𝑡 + 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛/𝑐𝑜𝑛𝑠𝑢𝑚𝑡𝑖𝑜𝑛

= 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

(3-1) 

 

Each term in Equation (3-1) is defined for each species, 𝑖, and each reaction, 

identified by the reactant species 𝑗; see Equations (3-2)-(3-5). 

 

 𝑖𝑛 = 𝐹𝑖|𝑉 (3-2) 

where 𝐹𝑖|𝑉 is the molar flow rate of species 𝑖 evaluated at volume 𝑉. 

 

 𝑜𝑢𝑡 = 𝐹𝑖|𝑉+Δ𝑉 (3-3) 

 

 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = −𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑟𝑗Δ𝑉  (3-4) 

where 𝑟𝑗 is the rate of reaction and Δ𝑉 is the change in volume. 

 

 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑑𝑁𝑖
𝑑𝑡

 (3-5) 

where 𝑁𝑖 is the moles of species 𝑖 and 𝑡 is time. For SS, 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 0. 

 

These definitions are plugged back into Equation (3-1); see Equation (3-6), 

which is rearranged to form Equation (3-7). 
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 𝐹𝑖|𝑉 − 𝐹𝑖|𝑉+Δ𝑉 + 𝑟𝑗Δ𝑉 = 0 (3-6) 

 

 
𝐹𝑖|𝑉+Δ𝑉 − 𝐹𝑖|𝑉

Δ𝑉
= 𝑟𝑗 (3-7) 

 

To account for continuous concentration changes over the volume of the reactor, 

the limit of Equation (3-7) is taken as Δ𝑉 approached zero; see Equation (3-8). 

 

 𝑟𝑗 = lim
Δ𝑉→0

[
𝐹𝑖|𝑉+Δ𝑉 − 𝐹𝑖|𝑉

Δ𝑉
] =

𝑑𝐹𝑖
𝑑𝑉

 (3-8) 

 

The analogy of chemical and nuclear reaction rates, established in Table 2-5, are 

reprised in Equation (3-9). 

 

 −𝑟𝑖 = 𝑘𝑗𝑐𝑖 = 𝜎𝑗𝜙𝑐𝑖 (3-9) 

 

By definitions, Equation (3-10)-(3-12) followed, to define the concentrations, 

flow rates, and annular geometry of the system, respectively. 

 

 𝑐𝑖 =
𝐹𝑖
𝑣

 (3-10) 

where 𝑐𝑖 is the concentration of species 𝑖, and 𝑣 is the volumetric flow rate of the fluid. 
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 𝑣 =
�̇�

𝜌
 (3-11) 

where �̇� is the mass flow rate of the fluid, and 𝜌 is the density of the fluid. 

 

 ℓ =
𝑉

𝜋(𝑟𝑜2 − 𝑟𝑖
2)

 (3-12) 

where ℓ is the axial distance along the reactor core, and 𝑟𝑜 and 𝑟𝑖 are the outer and inner 

radii, respectively, of the straight annular core geometry. 

 

To match the analytical model, the COMSOL model is stripped of its heat 

transfer and mass transport features, i.e. the temperature is set as constant, and mass 

convection in the fluid and diffusion into the pebbles are eliminated. The fluid flow in 

porous media model is run alone, the average velocity is determined, and this value is 

applied as a constant velocity throughout the core volume. A constant flux profile is 

applied as well. The specific equations and parameters are shown in Table 3-1, and the 

input file is shown in Appendix Section 9.1. 
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Table 3-1. Input parameters and equations to analytical solution of tritium generation 

reactions. 

𝐿𝑖6 → 𝐻3  𝐿𝑖7 → 𝐻3  𝐵𝑒9 → 𝐿𝑖6   

𝑟6𝐿𝑖 = 𝑐6𝐿𝑖𝜎6𝐿𝑖𝜙 𝑟7𝐿𝑖 = 𝑐7𝐿𝑖𝜎7𝐿𝑖𝜙 𝑟9𝐵𝑒 = 𝑐9𝐵𝑒𝜎9𝐵𝑒𝜙  

𝑑𝐹6𝐿𝑖
𝑑𝑉

= −𝑟6𝐿𝑖 + 𝑟9𝐵𝑒 
𝑑𝐹7𝐿𝑖
𝑑𝑉

= −𝑟7𝐿𝑖 
𝑑𝐹9𝐵𝑒
𝑑𝑉

= −𝑟9𝐵𝑒 
𝑑𝐹3𝐻
𝑑𝑉

= 𝑟6𝐿𝑖 + 𝑟7𝐿𝑖 

𝑐6𝐿𝑖 =
𝐹6𝐿𝑖
𝑣

 𝑐7𝐿𝑖 =
𝐹7𝐿𝑖
𝑣

 𝑐9𝐵𝑒 =
𝐹9𝐵𝑒
𝑣

 𝑐3𝐻 =
𝐹3𝐻
𝑣

 

𝐹6𝐿𝑖0 = 0.46948 𝑚𝑜𝑙/𝑠   

𝐹7𝐿𝑖0 = 9394.8 𝑚𝑜𝑙/𝑠  

𝐹9𝐵𝑒0 = 4697.7 𝑚𝑜𝑙/𝑠  

𝐹3𝐻0 = 0 𝑚𝑜𝑙/𝑠  

𝑉 = 17.0 𝑚3  

𝜙 = 3.41 × 1014 1/𝑐𝑚2  

𝜎6𝐿𝑖 = 148.026 𝑏𝑛  

𝜎7𝐿𝑖 = 1.00 × 10
−3 𝑏𝑛  

𝜎9𝐵𝑒 = 3.63 × 10
−3 𝑏𝑛  

𝑣 = �̇�/𝜌  

�̇� = 465.24 𝑘𝑔/𝑠  

𝜌 = 1962.67 𝑘𝑔/𝑚3  

 

These equations and parameters are entered into a numerical differential equation 

solver called Polymath. Version 5.1 is used. The results are shown in Figure 3-2. The 

same parameters are entered into the simplified COMSOL model. The results of the 

COMSOL model are two-dimensional; see Figure 3-1. However, because the 
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concentration constant in the radial direction, the concentration is evaluated along the 

centerline of the two-dimensional result, and this profile is compared to the one-

dimensional results; see Figure 3-2. 

 

 

Figure 3-1. SS concentration of tritium in mol/m
3
 in the straight annular core model. 
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Figure 3-2. One-dimensional analytical and COMSOL model results of tritium 

generation reactions: axial tritium concentration profile. 

 

Both the analytical and COMSOL model results exhibit a straight-line profile 

with respect to the distance along the length of the reactor core, with an initial tritium 

concentration of 0 mol/m
3
 and a final concentration of 8.14x10

-6
 mol/m

3
. This indicates 

that the physics applied in the COMSOL correctly handles the tritium generation physics 

applied. The models also report identical tritium generation rates of 1.14x10
-7

 mol/m
3
-s, 

which is constant throughout the core. The TRIDENT model reports a BOL tritium 
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generation rate of 10129 Ci/GWt/d. For the 12.32-y half life of tritium and the 236-

MWth power of the FHR, this generation rate is equivalent to 1.32x10
-7

 mol/m
3
-s [7]. 

The COMSOL value is 15% lower than the value expected from the TRIDENT results. 

Both the results in this thesis and from TRIDENT are calculated from 99.995% Li-7 

enrichment. The difference between the volume reported in the Mk1 PB-FHR design 

report, 7.2 m
3
 of FLiBe, and the volume calculated from the COMSOL geometry, 6.8 m

3
 

of FLiBe, are accounted for in the unit conversion. However, the volume of the reactor 

does not affect the rate of reaction. 

It is also important to note that the porosity of the bed is not taken into account in 

the analytical solution: it assumes that the entire 17.0-m
3
 volume is occupied by reacting 

salt. In actuality, only 40% of the core volume is occupied by salt. This indicates that the 

COMSOL model does not treat the porous medium properly when relating it to the 

reacting volume. In COMSOL 5.2, the options for reacting volume are total volume, 

pore volume, liquid phase, and gas phase. However, with the exception of the gas phase, 

which returns 0 mol/m
3
, as expected, all options result in the same final tritium 

concentration. Further investigation is required to determine the implications of this bug 

in COMSOL’s treatment of the porous medium volume.  

