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Abstract

Nuclear reactors with liquid fuel offer multiple advantages over their solid-fueled siblings:

improved inherent safety, fuel utilization, thermal efficiency, online reprocessing, and poten-

tial for nuclear fuel cycle closure. To advance this promising reactor design, researchers need

a simulation tool for fuel depletion calculations while taking into account online reprocessing

and refueling.

This work presents a flexible, open-source tool, SaltProc, for simulating the fuel depletion

in a generic nuclear reactor with liquid, circulating fuel. SaltProc allows the user to define

realistically constrained extraction efficiency of fission products based on physical models

of fuel processing components appearing in various Molten Salt Reactor (MSR) systems.

Developed using a Python Object-Oriented Programming paradigm, SaltProc can model

a complex, multi-zone, multi-fluid MSR operation and is sufficiently general to represent

myriad reactor systems. Moreover, SaltProc can maintain reactor criticality by adjusting

the geometry of the core. Finally, the tool can analyze power variations in the context of

depletion.

This thesis also demonstrates and validates SaltProc for two prospective reactor designs:

the Molten Salt Breeder Reactor (MSBR) and the Transatomic Power (TAP) MSR. A 60-year

full-power MSBR depletion calculation with ideal fission product extraction (e.g., 100% of

target poison removed) has been validated against Betzler et al. simulation results obtained

with ChemTRITON at ORNL. The average 232Th feed rate obtained is the current work is

2.40 kg/d, which is consistent with ORNL results (2.45 kg/d). This simulation showed that

the online fission product extraction and online refueling with 232Th allowed the MSBR to
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operate at full power for 60 years due to exceptionally low parasitic neutron absorption.

This work shows fuel depletion simulations with SaltProc for the TAP MSR to demonstrate

the tool capability to model liquid-fueled reactors with movable/adjustable moderator. This

dissertation also validated depletion calculations for a realistic multi-component model of

the fuel salt reprocessing system with assumed ideal extraction efficiency against full-core

TAP depletion analysis by Betzler et al. from ORNL. The average SaltProc-calculated 5%-

enriched uranium feed rate is 460.8 kg/y, which agrees well with the reference (480 kg/y).

This dissertation illuminated the impact of xenon extraction efficiency on the long-term

fuel cycle performance for the realistic reprocessing system model of the TAP concept with

non-ideal removal efficiency. For limited gas removal efficiency, the fuel salt composition

is strongly influenced by the neutron spectrum hardening due to the presence of neutron

poisons (135Xe) in the core. Thus, more effective noble gas extraction significantly reduced

neutron loss due to parasitic absorption, which led to better fuel utilization and extended

core lifetime.

Additionally, this work investigated MSR load-following capability through short-term

depletion analysis with the power level variation P ∈ [0,100%]. Online gas removal signif-

icantly improved the load-following capability of the MSBR by reducing xenon poisoning

from −1457 pcm to −189 pcm. The TAP MSR demonstrated a negligible xenon poisoning

effect even without online gas removal because its neutron energy spectrum is relatively fast

throughout its lifetime.

This work also analyzed safety parameter (temperature and void coefficient of reactivity,

total control rod worth, kinetic parameters) variation during operation using fuel composi-

tion evolution obtained with SaltProc. On a lifetime-long timescale, the safety parameters

worsened during operation for both considered MSRs due to a significant spectral shift. On

a short-term timescale, the safety parameters during MSBR load-following slightly wors-

ened right after power drop because 135Xe concentration peak caused substantial neutron

spectrum hardening. However, during the next few hours, the gas removal system removed
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almost all 135Xe from the fuel, which led to significant improvement in all safety parame-

ters. Overall, a reduced amount of neutron poisons (e.g., 135Xe) due to online gas extraction

improved the safety case for both MSR designs.

Finally, a simple uncertainty propagation via Monte Carlo depletion calculations in this

work showed that the nuclear-data-related error (0.5-8% depending on the nuclide) is two

orders of magnitude greater than the stochastic error (< 0.07%).
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Chapter 1

Introduction

1.1 Motivation

Humankind has only a few ways to generate reliable, non-intermittent baseload power: fossil

fuels, hydropower, geothermal power, and nuclear energy. Because of increasing global

climate change concerns, sources with negligible CO2 footprints are crucial measures for

global temperature control. Thus, from an environmental viewpoint, hydro and nuclear

power are preferable ways to generate reliable power. However, local geographical conditions

limit the potential for hydropower; hence, the only option left is nuclear power. Nuclear

power plants provided 10% of the global electricity supply in 2018 [51]. Moreover, nuclear

share in energy generation is projected to stay constant through 2040, while electricity

demand will increase by 30% [1]. This work pushes simulation tools with the potential to

advance this vital option.

The Generation IV International Forum (GIF) chose MSRs among the six advanced re-

actor concepts for further research and development. MSRs offer significant improvements

“in the four broad areas of sustainability, economics, safety and reliability, and prolifera-

tion resistance and physical protection” [34]. To achieve the goals formulated by the GIF,

MSRs simplify the reactor core and improve inherent safety by using liquid coolant, which

is also a fuel1. In a thermal spectrum MSR, liquid fuel consists of carrier salt (i.e., LiF,

LiF-BeF2, or LiF-NaF-KF) and fluorides of fissile and/or fertile materials (i.e., UF4, PuF3

and/or ThF4). The fuel salt circulates in a loop-type primary circuit [47]. This innovation

1 Herein MSRs are assumed to be reactors with liquid fuel, which simultaneously serves as a coolant.
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leads to immediate advantages over traditional, solid-fueled reactors. These include near-

atmospheric pressure in the primary loop, relatively high coolant temperature, outstanding

neutron economy, a high level of inherent safety, reduced fuel preprocessing, and the ability

to continuously remove fission products and add fissile and/or fertile elements without shut-

down [59]. The possibility of continuously removing neutron poisons increases the potential

fuel burnup and thus improves the resource utilization of MSRs. Finally, MSRs also could

be employed for the transmutation of spent fuel from current Light Water Reactors (LWRs)

[41].

Recently, interest in MSRs has resurged, with multiple new companies pursuing commer-

cialization of MSR designs both domestically and internationally2. China’s MSR program

was initiated in 2011 and promises to start up a 2MWth liquid-fueled test MSR in 2020,

a 10MWth demonstration reactor in 2025, and a gigawatt-level commercial reactor in 2050

[116]. The European Union funds the Safety Assessment of the Molten Salt Fast Reactor

(SAMOFAR) project, in which several European research institutes and universities are de-

veloping various molten salt reactor prototypes such as the Molten Salt Fast Reactor (MSFR)

[38] and the Molten Salt Actinide Recycler and Transmuter (MOSART) [52]. To advance

these MSR concepts, particularly concerning their strategies for online reprocessing and re-

fueling, we need computational analysis methods capturing their unique reactor physics, fuel

reprocessing mechanics, and chemistry.

The context of this Ph.D. dissertation is the development and assessment of an advanced

neutronics tool for fuel depletion calculations in circulating-fuel nuclear reactors. The present

work introduces the open-source reprocessing simulation package, SaltProc [87], which cou-

ples with the continuous-energy Monte Carlo depletion calculation code, Serpent 2 [63], for

fuel composition dynamics analysis in various MSRs taking into account a realistic, physics-

driven model of an online fuel reprocessing system.

2 Examples include liquid-fueled MSR designs from Terrapower, Terrestrial, ThorCon, Flibe, Copenhagen
Atomics, Elysium, etc.
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1.2 Fuel burnup and online reprocessing

All liquid-fueled MSR designs involve various levels of online fuel processing. Minimally,

noble gaseous fission products (e.g., Kr, Xe) escape from the fuel salt during routine reactor

operation and must be captured. Other systems might be used to enhance the removal of

those elements. Most designs also call for the removal of rare earth metals from the core

since these metals act as neutron poisons. Some designs suggest a more elaborate list of

elements to process (Figure 1.1), including the temporary removal of protactinium from the

salt or other regulation of the actinide inventory in the fuel salt [2]. Fresh fuel salt with

dissolved fissile and/or fertile material (e.g., 233U, 232Th, low-enriched uranium (LEU), a

transuranic vector from LWR spent nuclear fuel (SNF)) make up the salt mass loss caused

by poison removal and conserves the total mass in the primary loop.

Figure 1.1: Processing options for MSR fuels (reproduced from Ahmed et al. [2]).

Most liquid-fueled nuclear reactor concepts adopt continuous separations and feeds: the

core material is circulated to or from the core at all times (continuously) or specific intervals

(batch-wise). In contrast, in a solid-fueled reactor, fission products and actinides remain
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within the initial fuel material throughout its time in the core.

The ability to perform online fuel salt reprocessing improves the potential neutronics per-

formance of liquid-fueled reactors. First, liquid-fueled reactors can operate with relatively

low excess reactivity because fissile material can be continuously added to the core. Second,

continuously removing fission products, including strong absorbers (poisons), can signifi-

cantly improve fuel utilization and decrease parasitic neutron absorption. Third, online

reprocessing decreases the amount of decay heat, dissipating after shutdown. Finally, for a

breeder3 excess of fissile material might be continuously extracted from the core and used

to startup new reactors. Nevertheless, the removal of each element from the liquid fuel salt

presents a unique challenge in terms of chemical separation, storage, and disposal of the

separated materials.

Contemporary nuclear fuel depletion software lacks continuous fuel salt reprocessing mod-

eling. To handle material flows in potential online removal and feed of liquid-fueled systems,

early MSR simulation methods at Oak Ridge National Laboratory (ORNL) integrated neu-

tronics and fuel cycle codes (i.e., Reactor Optimum Design (ROD) [8]) into operational plant

tools (i.e., Multiregion Processing Plant (MRPP) [55]) for MSR fuel reprocessing system de-

sign. Extensive research in fast and thermal MSR analysis has yielded specialized tools for

burnup calculations in liquid-fueled nuclear systems [39, 97, 6, 48, 73, 15, 13]. Table 1.1

presents a list of recent efforts, along with the main features of the employed methods and

software.

Two main online reprocessing simulation approaches have been demonstrated in the liter-

ature: batch-wise and continuous. In the batch-wise approach, the burnup simulation stops

at a given time and restarts with a new liquid fuel composition (after removal of discarded

materials and addition of fissile/fertile materials).

ORNL researchers have developed ChemTriton, a Python script for SCALE/TRITON,

3 conversion ratio (CR) ≡ fissile generated/fissile consumed: if CR < 1, the reactor is a “converter”; CR ≡ 1,
an “isobreeder”; CR > 1, a “breeder.”
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Table 1.1: Tools and methods for liquid-fueled MSR fuel salt depletion analysis.

Nuttin et al., 2005
[71]

Aufiero et al., 2013
[6]

Betzler et al.,
2018 [18]

Present work

Neutronics MCNP Serpent 2 SCALE6.2 Serpent 2
software REM ORIGEN-S

stochastic stochastic deterministic stochastic

Geometry unit cell full-core 3D unit cell full-core 3D

Removal/feed continuous continuous batch-wise batch-wise

Separation effi-
ciency

fixed, must be defined by user before simulation function of many para-
meters

Fuel reprocess-
ing plant

single component, “black” box model realistic multi-compo-
nent model

Reactivity con-
trol

continuous adjustment of fissile material injection batch injection of
fissile material

periodical adjustment
of geometry and fissile
material injection

Safety parame-
ters evolution

thermal feedback not considered thermal feedback thermal feedback, void
reactivity coefficient,
control rod worth

which employs the batch-wise approach to simulate a continuous reprocessing and refill

for either single or multiple fluid designs. ChemTriton models salt treatment, separations,

discharge, and refill using SCALE/TRITON depletion simulation over small time steps to

simulate continuous reprocessing and deplete the fuel salt [18, 77].

In the continuous approach, accounting for removal or addition of material presents a

greater challenge since it requires adding a term to the Bateman equations. Both ORIGEN

[45] and the Serpent burnup routine [64] solves a set of the Bateman equations using one-

group averaged flux and transmutation cross sections obtained from a transport calculation.

The Bateman equations describe the rate of change of each isotope, i, due to neutron induced

reactions and decay processes [109]:

dNi

dt
=

M

∑
m=1

limλmNm + φ
M

∑
m=1

fimσmNm − (λi + φσi + ri − fi)Ni + Fi∣i ∈ [1,M] (1.1)

(1) (2) (3) (4) (5) (6)
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where

Ni = number density of nuclide i [cm−3]

M = number of nuclides [−]

lim = fraction of decays of nuclide m that result in formation of nuclide i [−]

λi = radioactive decay constant of nuclide i [s−1]

φ = neutron flux, averaged over position and energy [cm−2s−1]

fim = fraction of neutron absorption by nuclide m leading to the formation of nuclide i [−]

σm = average neutron absorption cross section of nuclide m [cm2]

ri = continuous removal rate of nuclide i from the system [s−1]

fi = continuous feed rate of nuclide i [s−1]

Fi = production rate of nuclide i directly from fission [cm−3 ⋅ s−1].

The terms on the right-hand side of the equation represent:

(1) production of species i as a result of the decay of all the nuclides present;

(2) production of species i as a result of neutron capture by all nuclides present;

(3) loss of nuclide i through its own decay;

(4) loss of nuclide i as a result of neutron capture;

(5) loss of nuclide i through continuous removal from the system;

(6) gain of nuclide i as a result of continuous feed to the system.

Nuttin et al. developed an in-house depletion code called Rules for Evolution calculations

with MCNP (REM), which directly couples with MCNP [111] to simulate fuel salt material

evolution in a simplified MSBR-like liquid-fueled system. That work directly integrated the
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Bateman differential equations using neutron flux from MCNP, tracking all the isotopes

available in the data library, and controlling reactivity to maintain reactor criticality [71].

In a similar vein, Aufiero et al. extended Serpent 2 for continuous reprocessing simulations

by adding an explicit pseudo-decay term representing fission product removal (−Niri term

in Equation 1.1) for each target poisonous nuclide [6]. The developed extension directly

accounts for the effects of online fuel reprocessing on depletion calculations and features

a reactivity control algorithm. The extended version of Serpent 2 was assessed against a

dedicated version of the deterministic ERANOS-based EQL3D procedure in [39] and applied

to analyze the MSFR fuel salt isotopic evolution.

More recently, Betzler et al. added to SCALE/TRITON continuous removals capability for

depletion simulation [13]. Similar to Aufiero et al. this extended SCALE/TRITON directly

adds feed and removal terms in the burnup matrix and solves it using existing ORIGEN

capabilities. TRITON’s continuous reprocessing capability was validated against the batch-

wise script ChemTriton for single-channel Molten Salt Reactor Experiment (MSRE)-like

model. Unlike ChemTriton, this new capability will be available for all SCALE users in

the 6.3 release. However, at the moment, it is undergoing extensive testing and validation

procedures and unavailable for external users.

Some of the tools listed in Table 1.1 used significant approximations that may lead to

inaccurate fuel evolution predictions and others unavailable for external users. This work

introduces an open-source simulation package, SaltProc, which expands the capability of the

continuous-energy Monte Carlo Burnup calculation code, Serpent 2, for depletion calcula-

tions of liquid-fueled MSRs.

Most of the existing tools in the literature represented the fuel salt reprocessing plant as

an invariable “black box” model, which removes target elements all at once with a fixed

efficiency, determined by the user before starting the depletion simulation. Typically, such

a “black box” model is characterized by a vector of removing elements and their extraction
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(1.2)

where

N b = number density vector before reprocessing [cm−3]

Na = number density vector after reprocessing [cm−3]

ε = extraction efficiency [−] vector for all elements e in (0,E).

The main issues related to static “black box” model assumptions in the literature neglect:

Time varying extraction. Realistically, long-term reactor operation will require a time-

dependent extraction efficiency vector. The current tools treat separation efficiency as con-

stant.

The impact of operational parameters on separation efficiency. In reality, the

extraction efficiency depends on temperature, power level, current fuel salt isotopic compo-

sition, and material mass flow rate. Gas solubility in the salt is inversely proportional to

the salt temperature; hence, the extraction efficiency expected to be lower for the higher

temperature of the salt.

Discrete component performance and dynamics in the multi-component system.

All reprocessing plant components are treated as a single “black box” component in existing

simulation tools. However, the fuel salt in a reprocessing plant undergoes many separate
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components (e.g., helium bubbling, nickel mesh filter, etc.) that target specific elements.

Some of these components can be connected in series, parallel, or series-parallel. The “black

box” model (only single process) requires extensive pre-simulation analytic work from the

user to calculate the lumped separation efficiency vector before a simulation is run and can-

not be adjusted during the simulation. Additionally, treating the processing system as a

single “black box” neglects dynamics related to relative component flow rates. Finally, the

discrete waste streams from each component are not tracked separately in “black box” tools.

However, this information is necessary for fuel reprocessing system optimization.

In contrast with tools listed in Table 1.1, SaltProc, does not make these approximations.

SaltProc allows the user define the separation efficiency as a function of time or operational

parameters, and is able to simulate multi-component fuel reprocessing system instead of

“black box”.

1.3 Operational and safety parameter evolution

In contrast with conventional solid-fueled reactors with in-core fuel residence averaging 4-5

years4, an initial MSR fuel salt batch stays in the MSR primary loop throughout the reactor

lifetime. Therefore, the fuel salt accumulates Fission Products (FPs) not captured by the

fuel reprocessing system as well as transuranic elements5. Continuous fuel salt composition

evolution has a significant influence on the neutron energy spectrum and, consequently,

affects the reactor behavior, necessitating additional safety analysis.

Nuttin et al. studied the evolution of a key safety parameter, the temperature reactivity

feedback coefficient, estimating it for the MSBR at startup and equilibrium. The tempera-

ture coefficient of reactivity quantified reactivity changes due to temperature increase in the

4 For the typical 18-month cycle, during refueling personnel removing 1/3 of the fuel assemblies, re-arranging
other assemblies, and loading fresh fuel into the core. Thus, each fuel assembly is kept in the core at most
3 × 18 = 54 months.

5 The chemical elements with atomic numbers greater than uranium (92).
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core and was calculated in that work as:

α =
k1200 − k900

δT
(1.3)

where

k900, k1200 = multiplication factor at 900K and 1200K [−]

δT = 300 [K].

That work showed that the fuel temperature coefficient (FTC) at startup and equilibrium

is −1.5 and −1.0 pcm/K, respectively6. Nuttin et al. also reported a positive and time-

invariant total temperature coefficient (+0.8 pcm/K) [71]. Recently, Park and colleagues

expanded that approach to a full-core high-fidelity MSBR model and estimated safety pa-

rameters evolution over 20 years of operation [73]. These calculations showed a relatively

large negative total temperature coefficient during the 20-year reactor operation. During

that time, the coefficient magnitude weakens from −3.21 to −1.41 pcm/K from startup to

equilibrium, respectively. Additionally, that work reported a control rod worth deterioration

from 2099 to 1970 pcm due to neutron spectrum hardening during reactor operation.

More recently, Betzler et al. [17] reported safety parameter evolution for the TAP MSR:

the fuel reactivity coefficient at Beginning of Life (BOL) and 15 years from BOL was negative

and decreasing slowly over the reactor lifetime (from -4.0 to -4.1 pcm/K when temperature

was perturbed from 900K to 1200K); the moderator reactivity coefficient was +0.43 pcm/K

at BOL and -2.7 pcm/K after 15 years of operation. Overall, thermal feedback seems to be

stronger in the TAP reactor and deteriorates insignificantly during the reactor operation.

Notably, the authors ignored material density change with temperature to simplify temper-

ature coefficient calculation; thus, only Doppler broadening was taken into account. The

6 1 pcm = 10−5∆keff /keff
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researchers reported the total worth of all control rods in the TAP core only for the startup

fuel composition.

The evolution of control rod worth in the TAP has not been reported in the literature

before. Section 4.4 of this dissertation illuminated the evolution of essential safety parameters

(fuel, moderator, total temperature coefficient, control rod worth) for the TAP MSR at

various moments during the reactor operation. Additionally, I investigated the impact of

neutron poison accumulation (e.g., 135Xe) in the fuel salt during short-term transients (i.e.,

load following) on major safety characteristics [94].

1.4 Background Summary

State-of-the-Art software packages for depletion analysis and evolution of safety parameters

in the liquid-fueled MSR are reviewed in Section 1.2. Based on this summary, I have identified

a few possible directions for the improvement of MSR tools:

Reproducibility/availability. Serpent is the only contemporary nuclear reactor physics

software that can perform depletion calculations that can take into account online fuel salt

reprocessing regimes. However, this built-in online reprocessing routine is undocumented:

the discussion forum for Serpent users is the only useful source of information at the moment.

Other mentioned tools are available for internal users only. These issues can be a barrier

to reuse research software and to reproduce scientific results. Thus, a new, open-source,

reproducible tool for fuel processing simulation would assist in the production of reproducible

research in the area of liquid-fueled reactor modeling.

Realistic fuel reprocessing system model. Significant approximations in fuel repro-

cessing parameters deteriorate fuel salt composition predictions since the evolution of safety

parameter accuracy is strongly dependent on fuel salt composition. A realistic fuel reprocess-

ing system model will allow reprocessing component parameter optimization, increase the
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fidelity of fuel and waste stream composition calculations, and advance reprocessing system

design.

Variable extraction efficiency. Most research efforts in the literature (except Nuttin et

al.7) assume ideal 100% extraction efficiency of all removed elements, which stayed constant

during the whole reactor lifetime. Realistically the efficiency is time-dependent and changes

with respect to operational parameters: temperature, power level, salt composition, etc.

Thus, the ability to set up dynamic separation efficiency must be added in MSR simulation

tools to advance depletion calculations.

Reactivity control. Reconfigurable moderator configuration in the TAP core presents a

challenge because of the core geometry changes with time. The reactivity control module,

which adjusts the core geometry to maintain criticality, is an exceptional capability for

simulating new, more advanced MSR concepts and short-term transients.

Safety characteristics evolution during reactor operation. The MSR fuel salt accu-

mulates FPs and transuranic elements, which significantly shift the neutron energy spectrum.

This spectrum shift might worsen the core safety during operation. The impact of the fuel

salt evolution on the MSR safety parameters must be carefully investigated and reported.

This work aims to overcome these issues and demonstrate the tool capabilities for a two

promising MSR concepts.

1.5 Objectives and outline of the work

Most of the existing MSR depletion simulators usually assume ideal efficiency (100% of the

target nuclide is being removed) of the neutron poison removal process (see Section 1.2). The

7 Nuttin et al. assumed 100% extraction efficiency for noble gases (Xe, Kr) and protactinium, 20% for rare
earths, 5% for semi-noble metals, and 1% for alkaline elements [71].
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main goal of this dissertation is to develop a generic, open-source tool, SaltProc, capable of

simulating a wide range of liquid-fueled systems — including multi-fluid and multi-region

designs — and validate it against existing modeling efforts. Additionally, SaltProc enables

poison extraction simulation based on a realistic physics-based fuel processing model.

The structure of the thesis is as follows. Chapter 1 serves as a literature review, pro-

viding background on fuel burnup, online fuel reprocessing approaches, safety parameter

evolution during reactor operation, and how these concepts have been applied to a wide

range of MSRs in the literature. Chapter 2 details online reprocessing modeling and the

proposed computation tool architecture. In an attempt to avoid the pitfalls of a “black box”

understanding and to identify method limitations at an early stage, governing equations and

working principles are stated and discussed. Chapter 3 presents equilibrium-seeking results

for the MSBR as well as essential operational and safety parameters for both the initial and

equilibrium states.

Additionally, the benefits of continuous fission product removal for a thermal MSR are

evaluated at the end of chapter 3. Chapter 4 covers SaltProc demonstration and validation

efforts with a focus on the TAP MSR, taking into account adjustable moderator configura-

tion. In addition, Chapter 4 gives the safety parameter overview and its evolution during

the TAP lifetime-long reactor operation. SaltProc demonstration for short-term depletion

calculations and evaluation of load-following potential of the TAP MSR and the MSBR are

presented in Chapters 5 and 6. Moreover, the safety parameters dynamics during short-term

transients have been evaluated at the end of Chapter 5 and 6. Chapter 7 presents a simple

uncertainty propagation via depletion calculation for the TAP concept. The final chapter

summarizes this work’s contribution to the nuclear community, and a conclusion is offered

together with an outlook for future work on the topic.
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Chapter 2

Online reprocessing modeling
approach

2.1 Fuel salt reprocessing overview

Removing specific chemical elements from a molten salt is a complicated task that requires

intentional design (e.g., chemical separations equipment design, fuel salt flows to equipment).

This section contains a brief overview of a generic MSR fuel salt reprocessing system; mod-

eling such systems is the focus of the current dissertation.

2.1.1 Gas separation system

Gaseous fission products (e.g., Xe) must be removed from the fuel salt to avoid reactor

poisoning, especially during startup and power maneuvering. This is particularly true for

135Xe, with its strong neutron capture cross section (≈ 106 . . .107 b in a thermal energy

range). 135Xe is produced directly from fission in about 0.2% of 235U fissions (γ135Xe
), but

an even larger fraction of 135Xe is produced by the decay of 135I and 135Te (Table 2.1). 135I

and 135Te yields from fission are γ135I
= 3.1% and γ135Te

= 3.3%, respectively. Thus, the total

135Xe production from fission is about 6.6% of fissions (of 235U), most of this is from 135I and

135Te decay. Noble gases (e.g., tritium, xenon, and krypton) can be removed from the fuel

salt as follows:

(a) a bubble generator injects helium bubbles in the salt stream;

(b) noble gases migrate to the helium bubbles due to their insolubility in the salt [83];
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(c) and a gas separator discharges the fission-product-rich bubbles from the salt to the

off-gas system.

Table 2.1: 135Xe production sources and principal rate constants involved (reproduced from
Kedl et al. [54]).

135Xe gain mechanism Principal rate parameters involved

Direct from fission Σfγ135Xe
φ (for 235U fission)

yield γ135Xe
= 0.0022

135I decay Σfγ135I
φ (for 235U fission)

yield γ135Xe
= 0.031, it decays to 135Xe with

τ1/2 = 6.68 h
135Te decay Σfγ135Te

φ (for 235U fission)
yield γ135Xe

= 0.033, it decays to 135I with
τ1/2 = 19 s

Figure 2.1 shows the key pathways for xenon production, accumulation, and removal in a

typical MSR. Figure 2.2 shows the conceptual design of the MSBR gas separation system. In

that system, helium bubbles of a specific size are introduced in a salt stream via the primary

pump bowl. These bubbles absorb noble gases before being separated from the salt by a gas

separator. ORNL suggested that the MSBR off-gas system would inject d = 0.508mm helium

bubbles in the pump bowl, redirect 10% of the fuel salt flow through a bubble separator to

remove the bubbles, and then return the flow into the pump suction. Robertson et al.

reported that the helium bubble size was approximately 25% of the throat width (blue circle

on Figure 2.3) and was independent of the gas flow rate [83]. Consequently, it is possible to

regulate the helium bubble size by changing the throat width in the bubble generator.

To realistically model the gas separation system, we need a mathematical model that

describes noble gas extraction efficiency during reactor operation. Particularly, a model of

xenon extraction efficiency as a function of sparger design parameters is needed to accurately

model the 135Xe removal in a fuel salt depletion simulation. The gain and loss terms for 135Xe

dissolved in the fuel salt are listed in Tables 2.1 and 2.2. The removal efficiency for the xenon

in the pump bowl was measured during Molten Salt Reactor Experiment (MSRE) operation.
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Figure 2.1: Schematic of 135Xe circulation in a generic MSR. x is the fraction of fuel salt
flow from the pump discharge redirected to the gas separation system, while εm and εes are
the efficiencies of migration (of 135Xe to the helium bubbles in the sparger) and separation
(of gas in the entrainment separator), respectively. The orange color represents the fuel
salt in the primary loop, the blue color represents the gas separation system, and the gray
color is the moderator in the core. Fission yields assume 235U fission only.
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Figure 2.2: Schematic flow diagram of the MSBR gas separation system (reproduced from
Robertson et al. [83]).

Figure 2.3: Preliminary concept of an MSBR bubble generator (reproduced from
Robertson et al. [83]). The blue circle shows throat width, which determines bubble size.
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Table 2.2: 135Xe loss terms and principal rate constants involved (reproduced from Kedl et
al. [54]).

135Xe loss mechanism Principal rate parameters involved

Decay of dissolved 135Xe (τ1/2 = 9.1 h) Decay constant (λ)

135Xe burnup Neutron flux (φ)

dissolved 135Xe burnup as it passes through
the core
135Xe migrated to helium bubbles Removal efficiency (εm)

135Xe transferred into circulating He bub-
bles; this xenon will eventually be burnup,
decay, or stripped via bubble separator

Mass transfer coefficient (h), decay constant
(λ), neutron flux (φ), bubble removal effi-
ciency (εes)

However, the technical report ORNL-4069 by Kedl-Houtzeel only stated its range (from 50 to

100%) and concluded, “It is probably a complex parameter like the circulating-void fraction

and depends on many reactor operational variables” [54].

Peebles et al. in ORNL-TM-2245 has reported xenon removal efficiency (εXe) in a gas

separation system as a function of many parameters [74]:

εm =
1 − e−β

1 + α
(2.1)

where

α =
RT

H
⋅
Qsalt

QHe

(2.2)

β =
KLaACL(1 + α)

Qsalt

(2.3)

R = universal gas constant [L ⋅ Pa ⋅mol−1 ⋅K−1]

T = salt temperature [K]

H = Henry’s law constant for solute gas [Pa ⋅mol−1 ⋅L]

Qsalt = volumetric salt flow rate [m3/s]

QHe = volumetric helium flow rate [m3/s]
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KL = liquid phase mass transfer coefficient [m/s]

a = gas-liquid interfacial area per unit volume [m−1]

AC = contactor cross section [m2]

L = contactor length [m].

Most of the input parameters for that correlation are obvious and easy to obtain from

the system component design. The mass transfer coefficient for transferring xenon into

helium bubbles (KL) can be estimated experimentally, but published information is currently

insufficient to inform an accurate mathematical model appropriate for Computational Fluid

Dynamics (CFD). Thus, Peebles et al. reported the mass transfer coefficient correlation for

the MSBR salt (LiF-BeF2-ThF4-UF4) but for a limited case. While it is out of the scope of

this work to accurately estimate mass transfer coefficient, this work seeks to provide a tool

which would allow the user to specify any mathematical model for a separation efficiency.

Provided a mass transfer coefficient, the user can incorporate it into the model.

Equation 2.1 would apply to other noble gases (e.g., Kr), but Henry’s law constant (H)

varies by element. Current effort at the University of Illinois at Urbana-Champaign, namely

“Enabling Load Following Capability in the Transatomic Power MSR,” [50] has a goal to

determine mass transfer coefficients for various gaseous fission products (Ar, Kr, Xe) using

experiments, enabling CFD and multi-physics simulations of such reactors. As a result,

the obtained mathematical model for gas removal efficiency might be employed to inform a

realistic physics-based fuel reprocessing model in SaltProc.

2.1.2 Insoluble fission product filtering

Approximately 40% of FPs have gaseous elements in their decay chains. Some of the non-

gaseous FPs produced in the MSR core (e.g., noble and semi-noble metals) have negligible

solubility in the molten salt. Some fraction of noble and semi-noble solid FPs plate out onto
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the internal surfaces of the primary loop equipment, complicating their removal [22]. The

remaining noble and semi-noble metals can be removed along with corrosion products using a

mechanical filtration system, which “consists largely of a high surface area mechanical filter,

likely a nickel mesh, to promote deposition of suspended, undissolved fission and corrosion

products,” according to Holcomb et al. [49]. The filter is manufactured from porous metal,

has limited capacity, and needs periodic replacement. The filter replacement must be done

using remote-controlled equipment due to high radiotoxicity of undissolved FPs and residual

fuel salt remaining on the filter [69].

The historic MSRE program provided basic information design and performance of the

large mechanical filter. Figure 2.4 shows the piping layout of the filter, storage, and process-

ing tanks. The filter pressure vessel is made of high-nickel alloy (Inconel) and accommodates

40-µm pore size sintered Inconel fibers. This large molten salt filter had a total filtering area

of 0.8m2 and was designed to filter approximately 1 kg of the molten salt per minute, but the

removal efficiency has never been reported. Also, the design of the filter, the filter holder,

and the remotely operated equipment for the filter replacement for commercial-scale MSR

designs presents a significant engineering challenge [69].

In this work, we assumed ideal, constant separation efficiency in the filtering system.

However, in the future, a physics-driven mathematical formula can be used when the exper-

imental data or analytical model will be available.

2.1.3 Fuel chemical processing facility

In addition to noble gases, noble metals, and semi-noble metals, the fuel salt reprocessing

system must extract other FPs such as the lanthanides. These absorb fewer neutrons than

135Xe, but their removal is crucial to guarantee normal operation. Unfortunately, lanthanides

have relatively high solubility in the carrier salt and must be removed by chemical extraction.

In thorium-fueled MSR designs, 232Th in the fuel salt absorbs thermal neutrons and pro-

duces 233Pa, which then decays into the fissile 233U (Figure 2.5). Protactinium presents a
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Figure 2.4: Schematic flow diagram of the large molten salt mechanical filter designed and
operated during the MSRE (reproduced from Lindauer et al. [65]).
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challenge since it has a large absorption cross section in the thermal energy spectrum. Ac-

cordingly, 233Pa is continuously removed from the fuel salt into a tank in which 233Pa decays

to 233U without poisoning the reactor. This feature allows the thorium-fueled MSR to avoid

neutron losses to protactinium, keeps FPs on a trace level, and increases the efficiency of

233U breeding.

Figure 2.5: Production of 233U from 232Th (reproduced from Sorensen [98]).

Many authors report that a liquid-liquid reductive extraction process is the best option

for removing protactinium and soluble FPs from molten fluoride salts [23, 33, 35]. In that

process, the protactinium or lanthanides can be selectively stripped from the salt into liquid

bismuth due to different chemical potentials. Moreover, the MSRE experience indicated that

the extraction could be carried out rapidly and continuously [112].

The principal scheme of the MSBR reprocessing facility concept is shown in Figure 2.6.

The fuel salt is first temporarily stored for cooling and decay of the shortest-lived fission

products, then it is directed to the primary fluorinator. There, most of the uranium is

removed by fluorination to UF6. After that, the salt is routed to an extraction column where

it is combined with a mixture containing metallic bismuth, lithium, and thorium reductants.

22



The remaining uranium and protactinium are reductively extracted to a bismuth solution,

leaving a salt that only contains fission products dissolved in carrier salt (base composition

LiF-BeF2-ThF4). The salt then goes through a reduction column where UF6 is reduced to

UF4, preparing it for return to the reactor. BeF2 and ThF4 are also added and all residual

bismuth is removed from the salt. After a final cleanup step and valence adjustment, the

purified salt returns to the reactor [26, 98].

The bismuth, accommodating some uranium and protactinium, is routed to a hydrofluo-

rination column where metallic solutes in the bismuth are oxidized into their fluoride forms

in the presence of a decay salt1. The decay salt, containing UF4, PaF4, and ThF4, passes

into a decay tank where 233Pa decays to 233U. The uranium generated by protactinium decay

is removed through fluorination to UF6 and directed to the reduction column to refuel the

purified fuel salt. A hydrofluorinator and a fluorinator can remove approximately 95% of

the uranium from the stream [83].

To maintain or adjust the fissile material concentration in the reactor (and, consequently,

control the reactivity), 233U is added from the protactinium decay tank to fully processed

salt on its way back to the reactor. Adding fissile material is performed by sparging the salt

with UF6 and hydrogen to produce UF4 in the salt and HF gas [83].