For the time being, as this thesis studies only the potential functionality of 

COMSOL in predicting the FHR’s tritium output, the exact reacting volume is 

irrelevant. The tritium generation results will be artificially inflated throughout this 

analysis, because the reacting volume is 2.5 times larger than it is designed to be. 
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However, the proof of concept of the model will still stand. The tritium concentration in 

graphite can still be shown to come to equilibrium with the salt concentration. The 

parameter sweeps only compare the model to itself, and the volume goes unchanged 

within this analysis. The concept of using the COMSOL Chemical Reaction Engineering 

Module to model tritium generation still requires debugging, but this does not affect the 

rest of the analysis. 

Another limitation of the one-dimensional analysis is that the open-system model 

assumes that fresh FLiBe is fed to the core at all times. That is, the FLiBe isotopes are 

not depleted, and no tritium is returned to the inlet. This assumption is valid for Li-7, Be-

9, and F-19. These species are essentially an infinite source: their reaction rates are low 

enough and their initial concentrations high enough that their concentrations are 

relatively unaffected. In fact, as previously mentioned, the rate of consumption of F-19 

is so low that it is not considered in this analysis. However, the Li-6 will eventually be 

depleted. The TRIDENT analysis predicts that complete depletion will be reached after 

20 years of operation with the same FLiBe [7]; see Figure 1-3. Because the analysis for 

this thesis is on the timescale of the life time of a pebble in the core, 1.4 years, the 

depletion of Li-6 is less of a concern than it would be for a timescale of 100 years. 

Accumulation of tritium would also be accounted for in a closed system. However, the 

rate of tritium diffusion through the piping and heat exchangers is unknown; tritium 

management systems can return the tritium concentration to zero before the FLiBe enters 
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the core again. Therefore, it is entirely feasible that 0 mol/m
3
 of tritium will be 

introduced to the core inlet at all times.  
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4 Tritium Absorption in Graphite 

In addition to the generation of tritium, the absorption of tritium in the core 

graphite is a key element of tritium transport in the FHR core. As discussed in Section 

2.3.3, a simple diffusion mechanism is used to model the absorption of tritium into the 

graphite pebbles, but the diffusion coefficient is not well-defined. Literature values range 

from10
-8

 to 10
-25

 m
2
/s at the expected temperature of the reflector pebbles, 650 °C, and 

from 10
-7

 to 10
-23

 m
2
/s at the expected temperatures of the fuel pebbles, 750 °C. 

Therefore, instead of selecting a diffusion coefficient from the literature to serve as a 

basis, an unsteady-state (USS) diffusion analysis is performed to determine the 

magnitude of the diffusion coefficient required to demonstrate the functionality of the 

COMSOL diffusion model in the desired timescale. 

To determine this quantity, the system is assumed to be closed, and no tritium is 

to escape the reactor core throughout the 1.4-y lifetime of a pebble. This represents a 

worst-case scenario, in which all the tritium is retained in the salt then released all at 

once through a leak.  To prevent this release, all of the tritium in the salt must be 

absorbed into the graphite. 

Beginning with the tritium generation rate for BOL conditions, 1.14x10
-7

 

mol/m
3
(salt)-s, calculated in Chapter 3,  the tritium loading in graphite, required for a 

pebble experiencing BOL salt conditions throughout the entirety of its lifetime, is 

calculated. These conditions represent the maximum required loading. The minimum 

required loading conditions occur for a cycle beginning after the salt composition had 
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reached SS. This case assumes that the FLiBe is not refreshed, allowing the Li-6 

concentration to deplete completely. Any pebble introduced once the SS tritium 

generation rate had been reached will experience these conditions for the entirety of its 

lifetime. At SS, the only tritium produced comes from Li-7 and from the Li-6 produced 

from Be-9. Analytically, this is represented by introducing no Li-6 in the feed. The 

Polymath program detailed in Table 3-1 is repeated with 𝐹6𝐿𝑖 = 0 mol/s, yielding a core 

volume-average tritium generation rate of 1.35x10
-8

 mol/m
3
(salt)-s. Unit conversions are 

used to calculate the required concentration of tritium in the graphite; see Table 4-1. 
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Table 4-1. Calculation of tritium loading in graphite required to absorb all tritium 

produced during the lifetime of a pellet, both at the BOL of the FLiBe and at SS 

conditions. 

 BOL SS 

r6Li [mol/m
3
(salt)-s] 9.997x10

-8
 (0+8.880x10

-14
)/2 

= 4.44x10
-14

 

r7Li [mol/m
3
(salt)-s] 1.351x10

-8
 1.351x10

-8
 

r3H [mol/m
3
(salt)-s] 

    = r6Li + r7Li 

1.135x10
-7

 1.351x10
-8

 

r3H [mol/s] 

    = r3H [mol/m
3
(salt)-s] * 6.8 m

3
(salt) 

7.713x10
-7

 9.182x10
-8

 

r3H [mol] 

    = r3H [mol/s] * 1.4 y * 3.2x10
7
 s/y 

34 4.1 

r3H [mol/m
3
(graphite)] 

    = r3H [mol] / 10.19 m
3
(graphite) 

3.34 0.398 

 

The final row of Table 4-1 shows the volume-average tritium concentrations in 

each pebble required to fully absorb all the tritium produced in the core throughout the 

pebble’s lifetime. Empirical data for the USS diffusion of a species into a sphere is used 

to determine the diffusion coefficient required to reach the desired concentrations; see 

Figure 4-1 [26]. 
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Figure 4-1. Nondimensionalized concentration vs. time for unSS diffusion into spherical, 

cylindrical, and rectangular geometries. 

 

These data correlate nondimensionalized concentration, 𝐸𝑎𝑣𝑔, and time, 𝐹𝑜; see 

Equations (4-1) and (4-2). 
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 𝐸𝑎𝑣𝑔 =
𝑐𝑠,𝑔 − 𝑐𝑔,𝑏

𝑐𝑠,𝑔 − 𝑐0
 (4-1) 

where 𝑐𝑠,𝑔 is the concentration in the graphite at the surface of the pebble, 𝑐𝑔,𝑏 is the 

average concentration in the pebble at the time of interest, and 𝑐0 is the initial average 

concentration in the pebble. In this case, 𝑐𝑔,𝑏 is 3.34 mol/m
3
 at BOL and 0.398 mol/m

3
 at 

SS, and 𝑐0 is 0 mol/m
3
. 

 

 𝐹𝑜 =
𝒟𝑔𝑡

𝑎2
 (4-2) 

where 𝐹𝑜 is known as the Fourier number, 𝒟𝑔 is the diffusion coefficient of tritium in 

graphite, 𝑡 is time, and 𝑎 is the characteristic length of the diffusion medium. In this 

case, 𝑡 is 1.4 y and 𝑎 is 0.015 m, the pebble radius. 

 

Required diffusion coefficients are calculated for varying graphite surface 

concentrations, from a minimum of 𝑐𝑔,𝑏 to a maximum at which the slope of the 

diffusivity dependence ceased to change. The results are plotted in Figure 4-2. 
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Figure 4-2. Diffusion coefficient required to drive all tritium generated in a pebble’s 

lifetime into the FHR pebble bed at varying graphite surface concentrations. 

 

The graphite surface concentration is varied, and a trend in the diffusion 

coefficient is determined, as opposed to using a single known surface concentration. 

This is because the graphite surface concentration relies on literature and design data, 

which are not yet available. The tritium concentration in the graphite at the surface of the 

pebble depends on the tritium concentration in the salt at the surface of the pebble, 

which depends on the bulk concentration in the salt.  
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Additionally, the analysis in Table 4-1 is predicated on constant tritium loading 

throughout the bed. As shown in the tritium generation analysis in Figure 3-2, the bulk 

tritium concentration in the salt is not constant throughout the core. This yields a non-

constant tritium loading in the graphite, as the concentration-difference driving force is 

different throughout the core. Although the bulk tritium concentration in the salt can be 

and is calculated in Chapter 3, accounting for tritium generation reactions alone, the 

actual concentration is subject to tritium diffusion out of the system and additional 

tritium removal systems. The main assumption in determining the required diffusion 

coefficient is that no tritium would escape. Although this is sufficient for a ballpark 

calculation, it is not indicative of reality. The inflow concentration of tritium can range 

from zero to the outflow concentration.  