After these separation steps, the fuel salt stream from the protactinium isolation system

contains only traces of protactinium and uranium but contains practically all of the rare

earths. A fraction of this salt stream is redirected to a reductive extraction process for

removing rare earths. The principal scheme of a rare earth removal system is shown in

Figure 2.7. A molten salt flow that contains rare earth fluorides is fed to the center of an

extraction column. The salt flows countercurrent to a liquid bismuth stream, which contains

thorium and lithium. In the upper part of the column, the rare earths are reduced and

transferred to the downflowing liquid metal stream. Below the feed point, the rare earth

1 The decay salt contains UF4, PaF4, ThF4 and FPs. Uranium produced after 233Pa decay is extracted and
directed back into the reactor. Decay salt is the precursor for the waste salt as it was periodically discarded
every 220 days [83].
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Figure 2.6: Simplified block diagram of chemical processing scheme for a single-fluid
MSBR (reproduced from Sorensen [98]). RE represents the rare earth elements extracted
from the salt.
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concentration is increased in the salt and metal streams in order to produce a concentration

high enough for disposal [23].

Figure 2.7: Rare earth removal from a fuel salt by reductive extraction (reproduced from
Briggs et al. [23]).

While it is out of the scope of this work to derive the accurate chemistry-based mathemat-

ical formula for rare earths and protactinium separation efficiency, this work seeks to provide

a flexible tool that is able to simulate chemical processes in significant detail concerning vital

system design parameters.

2.2 Serpent overview

Serpent is a continuous-energy Monte Carlo neutronics software capable of solving the neu-

tron transport problem by tracking individual neutrons within the problem geometry and

using the stochastic method to determine the chain of events for each neutron [63]. Ser-

pent is under active development at the VTT Technical Research Centre of Finland since

2004, where it was initially conceived as a tool to simplify group constant generation in

a high-fidelity Monte Carlo environment. Serpent is now widely used by more than 500
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registered individuals in 155 organizations located in 37 countries around the world. The

burnup calculation capability in Serpent is based on built-in calculation routines without

using any external solvers. A restart feature enables fuel shuffling simulation or applying

any modifications to the input by dividing the calculation into several parts, which is crucial

for online reprocessing simulations.

The latest version, Serpent 2, supports advanced geometries and universe transformation

that are necessary for neutronics modeling of advanced nuclear reactors. Additionally, multi-

physics simulations using Serpent 2 have been demonstrated, including calculations with

thermal-hydraulics, CFD, and fuel performance codes [62].

Serpent 2 can be effectively run in parallel on computer clusters and multi-core worksta-

tions. Parallelization is handled by thread-based OpenMP, which enables all processors to

use shared memory space. Calculations can be divided into several nodes by distributed-

memory Message Passing Interface (MPI) parallelization. Serpent 2 is an improvement upon

Serpent 1 and contains a complete redesign of memory management using hybrid OpenMP

[32] + MPI parallelization. This hybrid parallelization is substantial for depletion calcu-

lations using computer clusters with multiple nodes and allows us to achieve significant

speed-up in depletion calculations on computer clusters with more than 4,000 cores [63].

Simulations herein were performed using Serpent 2 version 2.1.31 on both the National

Center for Supercomputing Applications’ Blue Waters and Idaho National Laboratory’s

Falcon supercomputers. The JEFF-3.1.2 [72] and ENDF/B-VII.1 [27] libraries provided

nuclear data for all calculations in this dissertation.

2.3 Simulation tool design and capabilities

The first version of the SaltProc tool for calculating MSR fuel composition evolution, taking

into account an online reprocessing system, was developed in 2018 as a part of my M.S.

thesis [87, 85]. The tool was designed to expand Serpent 2 depletion capabilities for modeling
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liquid-fueled MSRs with online fuel reprocessing systems. SaltProc v0.1 uses HDF5 [46] to

store data and the PyNE Nuclear Engineering Toolkit [96] for Serpent 2 output file parsing

and nuclide naming. SaltProc v0.1 is an open-source Python package that uses a batch-wise

approach to simulate continuous feeds and removals in MSRs.

SaltProc v0.1 only allows 100% separation efficiency for either specific elements or groups

of elements at the end of the specific “cycle time”2. Capabilities of the developed tool,

working with the Monte Carlo software Serpent 2, were demonstrated using the full-core

MSBR design for a simplified case with ideal removal efficiency (100% of mass for target

elements removed) [88]. Chapter 3 covers the summary of this effort. The SaltProc v0.1

architecture and the principal structure were not designed for flexible implementation of

sophisticated online reprocessing systems, including realistic variable extraction efficiencies.

In the current work, SaltProc v0.1 was completely refactored using Object-Oriented Pro-

gramming (OOP) to create a comprehensive generic tool to realistically model complex

MSR fuel reprocessing systems while taking into account variable extraction efficiencies,

time-dependent core geometry, and the mass balance between the core and the reprocessing

plant.

2.3.1 Software architecture

The SaltProc v1.0 Python toolkit couples directly with Serpent 2 input and output files, to

couple the reprocessing system to depletion calculation. Python 3 OOP standard features

are used to create a flexible, user-friendly tool with great potential for further improvement

and collaboration. Figure 2.8 shows the SaltProc v1.0 class structure which includes 4 main

classes:

Depcode. Depcode class contains attributes and methods for reading the user’s input

file for the depletion software, initial material (e.g., fuel and/or fertile salt) composition,

2 The MSBR program defined “cycle time” as the time required to remove 100% of a target nuclide from a
fuel salt [83].
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Figure 2.8: SaltProc v1.0 Python package class diagram in UML notation with examples of
object instances.

principal parameters for burnup simulation (e.g., neutron population and number of cycles

for Monte Carlo neutron transport), and running the depletion code.

Simulation. Simulation class runs a depletion step, creates and writes an HDF5 database,

tracks time, and converts isotopic composition vector nuclide names from a depletion code

format to human-readable format.

MaterialFlow. Each MaterialFlow object represents the material flowing between Process

objects (Figures 2.9 and 2.10). All instances of this class contain an isotopic composition

vector stored in PyNE Material object [96], mass flow rate, temperature, density, volume,

and void fraction. Existing PyNE Material capabilities convert the units of the isotopic

composition vector (e.g., from the atomic density provided by Serpent to a mass fraction or
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absolute mass in desired units) and decay the material (i.e., model the MSBR protactinium

decay tank). The main idea of the MaterialFlow object is to pass detailed information about

the salt starting at the MSR vessel outlet throughout reprocessing components (Processes),

which modify the MaterialFlow object before depleting the material in the next depletion

step.

Process	A Process	B

Process	C1

Process	C2

MaterialFlow

MaterialFlow

MaterialFlow

Figure 2.9: Schematic for passing material data between fuel processing system
components shown for a general case.

core

lanthanides
removal

heat
exchanger

fuel

fuel	A

fuel	Bsparger Ni	filter
fuel

fuel

Figure 2.10: Schematic for passing material data between fuel processing system
components shown for the TAP concept.

Process. Each Process object represents a realistic fuel processing step characterized by

its throughput rate, volumetric capacity, extraction efficiency for each target element (can be

a function of many parameters), waste streams, and other process-specific parameters. The

feed Process injects fresh fuel salt MaterialFlow directly into the reactor core (e.g., adding

fissile material with a specific mass flow rate to MaterialFlow after performing all removals).

Such a class structure provides outstanding flexibility in simulating various MSR fuel pro-

cessing system designs. I created a library of various MaterialFlow (e.g., fuel salt flow, fertile

salt flow, refueling salt flow) and Process (e.g., helium sparging facility, gas separator, nickel
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filter) object examples to help a user to create a model of a desired reprocessing scheme

quickly. At runtime, the user should connect Process objects in series, parallel, or both with

MaterialFlow objects to form a comprehensive reprocessing system. To make the reprocess-

ing system definition self-explanatory and straightforward, I employed a standardized graph

description language, dot, which is widely used in computer science for describing undirected

and directed graphs [43]. A directed graph is a set of objects (vertices) connected by edges,

where the edges have a direction associated with them. In the context of this work, a vertex

is Process object (a component of the fuel processing systems), and a directed graph edge

is MaterialFlow object (salt flow).

Figure 2.11: General example of directed graph with a source (e.g., a reactor outlet) and
sink (e.g., a reactor inlet).

The reprocessing plant structure described with dot can be simply plotted using Graphviz

[36] and those plots can be used for analysis, optimization, and publication purposes. The

user also has the flexibility to create custom objects with desired attributes and methods and

contribute back to the code package using GitHub (https://github.com/arfc/saltproc).

2.3.2 Tool flowchart

Figure 2.12 illustrates the online reprocessing simulation algorithm coupling SaltProc v1.0

and Serpent. A json-compatible user input file for SaltProc contains depletion software pa-

rameters such as paths to the depletion software executable, neutron population and number

of criticality cycles, and total heating power. Additionally, the input file contains reprocess-

ing system parameters such as structure of reprocessing system, capacity and efficiency of

the system components, and molten salts thermophysical properties. To perform a depletion
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step, SaltProc v1.0 reads a user-defined Serpent template file. This file contains input pa-

rameters such as the path to a nuclear data library, material isotopic composition at startup,

burnup calculation parameters, and boundary conditions. SaltProc v1.0 fills in the template

file and runs Serpent single-step depletion.

After the depletion calculation, SaltProc v1.0 reads the depleted fuel composition file into

the MaterialFlow object (core outlet in Figure 2.12). This object contains an isotopic com-

position vector, total volume of material, total mass, mass flow rate, density, temperature,

void fraction, etc. For the simplest reprocessing case, if all fuel processing components are

connected in series (100% of total material flow goes through a chain of separation compo-

nents), the core outlet object flows sequentially between Processes, and each Process removes

a mass fraction of target elements with specified extraction efficiency. After that the removed

material mass is compensated by fresh fuel salt to maintain the salt inventory in a primary

loop. Finally, the resulting isotopic composition after reprocessing is stored in the HDF5

database and dumped in a new composition file for the next Serpent depletion run. SaltProc

v1.0 also stores the isotopic composition before reprocessing and waste stream from each fuel

processing component in the HDF5 database.

For a more general case with multiple concurrent extraction processes, separate Materi-

alFlow objects are created for each branch with a user-defined mass flow branching per-

centage (e.g., 90% of total mass flow rate flows via left branch and 10% throughout a right

branch). The total mass and isotopic composition vector for each MaterialFlow object are

calculated as a fraction of incoming core outlet flow. Then each MaterialFlow object is

passed via a cascade of Processes to separate selected chemical elements with specific effi-

ciency. Finally, the left-hand-side MaterialFlow object is merged with the right-hand-side,

and similarly to the previous case, fresh fuel salt feed compensates for mass losses in the

Processes and keeps the fuel salt mass in the primary loop constant.

The UML diagram (Figure 2.8) allows the user to model a complex, multi-zone, multi-fluid

MSR operation and is sufficiently general to represent myriad reactor systems. SaltProc v1.0
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target element = [Xe,Kr,H]
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nickel_filter: Process
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feed:MaterialFlow

pyne.Material(LiF-UF4)
flow rate = poisons removal rate
density = 4.96 g/cm3

Figure 2.12: Flow chart for the SaltProc v1.0 Python package.

only stores and changes the isotopic composition of the fuel stream, which makes it a flexible

tool to model any geometry: an infinite medium, a unit cell, a multi-zone simplified assembly,

or a full-core. This flexibility allows the user to perform simulations of varying fidelity

and computational intensity. SaltProc v1.0 is an open-source tool available on GitHub.

Although the user needs Serpent ≥2.1.31 installed on his computer to use SaltProc. The tool

leverages unit tests and continuous integration crucial for software sustainability [57, 108].

The documentation automatically generated using Sphinx [21] is available here: https:

//arfc.github.io/saltproc/. In summary, the development approach of SaltProc v1.0

is focused on producing a generic, flexible and expandable tool that extends Serpent 2

Monte Carlo code for advanced in-reactor fuel cycle analysis as well as simulate many online

refueling and fuel reprocessing systems.
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2.3.3 Reactivity control module

Simulation of specific MSR concepts requires changing the reactor core geometry during

lifetime-long operation modeling. For instance, the TAP concept aims to increase the core

lifetime by using continuous fresh fuel feeds, removing FPs, and reconfiguring moderator rod

assemblies to compensate for negative reactivity insertion due to fissile material burnup. The

concept proposes maintaining reactivity in the long term by replacing stationary moderator

assemblies with denser lattices to increase the moderator-to-fuel ratio [17]. SaltProc v1.0

can switch from one core geometry to another core geometry (e.g., with larger moderator-to-

fuel ratio) to mimic moderator or absorber movement if the effective multiplication factor,

keff , falls below 1. This unique capability allows SaltProc v1.0 to analyze the fuel cycle

performance of any liquid-fueled MSR system, including advanced designs with a moving

moderator (e.g., TAP MSR).

2.4 Concluding remarks

This chapter presented an overview of an fuel salt reprocessing in MSRs. It described

various components of the plant and the physical or chemical mechanism responsible for

neutron poison extraction from the salt. General core physics aspects and Serpent 2 depletion

software capabilities have then been discussed. It also introduced SaltProc, a Python package

developed and used to simulate continuous feeds and removals in various MSR designs.

In the following chapters, SaltProc v1.0 will be demonstrated and validated for two liquid-

fueled MSR designs: the MSBR and the TAP MSR.
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Chapter 3

Tool demonstration for lifetime-long
depletion: Molten Salt Breeder
Reactor
This chapter describes the fuel cycle analysis of the MSBR obtained using the open-source

Python package, SaltProc. The development was initially started as a part of my master

thesis [85] in 2017. This effort, for verification purposes, assumed ideal extraction efficiency

(e.g., 100% of the target isotope mass extracted) because all results available in the literature

also rely on this assumption.

The main results presented in this chapter have been published in: A. Rykhlevskii, J.W.

Bae, and K. D. Huff, “Modeling and simulation of online reprocessing in the thorium-fueled

molten salt breeder reactor,” Annals of Nuclear Energy, 128 (2019): 366–379. The high-

fidelity, full-core MSBR model has been presented at the 2017 American Nuclear Society

(ANS) Winter Meeting in Washington, D.C. The fuel salt composition evolution has been

presented at the 2018 Blue Waters Symposium in Sunriver, OR [86]. The obtained results

relevant to MSBR analysis have been compared against those obtained by Benjamin R. Bet-

zler and colleagues for a simplified unit cell model, adopting the in-house code ChemTriton

[15].

3.1 Introduction

The thorium-fueled MSBR was developed in the early 1970s by ORNL, specifically to explore

the promise of the thorium fuel cycle, which uses natural fertile thorium feed material instead

of enriched uranium fissile fuel. With continuous fuel reprocessing, the MSBR realizes the
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advantages of the thorium fuel cycle because the 233U bred from 232Th is almost instantly1

recycled back into the core [14]. The chosen fuel salt, LiF-BeF2-ThF4-UF4, has a melting

point of 499○C, low vapor pressure at operating temperatures, and beneficial flow and heat

transfer properties [83].

In this work, we analyzed the MSBR neutronics and fuel cycle to establish its equilibrium

core composition. Additionally, we compared predicted operational and safety parameters

of the MSBR at both the initial and equilibrium states to characterize the evolution of its

safety case over time. Moreover, these depletion simulations determined the appropriate

232Th feed rate for maintaining criticality and enabled analysis of the overall MSBR fuel

cycle performance. Finally, the benefits of online fission product removal in the thermal

spectrum MSBR were identified.

3.2 Molten Salt Breeder Reactor design and model

description

Figure 3.1 shows the MSBR vessel which has a diameter of 680 cm and a height of 610 cm.

It contains a molten fluoride fuel-salt mixture that generates heat in the active core region

and transports that heat to the primary heat exchanger by way of the primary salt pump.

In the active core region, the fuel salt flows through channels in moderating and reflecting

graphite blocks. Fuel salt at 565○C enters the central manifold at the bottom via four 40.64-

cm-diameter nozzles and flows upward through channels in the lower plenum graphite. The

fuel salt exits at the top at about 704○C through four equally spaced nozzles, which connect

to the salt-suction pipes leading to primary circulation pumps. The fuel salt drain lines

connect to the bottom of the reactor vessel inlet manifold.

Figure 3.2 shows the configuration of the MSBR vessel, including the “fission” (zone I)

1 The fertile 232Th is transmuted into the 233Th after capturing a neutron. Next, this isotope decays to the
233Pa (τ1/2=21.83m), which finally decays to the 233U (τ1/2=26.967d).
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Figure 3.1: XZ view of the MSBR (reproduced from Robertson et al. [83]).

and “breeding” (zone II) regions inside the vessel. The core has two radial zones bounded by

a solid cylindrical graphite reflector and the vessel wall. The central zone, zone I, in which
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13% of the volume is fuel salt and 87% is graphite, is composed of 1,320 graphite cells, 2

graphite control rods, and 2 emergency shutdown rods. The under-moderated zone, zone II,

in which 37% of the volume is fuel salt and 63% is graphite, and radial reflector, surrounds

the zone I core region and serves to diminish neutron leakage. Zones I and II are surrounded

radially and axially by fuel salt (Figure 3.3); this space for fuel is necessary for the injection

and flow of molten salt.

Figure 3.2: XY (left) and XZ (right) views of a Serpent MSBR model (reproduced from
Rykhlevskii et al. [88]).

Since reactor graphite experiences significant dimensional changes due to neutron irradi-

ation, the reactor core was designed for periodic replacement. Based on the experimental

irradiation data from the MSRE, the core graphite lifetime is about 4 years, and the reflector

graphite lifetime is 30 years [83].

The core design also has eight symmetric graphite slabs with a width of 15.24 cm in zone

II, one of which is illustrated in Figure 3.3. The holes in the centers are for the core lifting

rods used during the core replacement operations. These holes also allow a portion of the

fuel salt to flow to the top of the vessel for cooling the top head and axial reflector. Figure 3.3

also shows the 5.08-cm-wide annular space between the removable core graphite in zone II-B
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Figure 3.3: Detailed view of the MSBR two-zone model. Yellow represents fuel salt, purple
represents graphite, and aqua represents the reactor vessel (reproduced from Rykhlevskii et
al. [88]).

and the permanently mounted reflector graphite. This annulus consists entirely of fuel salt,

provides space for moving the core assembly, helps compensate for the elliptical dimensions

of the reactor vessel, and serves to reduce the damaging flux at the surface of the graphite

reflector blocks.

135Xe is a strong neutron poison, and some fraction of this gas is absorbed by graphite

during MSBR operation. ORNL calculations showed that for unsealed commercial graphite

with a helium permeability of 10−5 cm2/s, the calculated 135Xe poison fraction2 is less than 2%

[83]. This parameter can be improved by using experimental graphite types or by applying

sealing technology. The effect of the gradual poisoning of the core graphite with xenon is

2 The original ORNL report by Robertson et al. defined 135Xe poison fraction as the number of neutrons
absorbed by 135Xe compared with the total number of neutrons (both fast and thermal) absorbed by 233U.
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outside of the scope of this work.

3.2.1 Core zone I

The central region of the core, called zone I, is made up of graphite elements, each 10.16cm×

10.16cm×396.24cm and has 13% fuel salt by volume. Zone I has 4 channels for control rods:

two for graphite rods, which both regulate and shim during normal operation, and two for

backup safety rods consisting of boron carbide clad to assure sufficient negative reactivity

for accidents.

Zone I graphite elements have a mostly rectangular shape with lengthwise ridges at each

corner that leave space for salt flow around the elements. Figure 3.4 shows the elevation and

plan views of graphite elements of zone I [83] and their Serpent model [92].

3.2.2 Core zone II

Zone II, which is undermoderated, surrounds zone I. Combined with the bounding radial

reflector, zone II serves to diminish neutron leakage. Two kinds of elements form this zone:

large-diameter fuel channels (zone II-A) and radial graphite slats (zone II-B).

Zone II has 37% fuel salt by volume, and each element has a fuel channel diameter of

6.604cm. The graphite elements for zone II-A are prismatic, with elliptical dowels running

axially between the prisms. These dowels isolate the fuel salt flow in zone I from that in zone

II. Figure 3.5 shows the shapes and dimensions of these graphite elements and their Serpent

model. Zone II-B elements are rectangular slats spaced far enough apart to provide the 0.37

fuel salt volume fraction. The reactor zone II-B graphite 5.08cm-thick slats vary in the radial

dimension (average width is 26.67cm) as shown in Figure 3.3. Zone II serves as a blanket to

achieve the best performance: a high breeding ratio and a low fissile inventory. The harder

neutron energy spectrum in zone II enhances the rate of thorium resonance capture relative

to the fission rate, thus limiting the neutron flux in the outer core zone and reducing the
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Figure 3.4: Graphite moderator elements for zone I: reference design (left) [83] and Serpent
model (right) [92]. Yellow represents fuel salt, purple represents graphite, and aqua
represents the reactor vessel (reproduced from Rykhlevskii et al. [88]).

neutron leakage [83].

The sophisticated, irregular shapes of the fuel elements challenge an accurate representa-

tion of zone II-B. The suggested design [83] of zone II-B has eight irregularly-shaped graphite
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elements as well as dozens of salt channels. These graphite elements were simplified into

right-circular cylindrical shapes with central channels. Figure 3.3 illustrates this core region

in the Serpent model. The volume of fuel salt in zone II was kept exactly at 37% so this

simplification did not impact the core neutronics. Simplifying the eight edge channels was

the only simplification made to the MSBR geometry in this work.

Figure 3.5: Graphite moderator elements for zone II-A: reference design (left) [83] and
Serpent model (right) [92]. Yellow represents fuel salt, purple represents graphite, and
aqua represents the reactor vessel (reproduced from Rykhlevskii et al. [88]).
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3.2.3 Material composition and normalization parameters

The fuel salt, reactor graphite, and modified Hastelloy-N are all materials invented at ORNL

specifically for the MSBR. The fuel salt selected for use in the MSBR is LiF-BeF2-ThF4-

233UF4 (71.75-16-12-0.25 mole % which has density of 3.35 g/cm3 [83]. The lithium in the

molten salt fuel is fully enriched to 99.995% 7Li because 6Li is an extremely strong neutron

poison and becomes tritium upon neutron capture.

The specific temperature was fixed for each material and stays constant during reactor

operation. The isotopic composition of each material at the initial state was described in

detail in the MSBR conceptual design study [83] and has been applied to the Serpent model

without any modification. Table 3.1 is a summary of the major MSBR parameters used to

inform the Serpent model [83].

Table 3.1: Summary of principal data for the MSBR (reproduced from Robertson et al.
[83]).

Thermal power 2250 MWth

Electric power 1000 MWe

Gross thermal efficiency 44.4%
Salt volume fraction (Zone I) 0.13
Salt volume fraction (Zone II) 0.37
Fuel salt inventory (Zone I) 8.2 m3

Fuel salt inventory (Zone II) 10.8 m3

Fuel salt inventory (annulus) 3.8 m3

Total fuel salt inventory 48.7 m3

Fissile mass in fuel salt 1303.7 kg
Fuel salt components LiF-BeF2-ThF4-233UF4

Fuel salt composition 71.75-16-12-0.25 mole%
Fuel salt density 3.35 g/cm3

As mentioned in section 2.1, the MSBR design requires online reprocessing to completely

remove neutron gaseous FPs (Xe, Kr) and noble metals (e.g., Se, Nb, and Mo) every 20

seconds. The 232Th in the fuel absorbs thermal neutrons and produces 233Pa, which then

decays into the fissile 233U. Protactinium presents a challenge since it has a large absorption

cross section in the thermal energy spectrum. Moreover, 233Pa left in the core produces 234Pa
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and 234U, neither of which are useful as fuel. Accordingly, 233Pa is continuously removed

from the fuel salt into a temporary storage tank to allow 233Pa to decay to 233U without

the corresponding negative neutronic impact. The reactor chemical processing system must

separate 233Pa from the molten salt fuel over 3 days, hold it while 233Pa decays into 233U,

and return it to the primary loop. This feature allows the reactor to avoid neutron losses

to protactinium, lowers in-core fission product inventory, and increases the efficiency of 233U

breeding.

Table 3.2 summarizes a full list of nuclides and their cycle time used for modeling salt

treatment and separations [83]. The removal rates vary among chemical elements in this

reactor concept and dictate the necessary resolution of depletion calculations. If the depletion

time intervals are short, an enormous number of depletion steps are required to obtain the

equilibrium composition. On the other hand, if the depletion calculation time interval is

too long, effective multiplication factor keff would be lower than expected in reality due to

higher equilibrium concentration of strong poisons (e.g., 135Xe) in fuel salt. To compromise,

a 3-day time interval was selected for depletion calculations to correlate with the removal

interval of 233Pa as suggested by Powers et al. [77]. Finally, 232Th was continuously added

every 3 days to maintain the initial mass fraction of 232Th in the fuel salt.

Table 3.2: The cycle times for protactinium and fission product removal from the MSBR
(reproduced from Robertson et al. [83]).

Processing group Nuclides Cycle time (at full
power)

Rare earths Y, La, Ce, Pr, Nd, Pm, Sm, Gd 50 days
Eu 500 days

Noble metals Se, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Sb, Te 20 sec
Semi-noble metals Zr, Cd, In, Sn 200 days
Gases Kr, Xe 20 sec
Volatile fluorides Br, I 60 days
Discard Rb, Sr, Cs, Ba 3435 days
Protactinium 233Pa 3 days
Higher nuclides 237Np, 242Pu 16 years
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3.3 Fuel salt isotopic composition dynamics and

equilibrium search

The SaltProc online reprocessing simulation package is demonstrated in four applications:

(1) analyzing the MSBR neutronics and fuel cycle to find the equilibrium core composition

and fuel salt depletion, (2) demonstrating that in a single-fluid two-region MSBR conceptual

design the undermoderated outer core zone II works as a virtual “blanket”, reduces neutron

leakage, and improves breeding ratio due to neutron energy spectral shift, (3) studying

operational and safety parameters evolution during MSBR operation, and (4) determining

the effect of fission product removal on the core neutronics. This section discusses the first

two applications.

Input parameters for Serpent Monte Carlo code (neutron population, active/inactive cy-

cles) were chosen to compromise between reasonable uncertainty for a transport problem

(≤ 15 pcm for the effective multiplication factor) and computational time. The MSBR de-

pletion and safety parameter computations were performed on 64 Blue Waters XK7 nodes

(two AMD 6276 Interlagos CPU per node, 16 floating-point Bulldozer core units per node

or 32 “integer” cores per node, nominal clock speed is 2.45 GHz). The total computational

time for calculating fuel salt depletion during 60 years of operation was approximately 9,900

node-hours (18 core-years.)

3.3.1 Effective multiplication factor dynamics

Figures 3.6 and 3.7 show the effective multiplication factors obtained using SaltProc v0.1 and

Serpent. The effective multiplication factors were calculated after removing fission products

listed in Table 3.2 and adding the fertile material at the end of each depletion step (3 days).

The effective multiplication factor fluctuates significantly as a result of the batch-wise nature

of this online reprocessing strategy.

First, Serpent calculates the effective multiplication factor for the beginning of the cycle.
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Figure 3.6: Effective multiplication factor dynamics for full-core MSBR model over a
60-year reactor operation lifetime (reproduced from Rykhlevskii et al. [88]).

Next, it computes the new fuel salt composition at the end of a 3-day depletion. The

corresponding effective multiplication factor is much smaller than the previous one. Finally,

Serpent calculates keff for the depleted composition after applying feeds and removals. The

keff increases accordingly since major reactor poisons (e.g., Xe, Kr) are removed, while fresh

fissile material (233U) from the protactinium decay tank is added.

Additionally, the presence of rubidium, strontium, cesium, and barium in the core are

disadvantageous to reactor physics. Overall, the effective multiplication factor gradually

decreases from 1.075 to ≈1.02 at equilibrium after approximately 6 years of irradiation.
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Figure 3.7: Zoomed effective multiplication factor for a 150-EFPD time interval
(reproduced from Rykhlevskii et al. [88]).

3.3.2 Fuel salt composition dynamics

The analysis of the fuel salt composition evolution provides more comprehensive information

about the equilibrium state. Figure 3.8 shows the number densities of major nuclides, which

have a strong influence on the reactor core physics. The concentration of 233U, 232Th, 233Pa,

and 232Pa in the fuel salt change insignificantly after approximately 2500 days of operation.

In particular, the 233U number density fluctuates by less than 0.8% between 16 and 20

years of operation. Hence, a quasi-equilibrium state was achieved after 16 years of reactor

operation.

In contrast, a wide variety of nuclides, including fissile isotopes (e.g., 235U) and non-fissile

strong absorbers (e.g., 234U), kept accumulating in the core. Figure 3.9 demonstrates the

production of fissile isotopes in the core. At the end of the considered operational time, the

core contained significant 235U (≈ 10−5 atoms/b-cm), 239Pu (≈ 5 × 10−7 atoms/b-cm), and
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241Pu (≈ 5 × 10−7 atoms/b-cm). Meanwhile, the equilibrium number density of the target

fissile isotope 233U was approximately 7.97×10−5 atoms/b-cm. Small dips in neptunium

and plutonium number density every 16 years are caused by removing 237Np and 242Pu

(included in Processing group “Higher nuclides”, see Table 3.2) which decay into 235Np and

239Pu, respectively. Thus, the production of new fissile materials in the core, as well as

233U breeding, made it possible to compensate for the negative effects of strong absorber

accumulation (234U) and keep the reactor critical.

Figure 3.8: The number density of major nuclides during 60 years of reactor operation
(reproduced from Rykhlevskii et al. [88]).
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Figure 3.9: The number density of fissile in epithermal spectrum nuclides during 60 years
of the reactor operation (reproduced from Rykhlevskii et al. [88]).

3.3.3 Neutron spectrum

Figure 3.10 shows the normalized neutron flux spectrum for the full-core MSBR model in the

energy range from 10−8 to 10 MeV. The neutron energy spectrum at equilibrium is harder

than at startup due to plutonium and other strong absorbers accumulating in the core during

reactor operation.

Figure 3.11 shows that zone I produced more thermal neutrons than zone II, corresponding

to a majority of fissions occurring in the central part of the core. In the undermoderated zone

II, the neutron energy spectrum is harder, which leads to more intensive neutron capture

by 232Th and helps achieve a relatively high breeding ratio. Moreover, the (n,γ) resonance

energy range in 232Th is from 10−4 to 10−2 MeV. Thus, the moderator-to-fuel ratio for zone II

was chosen to shift the neutron energy spectrum in this range. Furthermore, in the central
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core region (zone I), the neutron energy spectrum shifts to a harder spectrum over 20 years

of reactor operation; meanwhile, in the outer core region (zone II), a similar spectral shift

takes place at a reduced scale. These results are in good agreement with the original ORNL

report [83] and the most recent whole-core steady-state study [73].

Figure 3.10: The neutron flux energy spectrum for initial and equilibrium state normalized
by unit lethargy (reproduced from Rykhlevskii et al. [88]).

It is important to obtain the epithermal and thermal spectra to produce 233U from 232Th

because the radiative capture cross section of thorium decreases monotonically from 10−10

MeV to 10−5 MeV. Hardening the spectrum tends to significantly increase resonance absorp-

tion in thorium and decrease absorptions in fissile and construction materials.
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Figure 3.11: The neutron flux energy spectrum for initial and equilibrium state normalized
by unit lethargy (reproduced from Rykhlevskii et al. [88]).
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3.3.4 Neutron flux

Figure 3.12 shows the radial distribution of fast and thermal neutron flux for initial and

equilibrium compositions. The neutron fluxes have similar shapes for both compositions,

but the equilibrium case has a harder spectrum. A significant spectral shift was observed in

the central region of the core (zone I). In the outer region (zone II), annulus and graphite

reflector, spectral shift is negligible. These neutron flux radial distributions agree with

the fluxes in the original ORNL report [83]. Overall, spectrum hardening during MSBR

operation should be carefully studied when designing the reactivity control system.

Figure 3.12: Radial neutron flux distribution for initial and equilibrium fuel salt
compositions (reproduced from Rykhlevskii et al. [88]).
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3.3.5 Power and breeding distribution

Table 3.3 shows the power fraction in each zone for initial and equilibrium fuel composi-

tions. Figure 3.13 reflects the normalized power distribution of the MSBR quarter core for

equilibrium fuel salt composition. For both the initial and equilibrium compositions, fission

primarily occurs in the center of the core, namely zone I. The spectral shift during reactor

operation results in slightly different power fractions at startup and equilibrium, but most

of the power is still generated in zone I at equilibrium (Table 3.3).

Table 3.3: Power generation fraction in each zone for initial and equilibrium state
(reproduced from Rykhlevskii et al. [88]).

Core region Initial Equilibrium
Zone I 97.91% 98.12%
Zone II 2.09% 1.88%

Figure 3.13: Normalized power density for equilibrium fuel salt composition (reproduced
from Rykhlevskii et al. [88]).
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Figure 3.14 shows the distribution of the neutron capture reaction rate for 232Th nor-

malized by the total neutron flux for the initial and equilibrium states. The distribution

reflects the spatial distribution of 233U production in the core. 232Th neutron capture pro-

duces 233Th, which then β-decays to 233Pa, the precursor for 233U production. Accordingly,

this characteristic represents the breeding distribution in the MSBR core. The power and

breeding distribution remained almost constant during the reactor operation. Even after 20

years of operation, most of the power is still generated in zone I.

Figure 3.14: 232Th neutron capture reaction rate normalized by total flux for equilibrium
fuel salt composition (reproduced from Rykhlevskii et al. [88]).

3.3.6 Thorium refill rate

In the MSBR, the only external feed material flow is 232Th. Figure 3.15 shows the 232Th feed

rate calculated over 60 years of reactor operation. The 232Th feed rate fluctuates significantly

as a result of the batch-wise nature of this online reprocessing approach. Figure 3.16 shows

a zoomed thorium feed rate for a short 150-EFPD interval. Note that the large spikes of
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up to 36 kg/day in a thorium consumption occur every 3435 days. Those spikes happened

due to strong absorbers’ (Rb, Sr, Cs, Ba) removal at the end of the effective cycle (100%

of these elements removing every 3435 days of operation). The corresponding effective

multiplication factor increase (Figure 3.6) and breeding intensification leads to additional

232Th consumption.

Figure 3.15: 232Th feed rate over 60 years of the MSBR operation (reproduced from
Rykhlevskii et al. [88]).

The average thorium feed rate increases during the first 500 days of operation and steadily

decreases due to spectrum hardening and accumulation of absorbers in the core. As a result,

the average 232Th feed rate over 60 years of operation is about 2.40 kg/day which is in a good

agreement with a recent online reprocessing study by ORNL (2.45 kg/day, 2% difference)

[15, 12]. At equilibrium, the thorium feed rate is determined by the reactor power, the

energy released per fission, and the neutron energy spectrum.
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Figure 3.16: Zoomed 232Th feed rate for a 150-EFPD time interval (reproduced from
Rykhlevskii et al. [88]).

3.4 Operational and safety parameter evolution

In Section 3.3, we reported how fuel salt composition changes during MSBR operation. The

number density of the most important heavy isotopes, 233U and 232Th, was stable while

transitioning from startup to equilibrium composition (Figure 3.8). At the same time, a

number of different actinides is being produced in the reactor core. Most of these nuclides

(234U, 239Pu, 241Pu) have a much larger absorption cross section than 233U and 232Th loaded

initially into the core, which causes significant neutron energy spectrum hardening. In the

current section, we analyze how such neutron spectrum shift affects major operation and

safety parameters such as temperature coefficients of reactivity and reactivity worth of the

control rods.
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3.4.1 Temperature coefficient of reactivity

Table 3.4 summarizes temperature effects on reactivity calculated in this work for both initial

and equilibrium fuel compositions, compared to the original ORNL report data [83]. By

propagating the keff statistical error provided by Serpent, uncertainty for each temperature

coefficient was obtained and appears in Table 3.4. Other sources of uncertainty are neglected,

such as cross section measurement error and approximations inherent in the equations of

state, providing both the salt and graphite density dependence on temperature. The main

physical principle underlying the reactor temperature feedback is an expansion of heated

material. If the fuel salt temperature increases, the density of the salt decreases; at the

same time, the total volume of fuel salt in the core remains constant because the graphite

bounds it. If the graphite temperature increases, the density of graphite decreases, creating

additional space for fuel salt. To determine the temperature coefficients, the cross section

temperatures for the fuel and moderator were changed from 900K to 1000K. Three different

cases were considered:

1. Temperature of fuel salt rising from 900K to 1000K.

2. Temperature of graphite rising from 900K to 1000K.

3. Whole reactor temperature rising from 900K to 1000K.

Table 3.4: Temperature coefficients of reactivity for the initial and equilibrium states
(reproduced from Rykhlevskii et al. [88]).