Even if the bulk tritium concentration in the salt is known, further experimental 

data is required to determine the tritium concentration in the graphite at the surface of 

the pebble. To convert from bulk fluid concentration to pebble-surface fluid 

concentration, the analogy of mass transport to heat transfer would be employed. Both 

use dimensionless numbers to determine a transfer coefficient. The Sherwood number is 

the ratio of convective mass transfer to molecular diffusion and is analogous to the 

Nusselt number from heat transfer. The Frössling correlation estimates the Sherwood 

number for mass transport in porous media; see Equation (9-3).  
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 Sh =
𝑘𝑐𝑑𝑝

𝒟𝑠
= 2 + 0.55Re1/2Sc1/3 (9-3) 

where 𝑘𝑐 is the mass transfer coefficient, 𝒟𝑠 is the diffusion coefficient of tritium in the 

salt, 𝑑𝑝 is the diameter of the pebble, Re is the Reynolds number for a packed bed, given 

by Equation (9-4), and Sc is the Schmidt number, given by Equation (9-5). 

 

 Re =
4𝑑𝑝v𝜖𝜌

6(1 − 𝜖)𝜇
 (9-4) 

where 𝜌 is the fluid density, v is the superficial velocity in the bed, 𝜖 is the porosity of 

the bed, and 𝜇 is the fluid viscosity 

 

 Sc =
𝜇

𝜌𝒟𝑠
 (9-5) 

 

The mass transfer coefficient, calculated from the above analysis, along with the 

mass flux, would be used to calculate the fluid surface concentration from the fluid bulk 

concentration; see Equation (9-6). 
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 𝑗 =
𝑟3𝐻𝑉𝑠
𝑆

= 𝑘𝑐(𝑐𝑏,𝑠 − 𝑐𝑠,𝑠) (9-6) 

where 𝑗 is the mass flux, 𝑟3𝐻 is the rate of tritium generation in the salt, 𝑉𝑠 is the volume 

of salt in the core, 𝑆 is the total surface area of the graphite in the core, 𝑐𝑏,𝑠 is the fluid 

bulk concentration and 𝑐𝑠,𝑠 is the fluid surface concentration 

 

From the fluid surface concentration, the solid surface concentration can be 

determined using tritium solubilities in FLiBe and in graphite. Solubilities are given as a 

function of pressure, as in Henry’s Law for fluids; see Equation (9-7). 

 

 𝑐𝑖 = 𝑝𝑖ℋ𝑖,𝑗  (9-7) 

where 𝑐 is the concentration of species 𝑖 in fluid 𝑗, 𝑝𝑖 is the partial pressure of species 𝑖 

above fluid 𝑗, and ℋ𝑖,𝑗 is the Henry’s Law constant for species 𝑖 in fluid 𝑗. 

 

The same law, under a different name, applied to solubilities in solids. These 

laws defined the equilibrium between two species. If a given partial pressure of tritium 

are in equilibrium with both liquid FLiBe and solid graphite, then the tritium-FLiBe and 

tritium-graphite solutions would also be in equilibrium. The solid surface concentration 

could be related to the fluid surface concentration through the ratio of their solubility 

constants; see Equation (9-8). 
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 𝑐𝑠,𝑔 =
ℋ𝑔

ℋ𝑠
𝑐𝑠,𝑠 (9-8) 

where 𝑐𝑠,𝑔 is the concentration of tritium in graphite at the surface of the pebble, and ℋ𝑔 

and ℋ𝑠 are the solubility constants of tritium in graphite and FLiBe, respectively. 

 

For simple solutions, the Henry’s Law constant is indeed a constant. However, 

the same concentration-pressure relationship may also hold when the “constant” depends 

on temperature, pressure, or other parameters. Such is the case for tritium solubilities. 

Field presented a relationship for HF and DF in FLiBe [27], Malinauskas for H2 and D2 

in FLiBe [28], and Atsumi for D and D2 in graphite [21], all of which are functions of 

temperature and/or pressure. These values and correlations are shown in Table 4-2. 
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Table 4-2. Summary of tritium solubilities in FLiBe and graphite. 

Solute HF DF H2 D2 

Solvent FLiBe FLiBe FLiBe FLiBe 

Pressure Range 

[atm] 1-2 1-2 1-2 1-2 

Temperature 

Range [°C] 500-700 500-700 500-700 500-700 

Solubility at Selected Temperatures x10
6
 [mol solute/m

3
 solvent-Pa] 

500 [°C] 68.4 ± 2.6 60.1 ± 1 0.176 ± 0.01 0.219 ± 0.01 

600 [°C] 42.8 ± 1 36.3 ± 0.6 0.437 ± 0.01 0.378 ± 0.02 

700 [°C] 29.2 ± 1 24.2 ± 0.6 0.478 ± 0.05 0.527 ± 0.05 

Reference [27] [27] [28] [28] 

 

Solute D2 

Solvent Graphite 

Pressure Range 

[atm] 0.025-0.10 

Temperature 

Range [°C] 850-1050 

Solubility [mol solute/m
3
 solvent-Pa] 

(1.9 × 10−4 [
cm3solute

g solvent
] × (

𝑝

𝑅𝑇
)
solute

× (𝜌)solvent) (𝑝[Pa]
1/2) exp(

19 [
kJ
mol

]

𝑅𝑇
) 

where 𝑝 is the partial pressure of the solute. 

Reference [21] 

 

Further data on the chemical form of tritium in FLiBe and the type of graphite 

into which the tritium is diffusing are needed to make this analysis worthwhile.  
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The above analysis will be required to bridge the gap between the 8.14x10
-6

-

mol/m
3
 bulk salt concentration and 3.98-mol/m

3
 bulk graphite concentration. However, 

for simplicity, this thesis assumed that ℋ𝑔 = ℋ𝑠, i.e. 𝑐𝑠,𝑔 = 𝑐𝑠,𝑠. If this are indeed true, 

the average concentration would be greater than the surface concentration, and the 

required diffusion coefficient would be negative, suggesting that the tritium are diffusing 

out of the graphite pebbles instead of into them. This would make the goal of loading all 

tritium generated during a pebble’s lifetime into the pebbles impossible. Therefore, the 

mass transfer and solubility analysis would be a valuable tool in deciding if an additional 

tritium management system are necessary. 
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5 Parameter Sweeps 

To determine if the model behaves as expected, its responses to sweeps of 

various parameters are measured, and the resulting effects are monitored. These 

parameters include the diffusion coefficient, velocity, initial concentrations, cross-

sections, and neutron flux. 

 

5.1 Tritium-in-Graphite Diffusion Coefficient 

The reasoning presented in Chapter 4 shows that the diffusion coefficient 

calculated to load all of the tritium generated in a pebble’s lifetime into the pebbles is 

not accurate, due to the lack of literature data on the nature of tritium interactions in 

graphite and FLiBe. Additionally, changes in the diffusion coefficient could have 

occurred during the running of the reactor, due to the effect of neutron irradiation on the 

properties of graphite. 

There are two key differences between the following parameter-sweep analysis 

and the analysis performed in Chapter 4. First, the Chapter-4 calculations are predicated 

on the salt’s tritium concentration equaling the graphite’s tritium concentration (~1 

mol/m
3
); the COMSOL model sets the maximum graphite’s tritium concentration to 

equal the salt’s tritium concentration (~1x10
-6

 mol/m
3
). Second, the goal of the Chapter-

4 calculations is to determine the diffusion coefficient required to absorb all of the 
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tritium generated in one pebble lifetime; the goal of the parameter sweep is to vary the 

diffusion coefficient and observe the time response of each case.  

In addition to generating a set of diffusion time responses to be examined, the 

parameter sweep determines the diffusion coefficient to be used in all further parameter 

sweeps. One that would reach graphite-salt equilibrium within the study time of one 

pebble lifetime is desired, to produce observable results in this model. The results of the 

diffusion coefficient sweep are shown in Figure 5-1. 
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Figure 5-1. Effect of varying tritium-in-graphite diffusion coefficient on the core-

volume-average of the pebble-volume-average concentrations of tritium in the pebbles 

over the lifetime of a pebble. 

 

The results of the sweep of tritium-in-graphite diffusivities show that lower 

diffusion coefficients present a lower rate of change in concentration, as expected. The 

graphite tritium concentration asymptotically approaches the salt tritium concentration, 

because equilibrium is defined as equal salt and graphite concentrations at the surface of 



59 

 

 

 

the pebble. From the values in this sweep, a diffusion coefficient of 10
-12

 m
2
/s is 

appropriate for use as a basis in the remaining analysis. 

  

5.2 Fluid Velocity 

The rate at which the FLiBe constituent isotopes, or reactants, travel through the 

core is expected to influence the tritium concentration in the salt, which, in turn, affects 

the rate of transfer of tritium from the salt to the graphite and the equilibrium graphite 

concentration. The salt tritium concentration at the outlet informs the maximum potential 

tritium release through the piping and heat exchangers. To determine how the model 

handles the effect of residence time on tritium generation, the inlet pressure boundary 

condition for the fluid flow module is varied. With the outlet pressure constant at zero 

throughout the trials, a larger change in pressure across the core induces a higher 

velocity, and vice versa. Changes in inlet pressures can be the result of fouling in the 

piping or heat exchangers or changes in the pump performance. The velocity is 

measured for each run, as is the core outlet tritium concentration, and the results are 

shown in Figure 5-2. 
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Figure 5-2. Effect of fluid velocity on outlet concentration of tritium in FLiBe. 

 

The tritium concentration is expected to be inversely related to the velocity, as 

higher velocities decrease the residence times of the reactants in the reacting volume 

while the reaction rate remains constant. Because each reaction is first-order, and 

because the reaction rate is constant throughout the reactor, due to high concentrations of 

the reactants, the outflow concentration is inversely related to velocity. The constant 

reaction rate allows Equation (3-8) to be discretized. It is combined with Equation (3-

10), with a constant volumetric flow rate, to form Equation (5-1). 
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 𝑐 =
𝑟𝑉

𝑣
+ 𝑐0 (5-1) 

where 𝑐 is the outflow concentration and 𝑐0 is the inflow concentration. 

 

The volumetric flowrate is directly proportional to the velocity, v, via the cross-

sectional area of the core in the direction of flow, 𝐴, i.e. v = 𝑣/𝐴. Therefore, 𝑐 ∝ v−1. 

Performing a least-squares analysis to fit the equation 𝑐 = 𝐵v−1, where 𝐵 is a constant, 

a 𝐵-value of 5.59x10
-7

 mol/m
4
-s is determined. This value corresponds to an R

2
 of 0.999, 

matching the analytical expression well. A discrepancy is observed at low velocities, 

where the fluid flow approaches the laminar regime, and the assumption of uniform 

velocity and concentration profiles in the radial direction deteriorates.  

 

5.3 Tritium Concentrations 

In addition to the residence time of the reactant isotopes, the initial amount of the 

reactant isotopes is also expected to affect the tritium concentration in the salt. While the 

velocity does not change the reaction rate, the reaction rate is dependent on the 

concentration of the reactant. In this analysis, the values for the initial tritium 

concentrations are selected from perturbations on the SS volume-average concentrations 

in the salt and graphite, and from SS output concentrations in the salt, simulating a 

coarse-time-stepped closed loop analysis. 
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5.3.1 Perturbations of Initial Tritium Concentrations 

To determine if the time-dependent solver is indeed reaching a SS solution, the 

SS tritium concentrations in the salt and graphite from the basis computation are set as 

the initial conditions, while all other aspects of the original model, including inflow 

concentrations, are retained. These initial conditions are set for three cases: perturbation 

of the salt concentration only, while the graphite concentration starts at actual value of 

zero; perturbation of the graphite concentration only, while the salt concentration starts 

at the actual value of zero; and perturbation of both salt and graphite concentrations 

simultaneously. Then, the SS initial conditions are perturbed, increasing and decreasing 

by ten percent, again for each of the three cases. In each case, and in each medium, the 

bulk average concentration is the varied parameter. The results are recorded in Figure 5-

3-Figure 5-5. 
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Figure 5-3. Response of core-volume-average tritium concentration in FLiBe (left) and 

core-volume average of pebble-volume-average tritium concentration (right) to 

perturbations of initial tritium concentration in FLiBe from SS basis concentration. 

 

This analysis shows that the SS tritium concentration in the salt is impervious to 

changing the initial conditions. The residence time of salt in the reactor, with a 

volumetric flow rate of 0.247 m
3
/s, evaluated from the basis COMSOL model, and a salt 

volume of 6.80 m
3
, is on the order of 30 s. The coarse time-scale of this model does not 

show the details of the approach to SS; the results only show that SS is reached within 

the first day. Future work can study smaller time steps if such detail is desired. In this 

study, the key result is the graphite concentration perturbation, as its timescale is the 

basis for the time step and end time selections. The quick return to SS concentrations in 
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the salt is attributed to the flushing of the initial salt loading with a flow of fresh salt. 

And, because the salt concentration reaches SS within the first day, while the timeframe 

for the diffusion into graphite is on the order of two hundred days, the perturbation of the 

salt concentration does not affect the diffusion of tritium into the graphite. 

  

  

Figure 5-4. Response of core-volume-average tritium concentration in FLiBe (left) and 

core-volume average of pebble-volume-average tritium concentration (right) to 

perturbations of initial tritium concentration in graphite from SS basis concentration. 

 

This analysis shows that the tritium concentration in the salt is not affected by the 

concentration in the graphite, when considering one-day time steps. Tritium from the 

+10% perturbation diffuses back into the salt to return to the SS solution. However, 
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because the system is open, this extra tritium is released through the outlet and does not 

accumulate in the salt. Both the +10% and -10% perturbations return to the SS graphite 

concentration in about the same timeframe as each other and as the 0-mol/m
3
 initial 

condition in Figure 5-3. The difference in concentration is the driving force for diffusion 

into or out of the pebble, so the equal differences in the two perturbations should have 

acted identically, and they do. The fact that they also matched the 0-mol/m
3
 initial 

condition indicates that a difference in driving forces of 10
-6

 mol/m
3
 is not large enough 

to make a significant difference in the time-dependent response. 
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Figure 5-5. Response of core-volume-average tritium concentration in FLiBe (left) and 

core-volume average of pebble-volume-average tritium concentration (right) to 

simultaneous perturbations of initial tritium concentration in FLiBe and graphite from 

SS basis concentration. 

 

As previously discussed, the salt concentration returns to SS within one day, on 

the order of the residence time of the core, regardless of the initial graphite 

concentration. The salt concentration is at SS essentially for the entirety of the study, and 

the SS graphite concentration is defined as the same as the SS salt concentration. 

Therefore, the graphite concentration returns to SS in the same fashion, regardless of the 

initial salt concentration. As a result, the salt concentration curve from Figure 5-5, the 

simultaneous perturbation, matches the salt concentration curve in Figure 5-3, the salt-
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concentration-only perturbation. And, the graphite concentration curve from Figure 5-5, 

the simultaneous perturbation, matches the graphite concentration curve in Figure 5-4, 

the graphite-concentration-only perturbation.  

 

5.3.2 “Closed-Loop” Analysis 

To simulate a system in which Li-6 is depleted, the Li-6 outflow concentrations 

are used to inform the initial and inflow concentrations for the next run. Tritium 

concentrations are also looped. In this analysis, the inlet Li-6 and H-3 concentrations are 

updated in twenty-day increments. The outlet concentration in the salt from day 20 of the 

0-20-day run is set as the initial salt concentration and inflow concentration for the 20-

40-day run, and so on. When absorption is considered, the end-time graphite 

concentration profile is set as the initial graphite concentration profile for the next run, 

so as to continue accumulating tritium in the graphite. When absorption is not 

considered, the tritium concentration in the graphite is set to zero at the start of each new 

run. The no-absorption model is not indicative of any realistic circumstances, because 

the pebbles are discharged after five hundred days, not twenty days. However, the results 

are compared to the model with absorption and are used to demonstrate the functionality 

of the diffusion model. The volume-average Li-6 and H-3 concentrations in the salt and 

the H-3 concentration in the graphite are monitored; see Figure 5-6-Figure 5-8. 
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Figure 5-6. Core-volume-average concentration of tritium in FLiBe for outlet H-3 and 

Li-6 concentrations looped to become updated inlet concentrations every twenty days.  
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Figure 5-7. Core-volume-average concentration of Li-6 in FLiBe for outlet H-3 and Li-6 

concentrations looped to become updated inlet concentrations every twenty days. 
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Figure 5-8. Core-volume-average of pebble-volume-average concentration of tritium in 

graphite for outlet H-3 and Li-6 concentrations and H-3 graphite concentration profiles 

looped to be updated inlet and initial concentrations every twenty days.  

 

As expected, disregarding absorption, the concentration of tritium in the salt 

increases linearly with increasing inflow concentration. As seen in the perturbation 

analysis, the initial concentration of tritium in the salt does not affect the SS solution; the 

SS solution is reached within one day. Therefore, the only effect shown in the no-

absorption model is that of the changing inflow concentration. And, because each 

reaction is first-order, and because the reaction rate is constant throughout the reactor, 
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due to high concentrations of the reactants, the outflow concentration is linearly related 

to the inflow concentration. Equation (5-1) verifies the linear nature of the inflow tritium 

concentration parameter sweep. The same principle applies to the linear decrease in the 

Li-6 concentration with the decrease of its inflow concentration. The tritium 

concentration in the graphite also increases linearly, as its concentration is informed by 

the tritium concentration in the salt, and the graphite and salt concentrations would be 

equal at equilibrium conditions. 