Reactivity coefficient Initial Equilibrium Reference [83]
[pcm/K] [pcm/K] (initial) [pcm/K]

Doppler in fuel salt −4.73 ± 0.038 −4.69 ± 0.038 −4.37
Fuel salt density +1.21 ± 0.038 +1.66 ± 0.038 +1.09
Total fuel salt −3.42 ± 0.038 −2.91 ± 0.038 −3.22
Graphite spectral shift +1.56 ± 0.038 +1.27 ± 0.038
Graphite density +0.14 ± 0.038 +0.23 ± 0.038
Total moderator (graphite) +1.69 ± 0.038 +1.35 ± 0.038 +2.35
Total core −1.64 ± 0.038 −1.58 ± 0.038 −0.87

In the first case, changes in the fuel temperature only impact fuel density. In this case,
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the geometry is unchanged because the fuel is a liquid. However, if the moderator heats

up, both the density and the geometry change due to the thermal expansion of the solid

graphite blocks and reflector. Accordingly, the new graphite density was calculated using

a linear temperature expansion coefficient of 1.3×10−6K−1 [83]. A new geometry input for

Serpent, which takes into account the displacement of graphite surfaces, was created based

on this information. For calculation of displacement, it was assumed that the interface

between the graphite reflector and vessel is immobile and the vessel temperature is constant.

This is the most reasonable assumption for the short-term reactivity effects because inlet

salt cools the graphite reflector and the inner surface of the vessel.

The fuel temperature coefficient (FTC) is negative for both initial and equilibrium fuel

compositions due to thermal Doppler broadening of the resonance capture cross sections in

the thorium. A small positive effect of fuel density on reactivity increases from +1.21 pcm/K

at reactor startup to +1.66 pcm/K for equilibrium fuel composition, which has a negative

effect on FTC magnitude during the reactor operation; this is in good agreement with earlier

research [83, 73]. The moderator temperature coefficient (MTC) is positive for the startup

composition and decreases during reactor operation because of spectrum hardening with fuel

depletion. Finally, the total temperature coefficient of reactivity is negative for both cases

but decreases in magnitude during reactor operation due to spectral shift. In summary,

even after 20 years of operation, the total temperature coefficient of reactivity is relatively

large and negative during reactor operation (comparing with conventional PWR which has

temperature coefficient about -1.71 pcm/○F ≈ -3.08 pcm/K [40]), despite positive MTC, and

affords excellent reactor stability and control.

3.4.2 Reactivity control system rod worth

Table 3.5 summarizes the reactivity control system worth. During normal operation, the

control (graphite) rods are fully inserted, and the safety (B4C) rods are fully withdrawn. To

insert negative reactivity into the core, the graphite rods are gradually withdrawn from the
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core. In an accident, the safety rods would be dropped down into the core. The integral

rod worths were calculated for various positions to separately estimate the worth of graphite

control rods, the emergency shutdown rods, and the whole reactivity control system. Con-

trol rod integral worth is approximately 28 cents and stays almost constant during reactor

operation. The emergency shutdown rod integral worth decreases by 16.2% during 20 years

of operation because of neutron spectrum hardening and absorber accumulation in proximity

to reactivity control system rods. This 16% decline in control system worth must be taken

into account in MSBR accident analysis and safety justification.

Table 3.5: Control system rod worth for the initial and equilibrium fuel compositions
(reproduced from Rykhlevskii et al. [88]).

Reactivity parameter Initial[¢] Equilibrium[¢]
Graphite control rod integral worth 28.2 ± 0.8 29.0 ± 0.8
Emergency shutdown rod integral worth 251.8 ± 0.8 211.0 ± 0.8
Total reactivity control system worth 505.8 ± 0.7 424.9 ± 0.8

3.4.3 Six Factor Analysis

The effective multiplication factor can be expressed using the following formula:

keff = ηfpεPfPt (3.1)

where

η = neutron reproduction factor [−]

f = thermal utilization factor [−]

p = resonance escape probability [−]

ε = fast fission factor [−]

Pf = fast non-leakage probability [−]
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Pt = thermal non-leakage probability [−].

Table 3.6 summarizes the six factors for both the initial and equilibrium fuel salt com-

positions. Using Serpent and SaltProc, these factors and their statistical uncertainties have

been calculated for both the initial and equilibrium fuel salt compositions (see Table 3.1).

The fast and thermal non-leakage probabilities remain constant despite the evolving neu-

tron spectrum during operation. In contrast, the neutron reproduction factor (η), resonance

escape probability (p), and fast fission factor (ε) are considerably different between startup

and equilibrium. As indicated in Figure 3.10, the neutron spectrum is softer at the begin-

ning of reactor life. Neutron spectrum hardening causes the fast fission factor to increase

through the core lifetime; the opposite is true for the resonance escape probability. Finally,

the neutron reproduction factor decreases during reactor operation due to the accumulation

of fissile plutonium isotopes.

Table 3.6: Six factors for the full-core MSBR model for the initial and equilibrium fuel
compositions (reproduced from Rykhlevskii et al. [88]).

Factor Initial Equilibrium
Neutron reproduction factor (η) 1.3960 ± .000052 1.3778 ± .00005
Thermal utilization factor (f) 0.9670 ± .000011 0.9706 ± .00001
Resonance escape probability (p) 0.6044 ± .000039 0.5761 ± .00004
Fast fission factor (ε) 1.3421 ± .000040 1.3609 ± .00004
Fast non-leakage probability (Pf ) 0.9999 ± .000004 0.9999 ± .000004
Thermal non-leakage probability (Pt) 0.9894 ± .000005 0.9912 ± .00005

3.5 Benefits of fission products removal

To investigate how online fuel salt processing described in Chapter 2 affects the reactor

performance, the separate effect of each poison group removal was studied in this section.
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3.5.1 The effect of removing fission products from the fuel salt

Loading the initial fuel salt composition into the MSBR core leads to a supercritical config-

uration (Figure 3.17). After reactor startup, the effective multiplication factor for the case

with volatile gases and noble metals removal is approximately 7500 pcm higher than for the

case without fission product removal. This significant impact on the reactor core lifetime

is achieved due to the immediate removal (20 sec cycle time) and the high absorption cross

sections of Xe, Kr, Mo, and other noble metals removed. The effect of rare earth element

removal is significant in a few months after startup and reached approximately 5500 pcm

after 10 years of operation. The rare earth elements were removed at a slower rate (50-day

cycle time). Moreover, Figure 3.17 demonstrates that batch-wise removal of strong absorbers

every 3 days unnecessarily leads to fluctuation in results, but rare earth element removal

every 50 days causes an approximately 600 pcm jump in reactivity.

The effective multiplication factor of the core reduces gradually over operation time be-

cause the fissile material (233U) continuously depletes from the fuel salt due to fission while

fission products accumulate in the fuel salt simultaneously. Eventually, without fission prod-

ucts removal, the reactivity decreases to the subcritical state after approximately 500 and

1300 days of operation for cases with no removal and volatile gases & noble metals removal,

respectively. The time when the simulated core becomes subcritical (keff <1.0 for full-core

model) is called the core lifetime. Therefore, removing fission products provides significant

neutronic benefits and enables a longer core lifetime.

3.6 Concluding remarks

This chapter introduces the first ever version of the open-source MSR simulation package

SaltProc v0.1. The main goal of this work has been to demonstrate SaltProc’s capability to

find the equilibrium fuel salt composition (the number densities of major isotopes vary by less

than 1% over several years). A secondary goal has been to compare predicted operational
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Figure 3.17: Calculated effective multiplication factor for the full-core MSBR model with
the removal of various fission product groups over 10 years of operation (reproduced from
Rykhlevskii et al. [88]).

and safety parameters (e.g., neutron energy spectrum, power and breeding distribution,

temperature coefficients of reactivity) of the MSBR at startup and equilibrium states. A

tertiary goal has been to demonstrate the benefits of continuous fission product removal for

thermal MSR design.

To achieve these goals, a full-core high-fidelity benchmark model of the MSBR was cre-

ated in Serpent 2. The full-core model was used instead of the simplified single-cell model

[15, 93, 18] to precisely describe the two-region MSBR concept design sufficiently to rep-

resent breeding in the outer core zone accurately. When running depletion calculations,

the most critical fission products and 233Pa are removed, while fertile and fissile materials

are added to the fuel salt every 3 days. Meanwhile, the removal interval for the rare earths,

volatile fluorides, and semi-noble metals was greater than one month (50 days), which caused
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significant keff fluctuation.

The results in this chapter indicate that keff slowly decreases from 1.075 and reaches 1.02

at equilibrium after approximately 6 years of operation. At the same time, the concentra-

tions of 233U, 232Th, 233Pa, and 232Pa stabilized after approximately 2500 days of operation.

Particularly, 233U number density equilibrates3 after 16 years of operation. Consequently,

the core reaches the quasi-equilibrium state after 16 years of operation. However, a wide

variety of actinides, including fissile isotopes (e.g., 233U and 239Pu) and non-fissile strong

absorbers (234U), continue accumulating in the core.

Those actinides cause neutron energy spectrum hardening as the core approaches equi-

librium. Moreover, the neutron energy spectrum in the central core region is much softer

than in the outer core region due to the lower moderator-to-fuel ratio in the outer zone, and

this distribution remains stable during reactor operation. Finally, the epithermal or thermal

spectrum is needed to effectively breed 233U from 232Th because the radiative capture cross

section of 232Th monotonically decreases from 10−10 MeV to 10−5 MeV. A harder spectrum

in the outer core region tends to significantly increase resonance absorption in thorium and

decrease the absorption in fissile and structural materials.

The spatial power distribution in the MSBR shows that 98% of the fission power is gener-

ated in the central zone I, and the neutron energy spectral shift has zero effect on the power

distribution. The spatial distribution of neutron capture reaction rate for fertile 232Th, cor-

responding to breeding in the core, confirms that most of the breeding occurs in an outer,

undermoderated, region of the MSBR core. Finally, the average 232Th refill rate throughout

60 years of operation is approximately 2.40 kg/day or 100 g/GWhe.

We compared the safety parameters at startup and equilibrium state using the Serpent

Monte Carlo code. The total temperature coefficient is large and negative at startup and

equilibrium, but the magnitude decreases throughout reactor operation from −1.64 to −1.58

pcm/K as the spectrum hardens. The moderator temperature coefficient is positive and also

3 fluctuates less than 0.8%
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decreases during fuel depletion. The reactivity control system efficiency analysis showed that

the safety rod integral worth decreases by approximately 16.2% over 16 years of operation,

while the graphite rod integral worth remains constant. Therefore, neutron energy spectrum

hardening during fuel salt depletion has an undesirable impact on MSBR stability and

controllability and should be taken into consideration in further analysis of transient accident

scenarios.

Finally, we proved that the MSBR core performance benefits from the removal of volatile

gases, noble metals, and rare earths from the fuel salt. Immediate removal of volatile gases

(e.g., xenon) and noble metals increased reactivity by approximately 7500 pcm over a 10-

year timeframe. In contrast, the effect of relatively slower removal of rare earth elements

(every 50 days cycle instead of 3 days) has less impact (5500 pcm) on the core reactivity after

10 years of operation. An additional study is needed to establish neutronic and economic

tradeoffs of removing each element.

This chapter’s results also helped identify the main directions of SaltProc v0.1 improve-

ment. Firstly, the poison removal efficiency is not ideal, as was discussed in Chapter 1;

consequently, the user should be able to simulate the fuel salt reprocessing system using a

variable, non-ideal extraction efficiency. Secondly, SaltProc v0.1 entirely removes elements

with longer residence times (semi-noble metals, volatile fluorides, Rb, Sr, Cs, Ba, Eu) at the

end of cycle time (e.g., 3435 days for rubidium) which causes significant jumps in keff due

to the removal of large batches of the poison at once. In SaltProc v1.0, this drawback has

been eliminated by removing a fraction of the target element with longer residence time at

each depletion step. In the following chapters, improved SaltProc v1.0 capabilities will be

demonstrated.
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Chapter 4

Tool demonstration for lifetime-long
depletion: Transatomic Power MSR

This chapter presents a validation demonstration applying SaltProc v1.0 to the TAP MSR.

The TAP concept was selected because it is well analyzed in the literature [16, 17] making

code-to-code verification with ChemTriton/SCALE possible [17]. This chapter presents the

TAP MSR core lifetime-long (25 years) depletion simulation with moderate time resolution

(3-day depletion step) and a constant, 100% power level. The results obtained with SaltProc

v1.0 are compared with full-core TAP depletion analysis by Betzler et al. [17] with assumed

ideal removal efficiency (100% of the target isotope is removed). This validation effort showed

that the SaltProc v1.0 solution matches the case with ideal extraction efficiency.

Finally, this chapter presents a lifetime-long fuel salt depletion simulation for the case with

a realistic, physics-based mathematical model for noble gas removal efficiency, which provides

fuel isotopic composition evolution during 25 years of the TAP MSR operation. Additionally,

this chapter presents safety and operational parameters evolution during operation. Detailed

insights about fuel salt composition and neutron spectrum dynamics obtained herein will be

used in the following chapters to investigate TAP reactor poisoning during load-following.

4.1 Transatomic Power MSR design description

The TAP concept is a 1250 MWth MSR with a LiF-based uranium fuel salt [106]. This

concept uses configurable zirconium hydride rods as the moderator, while most MSR designs

typically propose high-density reactor graphite. Zirconium hydride offers a much higher

neutron moderating density than graphite, so a much smaller volume of zirconium hydride
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is needed to achieve a thermal energy spectrum similar to one obtained with a graphite

moderator. Moreover, zirconium hydride clad in a corrosion-resistant material has a much

longer lifespan in extreme operational conditions (e.g., high temperature, large neutron

flux, chemically aggressive salt) than reactor graphite [107]. Finally, zirconium hydride is

a nonporous material and holds up fewer neutron poisons (e.g., xenon, krypton) than does

high-density reactor graphite.

In this section, the design characteristics and reprocessing plant design are based on

information presented in the TAP white papers [106, 105] and ORNL technical reports

[16, 17].

4.1.1 General design description

Figure 4.1 renders of the primary and secondary loop of the TAP MSR seated inside a

concrete nuclear island. Figure 4.2 shows the schematic design of a 520 MWe, 2-loop nuclear

reactor system with an intermediate salt loop.

The TAP core design (Figure 4.3) is very similar to the original MSRE design developed by

ORNL [47] but has two significant innovations: the fuel salt composition and the moderator.

The MSRE’s LiF-BeF2-ZrF4-UF4 salt has been substituted with LiF-UF4 salt, which allows

for an increase in the uranium concentration within the fuel salt from 0.9 to 27.5% while

maintaining a relatively low melting point (490○C compared with 434○C for the original

MSRE’s salt) [16]. The graphite has an extensive thermal scattering cross section which

makes it a perfect moderator but has a few major drawbacks:

(a) low lethargy gain per collision requires a large volume of a moderator to be present to

reach criticality, which leads to a larger core and obstructs the core power density;

(b) even special reactor-grade graphite has relatively high porosity; thus, it holds gaseous

FPs (e.g., tritium, xenon) in pores;

(c) reactor graphite lifespan in a commercial reactor is approximately ten years [83].

As previously mentioned, to resolve these issues, the TAP concept uses zirconium hydride
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Figure 4.1: Rendering of the TAP MSR. The fission happens in the fuel salt inside the
reactor vessel (1). The heat generated by a self-sustaining nuclear fission reaction would be
transferred to the secondary salt by heat exchangers (2), which would boil water in the
steam generator (3). Valves made of salt with a higher melting point (4) would melt in
case of emergency, allowing the salt to drain into a drain tank (5), which can passively
dissipate decay heat (reproduced from [100], illustration by Emily Cooper).

instead of graphite, allowing for a more compact core and a significant increase in power

density. These two innovative design choices, together with a configurable moderator (the

moderator-to-fuel ratio can be changed during operation), facilitate use of commercially

available 5% enriched LEU fuel cycle.

The TAP MSR primary loop contains the reactor core volume (including the zirconium

hydride moderator rods with silicon carbide cladding), pumps, pipes, and primary heat

exchangers. Pumps circulate the LiF-(Act)F4 fuel salt through the primary loop. The
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Figure 4.2: Simplified schematic of the TAP MSR primary and secondary loops
(reproduced from the Transatomic Power Technical White Paper [106]). Figure legend: A)
reactor vessel, B) fuel salt pumps, C) primary heat exchangers, D) freeze plug, E) primary
loop drain tank, F) secondary loop salt pump, G) steam generator, H) secondary loop
drain tank, I) fuel catch basin.

pumps, vessels, tanks, and piping are made of a nickel-based alloy (similar to Hastelloy-N1),

which is highly resistant to corrosion in various molten salt environments. Inside the reactor

vessel, near the zirconium hydride moderator rods, the fuel salt is in a critical configuration

and generates heat. Table 4.1 contains details of the TAP system design, which are taken

from a technical white paper [106] and a neutronics overview [105] as well as an ORNL

analysis of the TAP design [16, 17].

1 Hastelloy-N is very common in MSR designs now, but was developed at ORNL in the MSRE program
that started in the 1950s.
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Figure 4.3: The TAP MSR schematic view showing moveable moderator rod bundles and
shutdown rod (reproduced from Transatomic Power White Paper [106]).

Table 4.1: Summary of principal data for the TAP MSR (reproduced from [17, 106]).