When continuous absorption is introduced into the model, the concentrations in 

the salt remain linear. Within each 20-day time step, the only place for tritium to 

accumulate is in the pebbles; all else is expelled from the outlet, never to be seen again. 

Because the system is still open, the diffusion into the graphite does not affect the SS salt 

concentrations. This response is also seen in the perturbation analysis. 

However, the tritium concentration in the graphite measures appreciable and 

increasing differences between the absorption and no-absorption models. This is because 

equilibrium between the salt and the graphite is not achieved within the 20-day time 

steps. If the rate of diffusion is high enough for equilibrium to be achieved, then the 

tritium-in-graphite concentration will match the tritium-in-salt concentration at each 

point, regardless of the initial condition. However, in this case, a lower initial 

concentration results in a lower final concentration. 

The key limitation of this “closed-loop” analysis is the coarse time step. Within 

each time step, the rate of tritium generation is inflated by the artificially-high Li-6 
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concentrations being fed to the core. Decreasing the step size will make the model more 

accurate, but it would be more computationally intensive. 

 

5.4 Reaction Cross Sections 

Just as the concentrations of the reactants affect the reaction rates, so too do the 

cross sections of the reactions. The nuclear reaction rate is directly related to the cross 

section; see Equation (3-9). Nuclear cross sections are dependent on the energy of the 

incident neutrons, which can vary in the core of a reactor. The data given for the cross 

sections in the FHR are derived from a one-group energy spectrum [14], but more 

detailed studies can be performed if the energy spectrum proved to affect the tritium 

generation significantly. For this study, the magnitude of the cross sections is varied for 

each of the reactions, and the tritium concentrations in the salt at the outlet of the core 

are monitored. The responses are shown in Figure 5-9. 
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Figure 5-9. Effect of microscopic cross sections of Li-6, Li-7, and Be-9 reactions on 

outlet concentration of tritium in FLiBe. 

 

All three of the cross section sweeps exhibit the same trends: a flat rate, followed 

by a linear increase, followed by a higher flat rate. The initial, low, flat rate is 

characterized by the reaction rate of the fastest tritium-producing reaction. In the case of 

low Li-7 and Be-9 cross sections, the Li-6 reaction remains dominant. The fact that the 
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Li-7 reaction does not contribute greatly to the tritium generation rate and that the Be-9 

reaction do not increase the Li-6 concentration enough to change its reaction rate is 

evidenced by the equivalence of the flatline for the Li-7 and Be-9 sweeps and the basis 

case for the Li-6 sweep. When the Li-6 cross section is decreased, the Li-7 reaction 

becomes the fastest, and it dominates the tritium generation rate. Because the Li-7 basis 

cross section is lower than the Li-6 basis cross section, the final concentration is lower 

for the Li-7-dominated generation than for the Li-6-dominated generation. 

For the Be-9 sweep, the length of the low flatline is defined by the product of the 

reaction. It remains flat until it reached the basis Li-6 cross section. When the Be-9 cross 

section is lower, Li-6 is consumed immediately after it is generated; when the Li-6 cross 

section is lower, Li-6 is generated faster than it is consumed, contributing to the increase 

of the Li-6 concentration and, therefore, the tritium generation rate.  

This period is followed, in all three sweeps, with a period of linear growth. 

Replacing the reaction rate, 𝑟, in Equation (5-1) with the rate expression from Equation 

(3-9), the linear relationship between outflow concentration, 𝑐, and cross section, 𝜎, is 

corroborated; see Equation (5-2). 
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 𝑐 =
𝜎𝜙𝑐0𝑉

𝑣
+ 𝑐0 (5-2) 

 

The linear region flattens when the entirety of the inflow concentration of the 

reactant in question is depleted in one pass of the reactor core. The cross-section value at 

which this flatline is reached is dependent on the balance between the higher reaction 

rate and the higher concentration of reactants present when those reactants are not 

depleted as quickly. 

 

5.5 Neutron Flux 

The neutron flux also contributes to the reaction rate. Its magnitude is a 

component of the “rate constant.” Its profile varies the magnitude throughout the core, in 

some cases showing that the model is capable of two-dimensional outputs. These two 

variations are discussed in the following two subsections. 

 

5.5.1 Neutron Flux Magnitude 

While changing the cross sections of the reactions varies each reaction rate 

individually, varying the neutron flux changes all of the reaction rates simultaneously. 

Changes in the neutron flux are applicable in transient scenarios, such as spikes or drops 

in temperature or power. To simulate such instances, the magnitude of the average 

neutron flux is varied, with the flux profile remaining uniform throughout the core. The 
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tritium concentration in the salt at the core outlet is monitored. The response is compared 

to analytical expressions to determine if the model correctly responded as an analytical 

calculation would suggest. The results are shown in Figure 5-10. 

 

 

Figure 5-10. Effect of average neutron flux on outlet concentration of tritium in FLiBe. 

 

The increase in neutron flux induces a linear response in tritium outlet 

concentration. A linear trendline is fit to the data with the intercept set to the origin, as 

the reaction rate would be zero when no neutrons are present to be absorbed. The linear 
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relationship between the outlet concentration and the flux magnitude is demonstrated in 

Equation (5-2). 

 

5.5.2 Neutron Flux Profile 

In addition to varying the magnitude of a uniform flux profile, the model needs to 

handle the non-uniform flux profiles encountered in the FHR core. Therefore, several 

different shapes are generated to observe the response of the model. The shapes are 

generated by multiplying the average neutron flux by interpolation files full of fractions. 

The same interpolation file is used for the flux profile as well as the power generation 

profile, as the FHR core is assumed to be homogeneous. Because of this parallelism, the 

SS tritium-in-salt concentration and temperature profiles are expected to exhibit the 

same shape. Figure 5-11 shows the comparison of concentration and temperature 

profiles for the basis uniform neutron flux, and Figure 5-12 shows the comparisons for 

four different test profiles. 
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Figure 5-11. Comparison of axial tritium concentration and temperature profiles for 

constant neutron flux throughout the core. 
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Figure 5-12. Comparison of axial tritium concentration and temperature profiles for 

varying neutron flux profiles, shown above each concentration-temperature plot. 
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The linearity of the concentration profile under a uniform flux profile is expected 

because of the first-order rate expressions. The tritium generation rate is dominated by 

the Li-6 reaction, and the Li-6 concentration is not significantly depleted over the 

volume of the reactor. Therefore, the generation rate is constant, making the profile 

linear; see Equation (5-2). The temperature profile, too, is linear because the rate heat 

generation is constant throughout the core. This relationship of tritium/heat generation 

rate to concentration/temperature is that of a function to its integral. 

Uniform neutron fluxes are applied to parts of the core only in the top two graphs 

in Figure 5-12. These both exhibit zero change in tritium concentration and temperature 

while the neutron flux is zero and linear changes when the neutron flux is uniform. This 

demonstrates that the reaction rate and heat generation rate are indeed zero when no 

neutrons are present and that the linear response to a uniform flux profile is present 

regardless of where that flux occurred in the core. 

Non-uniform neutron fluxes are applied to the core in the bottom two graphs in 

Figure 5-12. Just as the linear responses are related to the integral of their flat generation 

rates, parabolic responses are elicited from linear generation rates. This, again, is the 

expected response. 

In all plots in Figure 5-11 and Figure 5-12, the tritium concentration and 

temperature profiles match to within rounding error. Because the TH model is known to 

treat the power peaking profile properly, this parallelism shows that the model treats the 

neutron flux profile properly as well. 
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The entirety of the analysis to this point treated the model as one-dimensional, 

accounting only for concentrations along the centerline. However, one of the key aims of 

this thesis is to present a two-dimensional model, which can be applied to the FHR core 

geometry. The geometry of the FHR induces two-dimensional flow and temperature 

patterns in the TH model, which informs the species transport model, suggesting that 

tritium transport modeling would benefit from a two-dimensional representation. This 

allows the model to account for differences in tritium loading in the pebbles throughout 

the core. 

To show that the model is indeed two-dimensional, the flux profiles are varied in 

the radial direction, to accompany the concentrations inherent in the axial direction 

because of the direction of flow. Figure 5-13 shows the responses of the temperature and 

concentration profiles to a radially-dependent flux profile, and Figure 5-14 includes flux 

variations in both the axial and radial directions. The flux profile in Figure 5-14 is 

generated from the power peaking profile for the FHR core, which is used in the TH 

model. The dimensions are normalized to fit the straight annular geometry. Although 

this exercise does not produce validatable results, it proves that the model can produce 

two-dimensional concentration results.  
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Figure 5-13. Comparison of two-dimensional tritium concentration in mol/m
3
 (left) and 

temperature in °C (right) profiles for neutron flux profile shown above. 
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Figure 5-14. Comparison of two-dimensional tritium concentration in mol/m
3
 (center) 

and temperature in °C (right) profiles for FHR neutron flux profile given as fraction of 

average neutron flux (left). 
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The concentration and temperature profiles in Figure 5-13 and Figure 5-14 

exhibit the same trends, although they do not match perfectly, as do the one-dimensional 

axial-varying results. The concentration profiles exhibit extra “stripes” in the axial 

direction, which are not present in the temperature profiles. Recalling Figure 2-4, the 

concentration profile show the sensitivity of the boundary conditions to mesh size, and 

the stripes are attributed to that radial variation. As previously mentioned, further study 

on the boundary condition implementation in COMSOL is out of the scope of this 

project, but it remains a key element in the future development of this model. 
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6 Conclusions 

In conclusion, the analytical verification calculations and the parametric sweeps 

prove that the COMSOL model of tritium transport in the FHR core handles the intended 

physics properly. The chemical reaction engineering analysis of nuclear reactions 

produces the same tritium concentration profiles in both analytical calculations and the 

COMSOL model. The model also shows tritium from the salt entering the graphite, 

which is evident in the parametric sweep of the diffusion coefficient, in which higher 

diffusion coefficients led to higher rates of diffusion into the pebbles. The factors 

affecting the diffusion of tritium into graphite and their time scales are shown in Table 6-

1. 
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Table 6-1. Summary of physics applied in tritium transport COMSOL model. 

Physics Modeling Status Inputs Time Scale 

Fluid Flow complete salt and graphite 

material properties; 

temperature 

1 min 

Heat Transfer complete salt and graphite 

material properties; 

fluid velocity 

- 

Tritium Generation complete, except for 

reacting volume 

neutron flux; 

reaction cross 

sections; isotope 

concentrations 

3 min 

Tritium Transport in 

Salt 

mass convection 

complete; salt-

graphite interface 

requires accurate 

solubility 

relationship 

diffusion 

coefficients of 

tritium in salt; 

temperature; fluid 

velocity; solubility 

of tritium in salt 

- 

Tritium Transport in 

Graphite 

diffusion 

mechanism requires 

accurate 

temperature-

dependent 

diffusivity; 

trapping/detrapping 

mechanism not 

included; salt-

graphite interface 

requires accurate 

solubility 

relationship 

diffusion 

coefficients of 

tritium in graphite; 

temperature; fluid 

velocity; solubility 

of tritium in 

graphite 

500 d* 

 

 

 

 

 

 

 

*for selected 

diffusion coefficient 
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Parametric sweeps are also performed for the Li-6 concentration, reaction cross 

sections, and neutron flux, all of which exhibit a direct relationship to the tritium 

generation rate and concentration as expected from the reaction rate expression. The 

fluid velocity does not affect the reaction rates but does affect the residence time, which 

is inversely related to the tritium concentration. The initial tritium concentrations also do 

not affect the reaction rate, but perturbations in these are used to establish a SS solution. 

Finally, the neutron flux profile is adjusted, showing the parallel response between the 

tritium concentration and temperature profiles, and demonstrating the ability of the 

model to handle two-dimensional concentration profiles. After performing these 

analyses, it is evident that this model, with the correct volume and mass transport 

boundary conditions and with additional solving time, can be transferred from the 

simplified geometry to the FHR geometry to produce a more-detailed study of the 

tritium generation and release rate to add to the literature.  
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7 Future Work 

Although the COMSOL model is proven to address the applied physics 

appropriately, many assumptions are made in the development of the model: 

From the verification calculations, the COMSOL model is shown to use the 

entire volume of the core instead of only the liquid volume of the core, despite being 

programmed for the liquid volume in the COMSOL user interface. Although the exact 

volume is not relevant for this proof-of-concept study, the discrepancy needs to be 

reconciled when producing results for the FHR design. 

The velocity and concentration profiles are shown to be dependent on the mesh 

size. This indicates that the boundary conditions for the mass transport physics are 

implemented incorrectly in the model. The variations in the radial concentration profile 

will be exacerbated when the model is applied to the more-complex FHR geometry. 

Troubleshooting the mass transport boundary conditions in COMSOL is required to 

alleviate this issue. 

The mechanism of the tritium loading in graphite is assumed to be a simple 

diffusion model. However, a literature study of the diffusion coefficients turns up an 

imprecise array of values. These values depend on the type of graphite as well as the 

neutron irradiation of the graphite. The literature also suggests that a more-detailed 

trapping-detrapping mechanism would be more accurate than a diffusion coefficient. 
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The graphite pebbles are assumed to be identical throughout the bed, though, in 

actuality, some are fuel pebbles and some are graphite-only reflector pebbles. The effect 

of fuel particles on the absorption of tritium is unknown. 

The chemical form of tritium in FLiBe is unknown. This affects properties such 

as the diffusion in graphite, discussed above, the diffusion in the salt, and the solubility 

in the salt and in graphite. 

The solubility of tritium in salt and graphite are assumed to be identical. The 

literature on the solubility suggested a dependency on the tritium chemical form, which 

is unknown. The concentration of tritium in the graphite is essential to designing tritium 

management systems, so the relationship between the solubility of tritium in the salt and 

in the graphite is required. 

This COMSOL model assumes the core is an open system. That is, no tritium 

accumulates in the salt, and the FLiBe isotopes are never depleted. In reality, the Li-7, 

Be-9, and F-19 are essentially infinite sources. However, the Li-6 will be depleted, and, 

being the reaction that dominates the tritium generation rate, the correct modeling of its 

depletion is essential to the accurate simulation of FHR operation. The tritium 

concentration fed to the reactor depends on the tritium management systems in place, the 

design of which is still under study. Using MATLAB LiveLink
TM

 or a one-dimensional 

COMSOL model of the piping/heat exchangers coupled to the core model is required to 

achieve this circulation feature. 
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The F-19 reaction is assumed to have a low enough concentration that its 

contribution to the tritium generation rate is negligible. However, it also produces O-17, 

which is important to the FLiBe chemistry. Detailed neutronics studies are required to 

determine the actual cross section for the FHR neutron spectrum, but this reaction can 

easily be added to the existing COMSOL model. 

It is assumed that the presence of impurities in the salt does not affect the tritium 

transport in the salt or in the graphite. It is still unknown if this is a valid assumption. 

It is assumed that FLiBe never enters the graphite. However, FLiBe intrusion 

experiments are underway, and new data may inform the model otherwise. The diffusion 

coefficient of FLiBe in graphite, once calculated, can easily be changed from 0, which is 

assumed in this model, to the literature value. 

The pebble bed is assumed to be stationary with respect to the FLiBe flow. While 

this is a valid assumption for the TH model, the bed will actually rotate, allowing for 

online refueling. This feature will affect the tritium loading in the pebbles. The 

introduction of fresh pebbles will allow more tritium to be driven into the pebbles. The 

current model is conservative in this respect, which will enhance the safety factor. 