Thermal power 1250 MWth

Electric power 520 MWe

Gross thermal efficiency 44%
Outlet temperature 620○C
Fuel salt components LiF-UF4

Fuel salt composition 72.5-27.5 mole%
Uranium enrichment 5% 235U
Moderator Zirconium hydride (ZrH1.66) rods

(with silicon carbide cladding)
Neutron spectrum epithermal
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Figure 4.4: The TAP MSR schematic core view showing moderator rods (reproduced from
ORNL/TM-2017/475 [17]).

4.1.2 Reactor core design

In the TAP core (Figure 4.4), fuel salt flows around moderator assemblies consisting of

lattices of zirconium hydride rods clad in a corrosion-resistant silicone carbide. The TAP

reactor pressure vessel is a cylinder made of a nickel-based alloy with an inner radius of 150

cm, a height of 350 cm, and a wall thickness of 5 cm.

The salt volume fraction (SVF) in the core is a parameter similar to the widely-used
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moderator-to-fuel ratio and can be defined as:

SV F =
VF

VF + VM
=

1

1 + VM/VF
(4.1)

where

VF = fuel volume [m3]

VM = moderator volume [m3]

VM/VF = moderator-to-fuel salt ratio [−].

Figure 4.5 shows the SVF variation during operation that shifts the reactor neutron energy

spectrum from intermediate to thermal to maximize fuel burnup. At the BOL, a high SVF

results in a relatively hard spectrum and enhances fertile material (238U) conversion into the

fissile material (239Pu) when the startup fissile material (235U) inventory is still large. As

fissile concentration in the fuel salt declines, additional moderator rods are introduced to

maintain criticality, leading to salt volume fraction decrease (see Figure 4.5).

The initial TAP concept suggested varying the SVF by inserting fixed-sized moderator

rods via the bottom of the reactor vessel (for safety considerations), similar to moving the

control rods in a Boiling Water Reactor (BWR), as shown in Figure 4.3 [105]. The later

TAP concept proposes reducing the SVF by reconfiguring the moderator rods during the

regular shutdown for reactor maintenance [17]. For the TAP reactor, End of Life (EOL)

occurs when the maximum number of moderator rods is inserted into the core and a further

injection of fresh fuel salt does not alter criticality. Unmoderated salt flows in the annulus

between the core and the vessel wall to reduce fast neutron fluence at the vessel structural

material.
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Figure 4.5: The change in SVF as a function of burnup in the TAP reactor (reproduced
from Transatomic Power Neutronics Overview [105]).

4.1.3 Fuel salt reprocessing system

The TAP nuclear system contains a fission product removal system. Gaseous FPs are con-

tinuously removed using an off-gas system, while liquid and solid FPs are extracted via a

chemical processing system. As these byproducts are gradually removed, a small quantity of

fresh fuel salt is regularly added to the primary loop. This process conserves a constant fuel

salt mass and keeps the reactor critical. In contrast with the MSBR reprocessing system,

the TAP design does not need a protactinium separation and isolation system because it op-

erates in a uranium-based single-stage fuel cycle. The authors of the TAP concept suggested

three distinct fission product removal methods [105]:

Off-Gas System: The off-gas system removes gaseous fission products such as krypton

and xenon, which are then compressed and temporarily stored until they have decayed to

the background radiation level. Trace amounts of tritium are also removed and bottled in a
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liquid form via the same process. Also, the off-gas system directly removes a small fraction

of the noble metals.

Metal Plate-Out/Filtration: A nickel mesh filter removes noble and semi-noble metal

solid fission products as they plate out onto the internal surface of the filter.

Liquid Metal Extraction: Lanthanides and other non-noble metals stay dissolved in the

fuel salt. They generally have a lower capture cross section and thus absorb fewer neutrons

than 135Xe, but their extraction is essential to ensure normal operation. In the TAP reac-

tor, lanthanide removal is accomplished via a liquid-metal/molten salt extraction process

similar to that developed for the MSBR by ORNL [83]. This process converts the dissolved

lanthanides into a well-understood oxide waste form, similar to that of LWR SNF. This

oxide waste exits the TAP reprocessing plant in ceramic granules which can be sintered into

another convenient form for storage [106].

Figure 4.6 shows the principal design of the TAP primary loop, including an off-gas system,

nickel mesh filter, and lanthanide chemical extraction facility. As in the MSBR, the TAP

off-gas system is based on helium sparging through the fuel salt with consequent gas bubbles

removed before returning the fuel salt to the core (see Section 2.1.1). Nevertheless, one

crucial difference must be noted: the MSBR gas separation system suggested helium injection

and subsequent transport of the voids throughout the primary loop, including the core for

at least ten full loops [83].

In the TAP design the introduction of the void (helium bubbles) during operation is a

significant concern for safe, stable operation because the increase of void fraction in the

fuel salt when it enters back to the core could cause unpredictable reactivity change. Kedl

stated without explanation, “Average loop void fractions as high as 1% are undesirable... it

is desirable to keep the average loop void fraction well below 1%.”[83] The MSBR design
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Figure 4.6: Simplified TAP primary loop design including off-gas system (blue), nickel
filter (orange), and liquid metal extraction system (green) (reproduced from [76]).
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targeted a 0.2% average void in the fuel salt [83] and the MSRE successfully operated with

an average void fraction of about 0.7% [31]. The TAP design reduces void fraction in the

fuel salt to negligible levels by using an effective gas separator for stripping helium/xenon

bubbles before returning the salt to a primary loop (Figure 4.6, blue block).

Noble and semi-noble metal solid fission products tend to plate out onto metal surfaces,

including piping, heat exchanger tubes, reactor vessel inner surface, etc. Previous research

by ORNL [83] reported that about 50% of noble and semi-noble metals would plate out inside

MSBR systems (including the off-gas system) without any special treatment. To improve

the extraction efficiency of these fission products, the TAP concept suggested employing a

nickel mesh filter located in a bypass stream in the primary loop (Figure 4.6, orange block).

The main idea of this filter is to create a large nickel surface area using porous metal (e.g.,

Inconel fibers). The fuel salt flows throughout the filter and noble metals plate out on the

filtering material.

This Liquid Metal Extraction process for the TAP concept has been adopted from the

MSRE. The MSRE demonstrated a liquid-liquid extraction process for removing rare earths

and lanthanides from fuel salt and estimated efficiency of this process. In fact, due to simi-

larities in reprocessing schemes, the TAP project reported almost the same set of elements

for removal and similar effective cycle times2 as suggested for the MSBR (Table 4.2). The

TAP neutronics white paper specifies additional low-probability fission products and gases

that should be removed during operation [105]. These elements are categorized into the pre-

viously defined processing groups, but the removal rates of most of these elements (except

hydrogen) are meager.

Details of gas removal and fuel reprocessing systems have historically been conceptual.

Accordingly, liquid-fueled system design, including the TAP concept, usually assumes ideal

(rather than realistically constrained) removal efficiencies for reactor performance simula-

2 The MSBR program defined “cycle time” as the time required to remove 100% of atoms of a target nuclide
from a fuel salt [83].
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tions. In this thesis, I developed a realistic online reprocessing system and reactor model to

capture the dynamics of fuel composition evolution during reactor operation. Gas removal

efficiency is variable in that model, described using mathematical correlations from Chapter

2 (see Equation 2.1). For the other FPs, a fixed3, non-ideal extraction efficiency based on

cycle time from Table 4.2 was used to inform the fuel reprocessing model.

Table 4.2: The effective cycle times for fission product removal from the TAP reactor
(reproduced from [11] and [105]).

Processing
group

Nuclides Removal
rate (s−1)

Cycle time
(at full
power)

Elements removed in the MSBR concept and adopted for the TAP [83]
Volatile gases Xe, Kr 5.00E-2 20 sec

Noble metals Se, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Sb,
Te

5.00E-2 20 sec

Semi-noble metals Zr, Cd, In, Sn 5.79E-8 200 days

Volatile fluorides Br, I 1.93E-7 60 days

Rare earths Y, La, Ce, Pr, Nd, Pm, Sm, Gd 2.31E-7 50 days

Eu 2.32E-8 500 days

Discard Rb, Sr, Cs, Ba 3.37E-9 3435 days

Additional elements removed [105, 11]
Volatile gases H 5.00E-2 20 sec

Noble metals Ti, V, Cr, Cu 3.37E-9 3435 days

Semi-noble metals Mn, Fe, Co, Ni, Zn, Ga, Ge, As 3.37E-9 3435 days

Rare earths Sc 3.37E-9 3435 days

Discard Ca 3.37E-9 3435 days

4.2 TAP system model

In this section, the TAP core and fuel salt reprocessing system models for demonstrating

SaltProc v1.0 are described in detail. I used these models for SaltProc demonstration and

3 Published information about dynamics of extraction efficiency during reactor operation for noble-, semi-
noble metals, and rare earths is insufficient to inform a variable removal efficiency.
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validation in the current and following chapters.

4.2.1 Serpent 2 full-core model

Nested and lattice geometry types, as well as transformation capabilities of Serpent [63], are

employed to represent the TAP core. Figure 4.7 shows the XY section of the whole-core

model at the expected reactor operational level when all control rods are fully withdrawn.

Figures 4.8 and 4.9 show a longitudinal section of the reactor. This model contains the

moderator rods with their silicon carbide cladding, the pressure vessel, and the inlet and

outlet plena (Table 4.3). Fuel salt flows around square moderator assemblies consisting

of lattices of small-diameter zirconium hydride rods in a corrosion-resistant material. The

salt volume fraction for Figure 4.7 is 0.917204, which means the modeled core is under-

moderated and has an intermediate neutron spectrum. Quarter-core configurations of the

TAP core with various salt volume fractions, used in the current work to maintain criticality

for a reasonable operational period (> 20 years), are listed in Table A.1, Figures A.1, and

A.2 in Appendix A.

To represent the reactivity control system, the model has:

(a) control rod guide tubes made of nickel-based alloy;

(b) control rods represented as boron carbide (B4C) cylinders with a thin Hastelloy-N

coating;

(c) air inside guide tubes and control rods.

The control rods must be able to suppress excess reactivity at the BOL when the core

configuration is the most reactive, and the neutron spectrum is the hardest. The control rod

design shown on Figures 4.7, 4.8, and 4.9 is comprised of a cluster of 25 rods that provide a

total reactivity worth of 3922 ± 10 pcm at the BOL.

The control rod cluster is modeled using the TRANS Serpent 2 feature, which allows

the user to change the control rod position during the simulation easily. The current work

assumed that all control rods are fully withdrawn from the core (Figure 4.9), but the user
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Figure 4.7: An XY section of the TAP model at horizontal midplane with fully withdrawn
control rods at BOL (347 moderator rods, salt volume fraction 0.917204) [28, 90].

Table 4.3: Geometric parameters for the full-core 3D model of the TAP (reproduced from
Betzler et al. [17]).

Component Parameter Value Unit

Moderator
rod

Cladding thickness 0.10 cm
Radius 1.15 cm
Length 3.0 m
Pitch 3.0 cm

Moderator
assembly

Array 5 × 5 rods×rods
Pitch 15.0 cm

Core

Assemblies 268 assemblies/core
Inner radius 1.5 m
Plenum height 25.0 cm
Vessel wall thickness 5.0 cm

can use reactivity control capabilities in SaltProc v1.0 to change control rod position during

operation. In this dissertation, all figures of the core were generated using the built-in

Serpent plotter.

The neutron population per cycle and the number of active/inactive cycles were chosen to

obtain a balance between minimizing uncertainty for a transport problem (28 pcm for keff )

and simultaneously minimizing computational time.
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Figure 4.8: 45○ XZ section of the TAP core model [28, 90].
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Figure 4.9: Zoomed XZ section of the top of the moderator and control rods in the TAP
model.

4.2.2 Model of the fuel reprocessing system

I thoroughly analyzed the original TAP reprocessing system design (Figure 4.6) and neutron

poison removal rates (Table 4.2) to determine a suitable reprocessing scheme for the SaltProc

v1.0 demonstration (Figure 4.10). This chapter presents two demonstration cases: with ideal

(Section 4.3.1) and realistic, non-ideal (Section 4.3.2) gas removal efficiency. Realistic noble

gas removal efficiency is based on the physical model for noble gas extraction efficiency

discussed in Section 2.1.1.

Arrows on Figure 4.10 represent material flows, percents represent a fraction of total mass

flow rates; ellipses represent fuel reprocessing system components; boxes represent waste

streams; the diamond shows refuel material flow (UF4, 5 wt% of 235U). The efficiency of gas

migration to helium bubbles (εm) and efficiency of gas bubbles separation from the salt (εes)

are different for various demonstration cases and discussed in more detail in Sections 4.3.1

and 4.3.2. Efficiency of noble metal extraction in the nickel filter (Figure 4.2, orange block)
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Figure 4.10: TAP reprocessing scheme flowchart used for the demonstration of SaltProc
v1.0.
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and semi-noble metals/rare earths (RE) in the liquid metal extraction system (Figure 4.2,

green block) is assumed fixed and equal 100% and 57%, respectively.

The gas removal components (sparger/contactor and entrainment separator) are located

in-line because the estimated full loop time4 for the fuel salt is about 20 seconds and ap-

proximately equal to the cycle time (Table 4.2). To extract volatile gases every 20 seconds,

the gas removal system must operate with 100% of the core throughout flow rate (in-line

gas removal system). In this chapter, the efficiency of noble gas migration to helium bubbles

and the efficiency of bubble removal from the salt by the entrainment separator (εm, εes on

Figure 4.10, respectively) are selected separately for each demonstration case.

The nickel filter in the TAP concept is designed to extract noble/semi-noble metals and

volatile fluorides (Table 4.2). Similar to volatile gases, noble metals must be removed every 20

seconds and, hence, the filter should operate at 100% of the flow rate through the core. The

nickel filter removes a wide range of elements with various effective cycle time (Table 4.2).

Lanthanides and other non-noble metals have a lower capture cross section than gases

and noble metals. These elements can be removed via a liquid-metal/molten salt extraction

process with relatively low removal rates (cycle time > 50 days). This is accomplished by

directing a small fraction of the salt mass flow leaving the nickel mesh filter (10% of the flow

rate throughout the core) to the liquid-metal/molten salt component of the reprocessing

system, in which lanthanides are removed with a specific extraction efficiency to match the

required cycle time (Table 4.2). The remaining 90% of the salt mass flow is directed from

the nickel filter to the heat exchangers without performing any fuel salt treatment.

The removal rates vary among nuclides in this reactor concept, which dictate the necessary

resolution of depletion calculations. To compromise, a 3-day depletion time step was selected

for the long-term demonstration case based on a time step refinement study by Betzler et al.

[17] A complimentary time step refinement study is presented in Section 4.3.1.4 to determine

the impact of temporal resolution on the depleted composition calculation.

4 Full loop time is the time taken by a particle of the coolant to make one full circle in the primary loop.
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4.3 Long-term depletion demonstration and

validation

4.3.1 Constant, ideal extraction efficiency case

To validate SaltProc v1.0, I performed a lifetime-long depletion calculation with ideal ex-

traction efficiency. This case was selected to repeat fuel salt depletion as close as possible

to the ChemTriton simulation for the full-core TAP reactor by Betzler et al. [17] Betzler et

al. made the following assumptions and approximations in their work [17]:

(a) Effective cycle times as prescribed by the Transatomic Power Technical White Paper

[106] (Table 4.2) with 100% noble gas removal efficiency; hence, εes and εm in the

reprocessing model (Figure 4.10) are both set to 1.0.

(b) 5% LEU feed rate is equal to the rate of fission product removal.

(c) 3-day depletion step.

(d) Quarter-core, 3-D model with vacuum boundary conditions.

(e) Delayed neutron precursor drift was neglected.

I adopted these assumptions for code-to-code verification of SaltProc v1.0 against ChemTri-

ton. The ENDF/B-VII.1 [27] nuclear data library is used for this case to be consistent with

Betzler’s work. Unfortunately, some crucial details have not been reported in [17]: (1) exact

core geometries for various moderator rod configurations except startup configuration; (2)

the excess reactivity at startup; (3) the library from which S(α,β) tables for thermal scat-

tering in zirconium hydride are obtained. This section presented my best effort to repeat

Betzler’s simulation using the same input data to validate SaltProc for the TAP concept.

4.3.1.1 Effective multiplication factor dynamics

Figures 4.11 and 4.12 demonstrate the effective multiplication factor obtained using SaltProc

v1.0 with Serpent. The keff was obtained after removing fission products and adding feed
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material at the end of each depletion step (3 days for this case). SaltProc v1.0 updated the

moderator rod configuration to the next configuration (e.g., from 1388 rods per core to 1624

rods per core) once the predicted value of keff at the end of the next depletion step dropped

below 1. This algorithm mimics regular maintenance shutdown when the TAP core excess

reactivity is exhausted, and moderator rod assemblies should be reconfigured to operate the

next cycle.

An optimal number of moderator configurations (cycles) is found to be 15 (see Ap-

pendix A). Fewer cycles would improve capacity factor but need larger excess reactivity at

the Beginning of Cycle (BOC), which is strictly limited by reactivity control system worth.

More cycles would require more frequent moderator rod reconfigurations, which worsens

the capacity factor. The interval between the first and second moderator configuration was

only 12 months, the shortest interval between moderator configuration updates. For the

operation interval between 2 and 16 years after startup, the intervals between shutdowns

for moderator rod updates were 18-26 months. However, towards the EOL, the intervals

between moderator rod reconfigurations dropped to 13 months. Overall, the average inter-

val between regular shutdowns for the core reconfiguration was 18 months, which exactly

matches the refueling interval for conventional LWRs and is consistent with Betzler et al.

(≈16 months) [17].

The keff fluctuates significantly as a result of the batch-wise nature of the online repro-

cessing approach used. Loading the initial fuel salt composition with 5% LEU into the TAP

core leads to a supercritical configuration with an excess reactivity of about 3200 pcm (Fig-

ure 4.11). Without performing any fuel salt reprocessing and spectrum shifting, the core

became subcritical after 30 days of operation [90]. SaltProc calculates an operational lifetime

of 22.5 years, after which the fuel salt reached a total burnup of 81.46 MWd/kgU. The end

of an operational lifetime is achieved when the minimum SVF is obtained, as restricted by

the moderator geometry parameters (e.g., moderator rod diameter, rod pitch, the internal

diameter of the reactor vessel). Table 4.4 compares obtained results with Betzler et al. [17].
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Figure 4.11: Effective multiplication factor dynamics during 23.5 years of operation for the
full-core TAP core model for the case with an ideal removal efficiency of fission product.
Confidence interval σ = 28 pcm is shaded.

Figure 4.12: Zoomed effective multiplication factor for the interval from 280 to 350 EFPD
while transitioning from Cycle #1 (startup geometry configuration, 347 moderator rods,
SVF=0.91720353) to Cycle #2 (SVF=0.88694). Confidence interval σ = 28 pcm is shaded.
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Overall, SaltProc-calculated operational lifetime and burnup are lower than the reference by

approximately 22% and 17%, respectively. A better match in the operational lifetime be-

tween SaltProc v1.0 and ChemTriton can be obtained if a detailed moderator configuration

description of Betzler’s model will be available in the future.

Table 4.4: Comparison of main operational parameters in the TAP reactor between the
current work and Betzler et al. [17].

Parameter Current work Betzler, 2017 [17]
Operational lifetime [y] 22.5 29.0
Discharge burnup [MWd/kgU] 76.30 91.9
Average moderator reconfiguration in-
terval [months]

18 16

4.3.1.2 Fuel salt isotopic composition dynamics

Figure 4.13 show that continuous LEU feed into the TAP reactor is not sufficient to maintain

the fissile 235U content of the core, as the uranium enrichment steadily decreases from 5%

at the BOL to 1% at the EOL. However, during the first 13 years of operation, the TAP

MSR breeds fissile 239Pu and 241Pu, reaching a peak of total fissile plutonium inventory of

2.15 t (Figure 4.15). Figure 4.14 shows that a significant amount of non-fissile plutonium

(238Pu, 240Pu, and 242Pu) and uranium (236U) builds up in the reactor during operation

and negatively impacts criticality of the reactor. 239Pu and 241Pu are major contributors

to the fissile material content of the core, keeping it critical during the second half of the

operational lifecycle. The total 239Pu inventory in the core rises during the first 11 years of

operation due to the harder neutron spectrum. After 11 years, the softer spectrum breeds

less 239Pu from 238U, and more of 239Pu is progressively burned. Obtained results are in

good agreement with results in ORNL Report by Betzler et al. (Table 4.5) [17].

A lifetime-long SaltProc depletion calculation requires a 5% LEU feed rate of 460.8 kg

per year to maintain the fuel salt inventory in the primary loop, which is consistent with

the reference. Table 4.6 shows the main fuel cycle performance parameters calculated using
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Figure 4.13: SaltProc-calculated uranium isotopic fuel salt content during 22.5 years of
operation. Uncertainty of the predicted mass will be estimated and discussed in Chapter 7.
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Figure 4.14: SaltProc-calculated plutonium isotopic fuel salt content during 22.5 years of
operation.

Figure 4.15: SaltProc-calculated fissile and non-fissile plutonium fuel salt content during
22.5 years of operation.
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Table 4.5: Comparison of major heavy isotopes inventories at the EOL in the TAP reactor
between the current work and Betzler et al. [17].

Isotope Current work
mass [kg]

Betzler, 2017
mass [kg]

∆m [%]

Fissile

235U 1299 1160 +11%
239Pu 942 995 −5%
241Pu 427 435 −2%
Total 2668 2590 +3%

Non-fissile

236U 1123 1200 −6%
238U 127,353 132,400 −4%
238Pu 235 280 −16%
240Pu 503 1000 −50%
242Pu 230 310 −26%
Total 129,444 135,190 +4%

SaltProc and compared with the reference. Normalized per GWth-year, the TAP concept

requires about 5.23 t of fuel compared with 4.14 t reported by Betzler et al. SaltProc-

calculated waste production normalized per GWth-year is 5% less than reported by ORNL.

Potentially, the TAP can operate with LWR SNF as the fissile material feed. The heavy

metal component of LWR SNF has a lower fissile material weight fraction than 5% enriched

uranium and adds less fertile 238U to the fuel salt, potentially reducing the operational

lifetime. Nevertheless, in the case of using waste material (e.g., transuranium elements from

LWR SNF) in this fueling scenario, the TAP concept has superior waste reduction metrics.

Table 4.6: Comparison of normalized by GWth-year total fuel load and actinide waste from
the TAP reactor obtained in the current work and Betzler et al. [17].

Parameter Current work Betzler, 2017 [17]
5% LEU feed rate [kg/y] 460.8 480.0
Loaded fuel [t per GWth-y] 5.23 4.14
Waste [t per GWth-y] 3.57 3.74
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4.3.1.3 Neutron energy spectrum

Significant thermalization of the neutron spectrum is observed as moderator rods are added

into the core configuration (Figure 4.16). At startup, the neutron spectra from the current

work and Betzler et al. are matched well because the core geometry, its SVF, and initial

fuel composition in these two simulations are similar. The Pearson correlation coefficient5

rBOL = 0.91115, which indicates a strong, positive association between the spectra at the BOL

(see Figure 4.16, upper plot). At the EOL, SaltProc/Serpent-calculated spectrum is more

thermal than reported by Betzler et al. [17], but the correlation coefficient rEOL = 0.90987

shows that the spectra are still extremely strongly related (see Figure 4.16, lower plot).

The harder spectrum at the BOL tends to significantly increase resonance absorption in

238U and decrease the absorptions in fissile and construction materials. Thus, the softer

spectrum in the current work compared with Betzler et al. led to fewer resonance captures6

of neutrons by 238U, hence, less 239Pu bred from 238U. Therefore, the SaltProc/Serpent

calculation in the current work underpredicts the destruction (i.e., fission and capture) of

235U and overpredicts the destruction of 238U (see Table 4.5). Finally, the softer neutron

spectrum leads to more fissions in fissile plutonium isotopes (239Pu and 241Pu) which also

decreases non-fissile plutonium (Table 4.5) and total actinide waste production (Table 4.6).

5 Pearson correlation coefficient is calculated by the following formula:

r = ∑N
i=1(Φref

i −Φref)(Φi −Φ)
√
∑N

i=1(Φref
i −Φref)2∑N

i=1(Φi −Φ)2
(4.2)

where

Φref
i ,Φi = neutron flux for ith energy bin reported in the reference and the current work [n/cm2 ⋅ s]

Φref ,Φ = neutron flux averaged over N energy bins reported in the reference and current work [n/cm2 ⋅ s]
N = number of neutron energy bins [-].

6 The energy range for 238U resonance neutron capture is between 10−5 and 10−2 MeV.
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Figure 4.16: Neutron flux energy spectrum at the BOL (upper) and the EOL (lower)
obtained using SaltProc/Serpent (orange) compared with ChemTriton/Shift (blue) [17].
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4.3.1.4 Time step refinement

The results shown in this chapter are obtained from SaltProc calculations with a uniform

depletion time step of 3 days. The duration of the time step was chosen after performing

a parametric sweep to determine the longest depletion time step that provides suitable

calculation accuracy. A longer time step potentially reduces the SaltProc calculation costs,

providing results faster for lifetime-long (25-year) simulations.

Figure 4.17 shows keff evolution obtained with 3-, 6-, 12-, and 24-day depletion time

intervals for a 25-year simulation. The interval between moderator configuration updates

was assumed similar for all four cases for consistency. The multiplication factor at the BOC

for each moderator configuration reduced with increasing time step duration. At the End

of Cycle (EOC) for each geometry, keff = 1.0 for a 3-day time step but drops below 1.0

to 0.9980, 0.9972, and 0.9948 for 6-, 12-, and 24-day step, respectively. The decrease is

because more poisonous FPs (e.g., 135Xe) are produced in the core during longer depletion

intervals. With longer time steps, a large concentration of poisons is obtained at the end of

the depletion step when those poisons are being removed, resulting in substantial criticality

growth.

Figures 4.18 and 4.19 show that the longer time steps appropriately capture uranium

depletion (< 1% difference even for a 24-day time step), but the observed difference in fissile

239Pu mass is significant when the depletion interval is 6 days or longer (> 0.5% difference

for 6-day step). Using a 6-day depletion interval leads to overprediction of 239Pu production

by 5 kg at the EOL (Figure 4.19). The use of a 6-day time step caused an overprediction of

total plutonium production by 9.6 kg. Notably, significant quantity for plutonium currently

in use by the IAEA is 8 kg (< 80% 238Pu) [30]. Thus, a 6-day depletion interval or longer

leads to significant error in the predicted plutonium inventory at the EOL (larger than 1

significant quantity).

Increasing the depletion time interval significantly reduces computational cost but also
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Figure 4.17: SaltProc-calculated effective multiplication factor (keff ) during operation for
different depletion time step sizes.

92



Figure 4.18: SaltProc-calculated 235U (upper) and 238U (lower) content during operation
for different depletion time step sizes.

93



Figure 4.19: SaltProc-calculated 239Pu content during operation for different depletion
time step sizes.
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deteriorates the accuracy of depletion calculations (i.e., 24-day step gave ×4 speedup but

causes about 1.5% error in 239Pu mass prediction). Calculations using a depletion time step

of 6 days or more demonstrated a significant difference in calculated keff (i.e., ≈ 300 pcm

for 6-day) and depleted mass (e.g., ≈ 0.34% error in 235U predicted mass for 6-day) from

those using a 3-day depletion step. In the current work, a 3-day depletion step was selected

to adequately predict the mass of major heavy isotopes in the fuel salt during 25 years of the

TAP reactor operation.

4.3.2 Realistic extraction efficiency case

This section demonstrates SaltProc v1.0 for lifetime-long depletion simulation similar to

Section 4.3.1, but with realistic, physics-based correlations for noble gas removal efficiency.

For the demonstration case herein, efficiency of xenon, krypton, and hydrogen extraction are

determined using the model by Peebles et al. (Equation 2.1) discussed earlier in Section 2.1.1.

The gas-liquid interfacial area per unit volume (a) to inform Equation 2.1 is a function of

salt/gas flow rates and gas bubble diameter [95]:

a =
6

db

QHe

QHe +Qsalt

(4.3)

where

Qsalt = volumetric salt flow rate [m3/s]

QHe = volumetric helium flow rate [m3/s]

db = helium bubble diameter [m].

Additionally, the following parameters inform Equation 2.1 for the prototypic sparger: (1)

salt volumetric flow rate throughout the sparger Qsalt = 2 m3/s; (2) sparging gas (helium)

volumetric flow rate QHe = 0.1 m3/s; (3) helium bubble diameter db = 0.508 mm as advised

95



by ORNL [83]; (4) sparger length L = 11 m; (5) sparger diameter D = 0.4 m (sparger cross

section AC = 0.126 m2).

The liquid phase mass transfer coefficient (KL) selection presents a challenge since pub-

lished information to inform Equation 2.1 is applicable for only laboratory-scale conditions

[29]. Peebles et al. stated that Equation 2.1 is valid for KL in a range from 1 to 100 ft/hr

(from 0.0847̄ to 8.477̄ mm/s) [74]. For the demonstration case herein, I performed 25-year

depletion calculations for KL of 0.0847̄, 2.1167, and 8.4667̄ mm/s to investigate the effect of

noble gas removal efficiency on lifetime-long fuel depletion calculations.

The extraction efficiency is gas specific because solubility in the salt (Henry’s law constant)

is different for various gases. Table 4.7 reports the dimensionless Henry’s law constant

and corresponding calculated efficiency of noble gas (Xe, Kr, H) migration to the helium

bubbles (εm) in the prototypic sparger for various mass transfer coefficients. Total separation

efficiency (Table 4.7, last three columns) refers to the efficiency of extraction target gaseous

elements after performing helium sparging in the sparger followed by separation of noble-

gas-reach bubbles from the salt in the axial-flow centrifugal bubble separator [42].

Table 4.7: The noble gas extraction efficiency at working temperature T=627○C calculated
using Equation 2.1 [74] assuming salt volumetric flow rate Qsalt = 2 m3/s, helium
volumetric flow rate QHe = 0.1 m3/s, helium bubbles diameter db = 0.508 mm, and sparger
volume V = 1.4 m3. The liquid phase mass transfer coefficient is varied in validity range
[0.0847,8.4667] mm/s.

Element Henry’s Efficiency of
law migration to He bubbles (εm) total separation (ε)⋆

constant for KL [mm/s] for KL [mm/s]
(KH)[−] 8.4667 2.1167 0.0847 8.4667 2.1167 0.0847

Xe 5.7E-5 [20] 0.9630 0.5639 0.0327 0.9149 0.5357 0.0310
Kr 2.8E-4 [20] 0.9595 0.5630 0.0327 0.9115 0.5349 0.0310
H 3.9E-3[104] 0.9066 0.5499 0.0326 0.8613 0.5224 0.0309

⋆With axial-flow centrifugal bubble separator by Gabbard et al., which allows the bubble separation
efficiency εes=0.95 [42]. Thus, total gas removal efficiency (ε) can be calculated as follows: ε = εm × εes.

4.3.2.1 Effective multiplication factor dynamics

Figures 4.20 and 4.21 demonstrate the effective multiplication factor dynamics (keff ) during

25 years of operation with 15 various moderator rod configurations (cycles) described in
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Appendix A. SaltProc v1.0 coupled to Serpent calculated keff after removing fission prod-

ucts and feeding 5% LEU at the end of each depletion step (3 days as was determined in

Section 4.3.1.4). Notably, the core went subcritical during the first cycle (startup moderator

rod configuration) after 330 and 318 days for KL = 8.4667 and 0.0847 mm/s, respectively.

Figure 4.20: Effective multiplication factor dynamics for the full-core TAP core model
during 25 years of operation for the case with a realistic removal efficiency of fission
product and various mass transfer coefficients. Confidence interval σ = 28 pcm is shaded.

A reduced mass transfer coefficient worsens the neutron poison efficiency, which shortens

the interval between shutdowns for moderator rod updates. Additionally, the presence of

unremoved poisons in the core suppresses the effective multiplication factor after moderator

reconfiguration (≈ 500 pcm lower for KL = 0.0847 mm/s than for KL = 8.4667 mm/s at the

BOL and ≈ 1100 pcm at the EOL). Overall, noble gas removal provides significant neutronics

benefits (fewer neutrons are lost in strong absorbers such as 135Xe), better fuel utilization,
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Figure 4.21: Zoomed effective multiplication factor dynamics while switching from Cycle
#1 (startup geometry configuration, 347 moderator rods, SVF=0.917) to Cycle #2
(SVF=0.887) (upper panel) and from Cycle #2 to Cycle #3 (SVF=0.881) (lower panel)
for various mass transfer coefficients (KL). Confidence interval σ = 28 pcm is shaded.
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and enables longer moderator rod reconfiguration intervals.

4.3.2.2 Neutron spectrum

Figure 4.22 shows the normalized neutron flux spectrum for the full-core TAP core model

in the energy range from 10−9 to 15 MeV. The neutron energy spectrum at the EOL is

harder than at the BOL due to moderator-to-fuel ratio growth during reactor operation

caused by periodic moderator rod reconfigurations. The TAP reactor spectrum is harder

than in a typical LWR and correlates well (Pearson correlation coefficient > 0.8) with the

TAP neutronics white paper [105] and ORNL reports [17, 16]. The liquid phase mass transfer

coefficient (KL) and, consequently, noble gas removal efficiency (ε), has a negligible effect

on the spectrum in the fast range (between 10−2 and 10 MeV) at the EOL.

Figure 4.22: The neutron flux energy spectrum normalized by unit lethargy at the BOL
and EOL for the case with a realistic removal efficiency of fission product and various mass
transfer coefficients.

However, Figure 4.23 demonstrates a notable difference in the thermal range of the spec-

trum due to the enormous 135Xe absorption cross section (σa,135Xe = 2.6×106 b). Figure 4.28
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shows that 135Xe mass in the core at the EOL for the case with low noble gas removal

efficiency (KL = 0.0847 mm/s) is significantly larger than for the case with high removal ef-

ficiency (KL = 8.4667 mm/s) which leads to higher neutron loss due to absorption in xenon.

Overall, noble gas removal from the fuel salt alters the neutron spectrum.

Figure 4.23: The neutron flux energy spectrum normalized by unit lethargy EOL zoomed
in the thermal energy range.

4.3.2.3 Fuel salt isotopic composition evolution

The time-dependent isotopic compositions obtained with different noble gas extraction effi-

ciencies behave very similarly. For 235U predicted mass, the difference between KL = 8.4667

mm/s (e.g., 91.5% of 135Xe is removed) and KL = 0.0847 mm/s (e.g., 3.1% of 135Xe is re-

moved) is within 0.2% for the first 14 years and rises rapidly to 1.15% over the remaining

10 years (Figure 4.24). The simulations with a mass transfer coefficient smaller than 8.4467

mm/s retain more 235U during operation because more neutrons are parasitically absorbed

by the noble gas, which leads to a lower fission rate. The relative mass difference in 238U

is small (Figure 4.25), but the absolute difference is approximately 50 kg at the EOL, with
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low removal efficiency corresponding to a reduced EOL inventory of 235U.

Figure 4.24: SaltProc-calculated mass of 235U in the fuel salt during 25 years of operation
for KL = 8.4667 mm/s compared with less effective noble gas removal.

Figure 4.25: SaltProc-calculated mass of 238U in the fuel salt during 25 years of operation
for KL = 8.4667 mm/s compared with less effective noble gas removal.
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Differences in the plutonium production between cases with different gas removal efficien-

cies are much greater. Over 3% more 239Pu mass is generated in the case with KL = 0.0847

mm/s than with KL = 8.4667 mm/s (Figure 4.26). The greater mass of neutron poison

(135Xe) in the core leads to a harder spectrum (Figure 4.23), which results in a faster rate

of destruction of 238U and increased breeding of fissile 239Pu.

Figure 4.26: SaltProc-calculated mass of 239Pu in the fuel salt during 25 years of operation
for KL = 8.4667 mm/s (91.5% of 135Xe is removed) compared with less effective noble gas
removal.