However, it will lead to overdesign, which will increase the cost of the reactor. 
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9 Appendices 

9.1 Polymath Input File 

POLYMATH Results 

No Title       01-10-2017,   Rev5.1.233  

 

Calculated values of the DEQ variables 

 
 Variable  initial value  minimal value  maximal value  final value 
 V           0              0              17            17        
 F6Li        0.46948        0.4694787      0.46948       0.4694787 
 F7Li        9394.8         9394.8         9394.8        9394.8    
 F9Be        4697.7         4697.7         4697.7        4697.7    
 F3H         0              0              1.929E-06     1.929E-06 
 mdot        465.24         465.24         465.24        465.24    
 rho         1962.67        1962.67        1962.67       1962.67   
 v           0.2370444      0.2370444      0.2370444     0.2370444 
 s6Li        1.48E-22       1.48E-22       1.48E-22      1.48E-22  
 s7Li        1.0E-27        1.0E-27        1.0E-27       1.0E-27   
 s9Be        3.63E-27       3.63E-27       3.63E-27      3.63E-27  
 phi         3.41E+14       3.41E+14       3.41E+14      3.41E+14  
 c6Li        1.9805569      1.9805515      1.9805569     1.9805515 
 c7Li        3.963E+04      3.963E+04      3.963E+04     3.963E+04 
 c9Be        1.982E+04      1.982E+04      1.982E+04     1.982E+04 
 r6Li        9.997E-08      9.997E-08      9.997E-08     9.997E-08 
 r7Li        1.351E-08      1.351E-08      1.351E-08     1.351E-08 
 r9Be        2.453E-08      2.453E-08      2.453E-08     2.453E-08 
 c3H         0              0              8.139E-06     8.139E-06 
 ep          0.4            0.4            0.4           0.4       
 ri          0.25           0.25           0.25          0.25      
 ro          1.07           1.07           1.07          1.07      
 l           0              0              4.999328      4.999328  

 

ODE Report (RKF45) 
 
 Differential equations as entered by the user 
 [1] d(F6Li)/d(V) = -r6Li+r9Be 

 [2] d(F7Li)/d(V) = -r7Li 

 [3] d(F9Be)/d(V) = -r9Be 

 [4] d(F3H)/d(V) = r6Li+r7Li 

 
 Explicit equations as entered by the user 
 [1] mdot = 465.24 

 [2] rho = 1962.67 

 [3] v = mdot/rho 

 [4] s6Li = 148.026e-24 

 [5] s7Li = 0.001e-24 

 [6] s9Be = 0.00363e-24 

 [7] phi = 3.41e14 

 [8] c6Li = F6Li/v 
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 [9] c7Li = F7Li/v 

 [10] c9Be = F9Be/v 

 [11] r6Li = s6Li*phi*c6Li 

 [12] r7Li = s7Li*phi*c7Li 

 [13] r9Be = s9Be*phi*c9Be 

 [14] c3H = F3H/v 

 [15] ep = 0.4 

 [16] ri = 0.25 

 [17] ro = 1.07 

 [18] l = V/(3.14159*(ro^2-ri^2)) 

 
 Independent variable  
 variable name : V 
 initial value : 0 
 final value : 17 
 
 Precision  
 Step size guess. h = 0.000001 
 Truncation error tolerance. eps = 0.000001 
 
 General 
 number of differential equations: 4 
 number of explicit equations: 18 
 Data file: D:\Users\Brichford\Box Sync\Heat & Mass Transport Lab\ALL Personal Folders\Meredy 
Brichford\Thesis v2\COMSOL\Final\Final - Polymath.pol 
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9.2 COMSOL Input File of Basis Conditions 

1 Global Definitions 
Date Dec 31, 2016 3:30:26 PM 

 
Global settings 

Name Basis.mph 

Path D:\ScarlatGroup\Box Sync\Heat & Mass Transport Lab 

(Project_Heat__Mass_Transport_Lab)\ALL Personal 

Folders\Meredy Brichford\Thesis v2\COMSOL\Final\Parameter 

Sweeps\basis.mph 

COMSOL 

version 

COMSOL 5.2 (Build: 220) 

 
Used products 

COMSOL Multiphysics 

Chemical Reaction Engineering Module 

 

1.1 Parameters 1 
Parameters 

Name Expression Value Description 

Pc_i 1.3[m] 1.3 m center inlet pressure head 

Pb_i Pc_i + 0.2[m] 1.5 m bottom inlet pressure head 

P_o 0[atm] 0 Pa outlet pressure 

T_i 600[degC] 873.15 K inlet temperature 

Qcore 236[MW] 2.36E8 W total core power 

decay 1 1 decay heat fraction of total power 

Vcore 16.99151[m^3] 16.992 m³ total core volume 

grav 9.81[m/s^2] 9.81 m/s² acceleration due to gravity 

ti 0[s] 0 s initial time 

dt 1[d] 86400 s small time step 

tdur 500[d] 4.32E7 s big time step 

tf ti + tdur 4.32E7 s final time 

 

1.2 Functions 
1.2.1 Axial Power Peaking 
Function name int5 

Function type Interpolation 
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Axial Power Peaking 

1.2.2 Radial Power Peaking 
Function name int3 

Function type Interpolation 

 

 
Radial Power Peaking 

1.2.3 Fuel Temp 
Function name DTfuel 

Function type Interpolation 
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Fuel Temp 

2 Annular PB-FHR 
2.1 Definitions 
2.1.1 Variables 
9.2.1.1 Volume 
Selection 

Geometric entity level Entire model 

 

Name Expression Unit Description 

volume volume(1*1*1) m^3 total core volume 

 

9.2.1.2 FLiBe Properties 
Selection 

Geometric entity level Entire model 

 

Name Expression Unit Description 

cF 0.52  Beavers 

coefficient 

bF cF*rhoL(T)/(kappa^0.5) kg/m^4 Forchheimer 

coefficient 

cpL 2415.78[J/kg/K] J/(kg*K) heat 

capacity of 

FLiBe at 

650C 

gamma 1  ratio of 
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Name Expression Unit Description 

L specific 

heats 

betaL 0.00025[1/K] 1/K thermal 

expansion 

coefficient 

of FLiBe 

T_avg 650[degC] K FLiBe 

reference 

temperature 

for betaL 

rhoL 1962.67[kg/m^3] kg/m^3 density of 

FLiBe at 

650C 

 

9.2.1.3 Graphite Properties 
Selection 

Geometric entity level Entire model 

 

Name Expression Unit Description 

ep 0.4  porosity of pebble bed 

dp 3[cm] m diameter of pebble 

SAp 6/dp 1/m specific surface area of pebble 

Ksph 5  Kozeny constant for spheres 

kappa ep^3/(Ksph*((1 - 

ep)^2)*(SAp^2)) 

m^2 permeability, from Ergun 

correlation 

kS 15[W/m/K] W/(m*K) thermal conductivity of 

graphite 

rhoS 1720[kg/m^3] kg/m^3 density of graphite 

cpS 1744[J/kg/K] J/(kg*K) heat capacity of graphite 

epS 0.1  porosity of graphite 

 

9.2.1.4 Diffusion Coefficients 
Selection 

Geometric entity level Entire model 

 

Name Expression Unit Description 

D_3H_flibe 3.91e-9[m^2/s] m^2/s diffusion coefficient of tritium in 

flibe 

D_Li_flibe 4.14e-5[cm^2/s] m^2/s self-diffusion coefficient of lithium 
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Name Expression Unit Description 

ion in flibe 

D_Be_flibe 0.65e-5[cm^2/s] m^2/s self-diffusion coefficient of beryllium 

ion in flibe 

D_F_flibe 1.48e-5[cm^2/s] m^2/s self-diffusion coefficient of fluorine 

ion in flibe 

D_flibe_graphite 0[m^2/s] m^2/s diffusion coefficient of flibe in 

graphite 

D_3H_graphite 1e-12[m^2/s] m^2/s diffusion coefficient of tritium in 

graphite 

 

9.2.1.5 Neutronics Constants 
Selection 

Geometric entity level Entire model 

 

Name Expression Unit Description 

flux_avg 3.41e14[1/(cm^2*s)] 1/(m^2*s) core average 

neutron flux 

s_6LinaT 148.026e-24[cm^2] m^2 6Li(n,aT) 

cross section 

s_7LinnaT 1.00e-3*10^ - 24[cm^2] m^2 7Li(n,naT) 

cross section 

s_9Bena 3.63e-3*10^ - 24[cm^2] m^2 9Be(n,a)6Li 

cross section 

s_19FnT 30e-6*10^ - 24[cm^2] m^2 19F(n,T)17O 

cross section 

x_6Li_i 6.07e-6  initial mass 

fraction of 6Li 

in flibe 

x_7Li_i 0.14168  initial mass 

fraction of 7Li 

in flibe 

x_9Be_i 0.09100  initial mass 

fraction of 

9Be in flibe 

x_19F_i 0.76732  initial mass 

fraction of 

19F in flibe 

x_3H_i 0  initial mass 

fraction of 3H 
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Name Expression Unit Description 

x_17O_i 0  initial mass 

fraction of 

17O 

MW_6Li 6.015123[g/mol] kg/mol molar mass of 

6Li 

MW_3H 3.01615[g/mol] kg/mol molar mass of 

3H 

MW_7Li 7.016113[g/mol] kg/mol molar mass of 

7Li 

MW_9Be 9.012183[g/mol] kg/mol molar mass of 

9Be 

MW_19F 18.99840[g/mol] kg/mol molar mass of 

19F 

MW_17O 16.99913[g/mol] kg/mol molar mass of 

17O 

c_6Li_i x_6Li_i*rhoL/MW_6Li mol/m^3 initial 6Li 

concentration 

c_7Li_i x_7Li_i*rhoL/MW_7Li mol/m^3 initial 7Li 

concentration 

c_9Be_i x_9Be_i*rhoL/MW_9Be mol/m^3 initial 9Be 

concentration 

c_19F_i x_19F_i*rhoL/MW_19F mol/m^3 initial 19F 

concentration 

c_3H_i x_3H_i*rhoL/MW_3H mol/m^3 initial 3H 

concentration 

c_17O_i x_17O_i*rhoL/MW_17O mol/m^3 initial 17O 

concentration 

N_A 6.022*10^23[1/mol] 1/mol Avogadro's 

number 

 
2.1.2 Functions 
9.2.1.6 FLiBe Thermal Conductivity 

Function name kL 

Function type Analytic 
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FLiBe Thermal Conductivity 

9.2.1.7 FLiBe Density 

Function name rhoL 

Function type Analytic 

 

 
FLiBe Density 

9.2.1.8 FLiBe Heat Dynamic Viscosity 

Function name muL 

Function type Analytic 
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FLiBe Heat Dynamic Viscosity 

2.1.3 Component Couplings 
9.2.1.9 Integration - Volume 

Coupling type Integration 

Operator name volume 

 
2.1.4 Coordinate Systems 
9.2.1.10 Boundary System 1 

Coordinate system type Boundary system 

Tag sys1 
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2.2 Geometry - Annular Core 

 
Geometry - Annular Core 
Units 

Length unit m 

Angular unit deg 

 

2.3 Materials 
2.3.1 FLiBe 

 
FLiBe 
Selection 
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Geometric entity level Domain 

Selection Domain 1 

 
2.3.2 Graphite 

 
Graphite 
Selection 

Geometric entity level Domain 

Selection No domains 
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2.4 Brinkman Equations 

 
Brinkman Equations 
Equations 

 

 
 

 
Features 

Fluid and Matrix Properties 

Initial Values 

Axial Symmetry 

Wall 

Inlet - Bottom 

Outlet 

Volume Force - Gravity 

 
2.4.1 Fluid and Matrix Properties 
Equations 

 

 



107 

 

 

 

 
9.2.1.11 Forchheimer Drag 
Equations 

 

 
2.4.2 Wall 
Equations 

 

 
2.4.3 Inlet - Bottom 
Equations 

 

 
2.4.4 Outlet 
Equations 

 
 

2.4.5 Volume Force - Gravity 
Equations 
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2.5 Heat Transfer in Porous Media 

 
Heat Transfer in Porous Media 
Equations 

 
 

 
Features 

Heat Transfer in Porous Media 

Initial Values 

Axial Symmetry 

Thermal Insulation 

Heat Generation 

Temperature - Inlet 

Outflow 

 
2.5.1 Heat Transfer in Porous Media 
Equations 

 

 

 
2.5.2 Thermal Insulation 
Equations 

 
2.5.3 Heat Generation 
Equations 
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2.5.4 Temperature - Inlet 
Equations 

 
2.5.5 Outflow 
Equations 

 
2.6 Chemistry 

 
Chemistry 
Equations 

 
 

Features 

1: Li6=>H3 

Species: Li6 

Species: H3 

2: Be9=>Li6 

Species: Be9 

3: Li7=>H3 

Species: Li7 
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2.7 Transport of Diluted Species 

 
Transport of Diluted Species 
Equations 

 
 

 
Features 

Transport Properties 

Axial Symmetry 

No Flux 

Initial Values 

Inflow 

Outflow 

Reactive Pellet Bed 

Reactions 

 
2.7.1 Transport Properties 
Equations 

 
 

2.7.2 No Flux 
Equations 
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2.7.3 Inflow 
Equations 

 
2.7.4 Outflow 
Equations 

 
2.7.5 Reactions 
Equations 

 
2.8 Meshes 

 
Mesh - TH 

3 Study 1 
Computation information 

Computation time 1 min 55 s 

CPU Intel(R) Xeon(R) CPU E5-2630 v3 @ 2.40GHz, 4 cores 

Operating system Windows 8 

 

3.1 Stationary 
Study settings 

Description Value 

Include geometric nonlinearity Off 

 
Physics and variables selection 

Physics interface Discretization 

Brinkman Equations (br) physics 
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Physics interface Discretization 

Heat Transfer in Porous Media (ht) physics 

 
Mesh selection 

Geometry Mesh 

Geometry - Annular Core (geom1) mesh4 

 

3.2 Time Dependent 
Study settings 

Description Value 

Include geometric nonlinearity Off 

 

Times Unit 

range(ti,dt,tf) d 

 
Physics and variables selection 

Physics interface Discretization 

Chemistry (chem) physics 

Transport of Diluted Species (tds) physics 

 
Mesh selection 

Geometry Mesh 

Geometry - Annular Core (geom1) mesh4 

 

4 Results 
4.1 Data Sets 
4.1.1 No Solution 
Solution 

Description Value 

Component Geometry - Annular Core 
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Data set: No Solution 

4.1.2 Study 1/Solution 1 (5) 
Solution 

Description Value 

Solution Solution 1 

Component Save Point Geometry 1 

 

 
Data set: Study 1/Solution 1 (5) 

4.1.3 Study 1/Solution Store 1 
Solution 
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Description Value 

Solution Solution Store 1 

Component Save Point Geometry 1 

 

 
Data set: Study 1/Solution Store 1 

4.1.4 Revolution 2D 1 
Data 

Description Value 

Data set Study 1/Solution 1 (5) 

 
Axis data 

Description Value 

Axis entry method Two points 

Points {{0, 0}, {0, 1}} 

 
Revolution layers 

Description Value 

Start angle -90 

Revolution angle 225 
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Data set: Revolution 2D 1 

4.1.5 Study 1/Solution 1 (7) 
Solution 

Description Value 

Solution Solution 1 

Component Save Point Geometry 

 

 
Data set: Study 1/Solution 1 (7) 

4.1.6 Cut Point 2D 1 
Data 
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Description Value 

Data set No Solution 

 
Point data 

Description Value 

Entry method Coordinates 

 
Settings 

Description Value 

r 0.66 

z 2.5 

 

 
Data set: Cut Point 2D 1 

4.1.7 Revolution 1D 2 
Data 

Description Value 

Data set Study 1/Solution 1 (7) 

 
Axis data 

Description Value 

rpb1_r 0 

 
Revolution layers 

Description Value 

Start angle -90 



117 

 

 

 

Description Value 

Revolution angle 180 

 

 
Data set: Revolution 1D 2 

4.1.8 Revolution 2D 3 
Data 

Description Value 

Data set Revolution 1D 2 

 
Axis data 

Description Value 

Axis entry method Two points 

Points {{0, 0}, {0, 1}} 

 
Revolution layers 

Description Value 

Revolution angle 270 
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Data set: Revolution 2D 3 

4.2 Evaluations 
4.2.1 Tritium Concentration in Graphite over Surface 
Selection 

Geometric entity level Domain 

Selection Domain 1 

 
Data 

Description Value 

Data set Study 1/Solution 1 (5) 

 
Expression 

Description Value 

Expression tds.rpb1.avecpe_c_3H 

Unit mol/m^3 

Description Average concentration in pellet 

 

4.3 Plot Groups 
4.3.1 Velocity (br) 
 
Time=8.64E6 d Surface: Velocity magnitude (m/s) 

4.3.2 Pressure (br) 
 
Time=8.64E6 d Surface: Pressure (Pa) 
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4.3.3 Temperature (ht) 
 
Time=8.64E6 d Surface: Temperature (degC) 

4.3.4 Salt Concentration (tds) 
 
Time=8.64E6 d Surface: Concentration (mol/m

3
) 

4.3.5 Pebble Concentration (tds) 
 
Time=8.64E6 d Surface: Average concentration in pellet (mol/m

3
) 

4.3.6 Pebble Concentration 3D (tds) 
 
Time=8.64E6 d Surface: atxd2(0.66,2.5,tds.rpb1.cpe_c_3H) 

4.3.7 Pebble Concentration 1D (tds) 
 
Line Graph: atxd2(0.66,2.5,tds.rpb1.cpe_c_3H) Mesh 

4.3.8 Outlet Profiles 
 
Line Graph: Velocity magnitude (m/s) 