Figure 4.27 demonstrates 135Xe mass dynamics in the TAP core during 25 years of oper-

ation for various mass transfer coefficients. Jumps in 135Xe mass every few years reflect the

spectral shifts due to moderator rod reconfiguration. In contrast, the mass of 135I, which is

the primary direct precursor of 135Xe, is approximately 18 g and stays almost constant over

25 years.

Figure 4.28 shows 135Xe mass at the end of each depletion time step before and after

performing the fuel salt reprocessing procedure in SaltProc v1.0. 135Xe concentration in the

core after performing FP removals behaves as expected and is consistent with calculated
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extraction efficiencies in Table 4.7. Notably, the 135Xe production rate increases during the

first seven years of operation and then decreases rapidly to 17 g during the remaining 17

years as the spectrum thermalizes during operation.

Figure 4.27: SaltProc-calculated mass of 135Xe in the fuel salt during 25 years of operation
for the case with a realistic removal efficiency of fission product and various mass transfer
coefficients (KL).

I also performed an analytic verification to confirm SaltProc v1.0 correctness by comparing

the mass of 135Xe to the expected mass after performing removals after each depletion step

with realistic efficiency (Table 4.7). The expected mass of a reprocessed isotope is calculated

as follows:

ma =mb × (1 − εm) × (1 − εes) (4.4)
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where

ma = mass of the isotope after applying removals and feeds [g]

mb = mass of the isotope right before reprocessing [g]

εm = efficiency of the isotope migration to helium bubbles [−]

εes = entrainment separator extraction efficiency [−].

This simple check showed that the SaltProc-calculated mass of 135Xe (Figure 4.28) matches

the expected mass exactly. Thus, SaltProc v1.0 extraction module correctly removes target

isotopes with a specified extraction efficiency. Finally, I added this correctness check as

SaltProc v1.0 unit test.
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Figure 4.28: SaltProc-calculated mass of 135Xe in the fuel salt during the last 18 months of
operation for various mass transfer coefficients (KL) at the end of each depletion step
before and after performing the salt treatment.
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4.4 Safety and operational parameters

The previous section (Section 4.3) reported fuel salt composition evolution during 25 years of

TAP MSR operation. The inventory of fissile 235U decreased with time, while the inventories

of fissile, 239Pu and 241Pu, increased. At the same time, many poisonous actinides (e.g., 236U,

240Pu, 242Pu) built up in the core, shifting the neutron energy spectrum. Moreover, the

TAP design assumes an intentional spectrum shift by adding more moderator rods during

operation. In this section, I analyze how such neutron spectrum shift affects major safety

and operational parameters such as temperature and void coefficients of reactivity, total

control rod worth, and other reactor kinetic parameters.

4.4.1 Temperature coefficient of reactivity

The main physical principle underlying reactor temperature feedback is an expansion of

heated material. When the fuel salt temperature increases, the density of the salt decreases,

but at the same time, the total volume of fuel salt in the core remains constant because it

is bounded by the vessel. When the moderator rod temperature increases, the density of

zirconium hydride decreases, reducing space between moderator rods and displacing fuel salt

from the core. Another physical principle underlying temperature feedback is the Doppler

broadening of the resonance capture cross section of the 238U due to thermal motion of

target nuclei in the fuel. The Doppler effect arises from the dependence of the capture cross

sections on the relative velocity between neutron and nucleus. The Doppler coefficient of

reactivity of thermal reactors is always negative and instantaneous.

The temperature coefficient of reactivity, α, quantifies reactivity changes due to temper-

ature change in fuel and moderator component of a reactor core. The αT,j represents the

temperature coefficient of reactivity of a component j (fuel, moderator, or isothermal) and
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can be calculated as:

αT,j =
∂ρ

∂Tj
[pcm/K] (4.5)

where

ρ =
keff − 1

keff
× 105 [pcm] (4.6)

keff = effective multiplication factor corresponding to T of component j [−]

∂Tj = change in average temperature of component j [K].

If the temperature change is assumed to be uniform throughout the core, the temperature

coefficient of reactivity is usually called Total or Isothermal Temperature Coefficient (ITC),

αT,ISO, and can be defined as the change in reactivity per unit of temperature change:

αT,ISO =
∆ρ

∆T
[pcm/K] (4.7)

where

∆ρ = change in reactivity [pcm]

∆Tj = change in average temperature of the core [K].

However, fuel and moderator temperature are rarely equal because fuel heats up much

faster than the moderator; thus, the fuel temperature coefficient (αT,F or FTC) and the

moderator temperature coefficient (αT,M or MTC) must be calculated separately. In the

base case simulation in this work, the fuel salt and the moderator temperatures are fixed

at 900K. To determine αT,F , I perturbed the fuel salt temperature from 800K to 1000K in

increments of 50K while fixing the moderator temperature at 900K (base case). Likewise,

107



I calculated αT,M by perturbing the moderator temperature from 800K to 1000K with 50K

increments, while fixing the fuel temperature at 900K.

The range of temperature perturbation for the temperature coefficient calculation has

been selected based on operational parameters. The TAP MSR operates in the range of

773-973K (500-700○C), which is far below the salt boiling point of approximately 1473K

[106]. The salt freezes below 773K [7]. At the other end of the temperature spectrum, the

temperature higher than 973K passively melts a freeze plug, which drains the fuel salt from

the reactor vessel to the drain tanks. The drain tanks have a subcritical configuration with

a large free surface area to readily dissipate heat by passive cooling [106]. Thus, calculating

temperature coefficients in the temperature range from 800 to 1000K captured the outcomes

of most accident transients.

To determine the temperature coefficients, the cross section temperatures for the fuel and

moderator were changed in the range of 800-1000K. For αT,F calculation, changes in the fuel

temperature impact cross section resonances (Doppler effect) as well as the fuel salt density.

The density of fuel salt changes with respect to temperature as follows [53]:

ρsalt(T ) = 6.105 − 12.720 × 104T [K] [g/cm3] (4.8)

The uncertainty in the salt density calculated using Equation 4.8 is approximately 0.036

g/cm3 at 900K. In contrast, when the moderator temperature changes, the density, cross

section temperature, and the geometry also change due to thermal expansion of the solid

zirconium hydride (ZrH1.66) rods. Accordingly, the new moderator density and sizes are

calculated using a linear temperature expansion coefficient [115]:

αL = 2.734 × 10−5 [K−1] (4.9)

Using this thermal expansion data, I took into account the displacement of the moderator
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surfaces by generating corresponding geometry definitions for each Serpent calculation. That

is, αT,M calculation takes into account the following factors:

• thermal Doppler broadening of the resonance capture cross sections in ZrH1.66;

• hydrogen S(α, β) thermal scattering data shift due to moderator temperature change;

• density change due to moderator thermal expansion/contraction;

• corresponding geometric changes in the moderator rod diameter and length.

By propagating the keff statistical error provided by Serpent 2, the corresponding uncer-

tainty in each temperature coefficient is obtained using the formula:

δαT = ∣
1

Ti+1 − Ti
∣

¿
Á
ÁÀ

δk2
eff(Ti+1)

k4
eff(Ti+1)

+
δk2

eff(Ti)

k4
eff(Ti)

(4.10)

where

keff = effective multiplication factor corresponding to Ti [-]

δkeff = statistical error for keff from Serpent output [pcm]

Ti = perturbed temperature in the range of 800-1000K.

Notably, other sources of uncertainty are neglected, such as design parameter uncertainty,

cross section measurement error7, and approximations inherent in the equations of state

providing both the salt and moderator density dependence on temperature.

Figure 4.29 shows reactivity as a function of fuel, moderator, and total temperature for

the TAP MSR at the BOL and EOL. At startup, reactivity change with temperature clearly

fits linear regression (R-squared8 is 0.9, 0.99, and 0.98 for fuel, moderator, and isothermal

case, respectively). Also, while the linear relationship between reactivity and moderator

7 Chapter 7 of the current work presents uncertainty quantification method for propagating cross section
measurement uncertainty throughout depletion calculations. While it is out of scope of this work to estimate
nuclear-data related uncertainty of the temperature feedback coefficient, method from Chapter 7 can be
adopted for the future work to perform such calculations.

8 Coefficient of determination (R2) is a statistical measure of how good measured data fitted linear regression
line.
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temperature worsens toward the EOL, an R2 > 0.7 still indicates a strong linear association

between ρ and T (R2 is 0.99, 0.87, and 0.74 for fuel, moderator, and total case, respectively).

I determined the temperature coefficient of reactivity separately for each component (fuel,

moderator, and isothermal) using the slope of the linear regression for each.

Table 4.8 summarizes temperature coefficients of reactivity in the TAP core calculated at

the BOL and EOL. The fuel temperature coefficient is negative throughout operation and

becomes stronger toward the EOL as the spectrum thermalizes due to additional, retained

fission products and actinides building up in the fuel salt. The MTC and ITC are both

strongly negative at startup. However, the MTC became weakly positive toward the EOL

due to the same spectral shift. To better understand the dynamics of temperature coefficient

evolution, I calculated temperature coefficients for 15 distinct moments during operation to

cover all moderator rod configurations described in Appendix A.

Table 4.8: Temperature coefficients for the TAP reactor at the BOL and EOL.

Coefficient BOL [pcm/K] EOL [pcm/K]

FTC −0.350 ± 0.050 −0.868 ± 0.045

MTC −1.134 ± 0.050 +0.746 ± 0.045

ITC −1.570 ± 0.050 −0.256 ± 0.045

Figure 4.30 shows temperature coefficient evolution for the TAP reactor during 25 years

of operation and takes into account the spectral shift due to moderator rod reconfigurations.

The fuel temperature coefficient is almost constant for 19 years but decreases for the last

6 years (configurations with 1498 and 1668 moderator rods in the core). In contrast, the

moderator temperature coefficient decreases from −1.134 pcm/K to −2.280 pcm/K during

the first 11 years and then increases up to +0.746 pcm/K at the EOL. The moderator

temperature increase at startup pushes thermal neutrons to higher energies, nearly up to

the lowest 238U resonances in the capture cross section. After 11 years, similar moderator

temperature increase shifts neutrons into the same energy region, but this time that energy

range is populated not only with 238U but also with low-lying resonances from the actinides
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Figure 4.29: Serpent-calculated reactivity as a function of fuel salt (blue), moderator
(orange), and both fuel/moderator (green) temperature at BOL (upper) and EOL (lower).
The uncertainty ±σ region is shaded.
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and fission products.

Additionally, the moderator temperature coefficient increases after 11 years of operation

because there is twice as much moderator in the core at 11 years compared to the BOL. The

moderator temperature increase causes fuel salt displacement due to the thermal expansion

of the moderator rods, which has a particularly strong effect when the salt volume fraction

is less than 75%. That is, when moderator heats up, the moderator-to-fuel ratio increases

due to thermal expansion of zirconium hydride, which in turn leads to positive change in

reactivity.

Finally, the isothermal temperature coefficient dynamics are similar to the MTC: the ITC

decreases from −1.57 pcm/K to −2.66 pcm/K first 13 years of operation. After that, the

ITC grows rapidly up to −0.256 pcm/K at the EOL. Overall, the ITC remains negative

throughout operation but became relatively weak after 25 years of operation (comparing

with conventional Pressurized Water Reactor (PWR), which has an isothermal temperature

coefficient of αT,ISO ≈ −3.08 pcm/K [40]).

4.4.2 Void coefficient of reactivity

The effect of fuel voids (i.e. bubbles) on reactivity is evaluated by reducing the fuel salt

density from the base value (0% void) assuming helium volume fraction in the salt varies

between 0 and 2%. The temperatures of both the fuel salt and the moderator are held

constant at 900K. Because a decrease in the salt density causes an increase of moderator-

to-fuel ratio, an increase in the helium volume fraction (voids) increases reactivity as shown

in Figure 4.31. However, the slope of the line (void coefficient of reactivity (αV )) decreases

toward EOL due to the gradually increasing volume of moderator in the core (the volume

fraction of the fuel salt at the EOL is less than 54%).

Figure 4.32 shows the void coefficient evolution during 25 years of operation, taking into

account 15 moderator rod reconfigurations. The positive void coefficient of reactivity, though

not ideal, does not compromise the reactor safety, if fuel density change resulted be coupled
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Figure 4.30: Serpent-calculated fuel, moderator, and isothermal temperature coefficients of
reactivity as a function of time and number of moderator rods in the TAP core. The
uncertainty ±σ region is shaded.
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Figure 4.31: Serpent-calculated reactivity as a function of void volume fraction [%] in the
fuel salt. The uncertainty ±σ region is shaded.
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to a change in temperature. And, while some void fraction fluctuations may happen due

to gaseous fission product production, their generation rates are usually almost constant.

However, a large volume of sparging gas (helium) can be accidentally introduced into the

TAP core in case of the bubble separator malfunction. Thus, the bubble separator must

have backup safety mechanism to avoid sudden positive negativity insertion in case of the

separator failure, particularly at the BOL. These observations from calculating reactivity

coefficients should be taken into account in the TAP MSR accident analysis and safety

justification.

Figure 4.32: Serpent-calculated void coefficient of reactivity as a function of time and
number of moderator rods in the TAP core. The uncertainty ±σ region is shaded.
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4.4.3 Reactivity control rod worth

In the TAP concept, control rods perform two main functions: to shut down the reactor

at any point during operation by negative reactivity insertion and to control the excess of

reactivity after moderator rod reconfiguration during regular maintenance. In an accident,

the control rods would be dropped down into the core. The total control rod worth (ρCRW

or CRW) is calculated for various moments during 25 years of operation to evaluate neutron

spectrum shift influence on the CRW.

The reactivity worth of all control rods is defined as:

ρCRW (pcm) =
kWeff − k

I
eff

kWeffk
I
eff

× 105 (4.11)

ρCRW ($) =
1

βeff

kWeff − k
I
eff

kWeffk
I
eff

(4.12)

where

kWeff = effective multiplication factor when all rods are fully withdrawn

kIeff = effective multiplication factor when all rods are fully inserted

βeff = effective delayed neutron fraction.

The statistical error of the reactivity worth are obtained using formula:

δρCRW (pcm) =

¿
Á
ÁÀ

(δkWeff)
2

(kWeff)
4
+

(δkIeff)
2

(kIeff)
4

(4.13)

δρCRW ($) =
1

βeff

¿
Á
ÁÀ

(δkWeff)
2

(kWeff)
4
+

(δkIeff)
2

(kIeff)
4
+

(δβeff)2(kWeff − k
I
eff)

2

β2
eff(k

W
effk

I
eff)

2
(4.14)

where

δkWeff , δk
I
eff , δβeff = statistical errors from Serpent output.
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Figure 4.33 demonstrates control rod worth evolution during 25 years of the TAP reactor

operation. The cluster of 25 control rods made of boron carbide (B4C) provided a reactivity

worth of 5.059 ± 0.014 $ at the BOL. However, spectral shift due to additional moderator

rods toward the EOL leads to significant change in ρCRW . Adding more moderation near

control rods increases ρCRW due to the local neutron spectrum thermalization (see transition

from 347 to 427 moderator rods, Figure A.1). In contrast, adding moderator rods far away

from the control rod positions leads to ρCRW degradation (see transition from 427 to 505

moderator rods, Figure A.1). On the one hand, the spectrum thermalizes and many fission

product poisons exhibit larger absorption cross sections in the thermal energy range. On

the other hand, higher actinides (particularly, isotopes of plutonium) are accumulated in the

fuel salt which deteriorates control rod worth. Overall, ρCRW decreases to 4.472± 0.015 $ at

the EOL.

Figure 4.33: Serpent-calculated total control rod worth as a function of time and number
of moderator rods in the TAP core. The uncertainty ±σ region is shaded.
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Overall, the design of the reactivity control system is sufficient to shut down the TAP

reactor at the BOL. However, the spectral shift, moderator rod reconfigurations, and the

change in the salt composition during operation drive the total control rod worth below

excess reactivity, violating reactor safety (insufficient shutdown margin). Thus, the number

of control rods, their position, or material selection must be revised to make sure that the

TAP reactor could be safely shut down at any moment during operation. For example,

europium oxide (Eu2O3) might be a better absorbing material for the control rods [4].

4.4.4 Reactor kinetic parameters

Most of the neutrons produced in fission are prompt (> 99%). But less than 1% of neutrons

are later emitted by fission products that are called the delayed neutron precursors (DNP).

The term “delayed” means, that the neutron is emitted due to β-decay with half-lives in the

range from few milliseconds up to 1 minute. Even though, the number of delayed neutrons

per fission neutron is quite small (< 1% for most fissile isotopes), they play an essential role in

the nuclear reactor control. Delayed neutrons presence changes the dynamic time response of

a reactor to reactivity change from 10−7 s to 10 s, making it controllable by reactivity control

system such as control rods. In nuclear library JEFF-3.1.2, delayed nuclear precursors are

divided into 8 groups, each with different characteristic half-life, λi. The delayed neutron

fraction, βi, is defined as the fraction of all fission neutrons that appears as delayed neutrons

in the ith group.

It is crucial to study kinetic parameter dynamics because the fuel salt composition changes

with time and new actinides appear in the fuel, which alters the emission of delayed neutrons.

Figures 4.34 and 4.35 show precursor-group-wise delayed neutron fraction (DNF, βi) and

decay constant (λi) evolution during 25 years of TAP MSR operation. The effective delayed

neutron fraction (βeff ) in the TAP core decreased dramatically from 7.245× 10−3(±0.5%) at

the BOL to 4.564 × 10−3(±0.6%) at the EOL (−37%).

Similarly, the effective precursor decay constant (λeff ) slipped slightly from 0.481 s−1(±0.8%)
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Figure 4.34: Evolution of the precursor-group-wise delayed neutron fraction (βi) as a
function of time for the TAP MSR. The uncertainty ±σ region is shaded.

Figure 4.35: Evolution of the precursor-group-wise decay constant (λi) as a function of
time for the TAP MSR. The uncertainty ±σ region is shaded.
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to 0.468 s−1(±1.1%) during 25 years of operation. During operation, the concentration of

235U decreases, and the concentration of fissile plutonium isotopes (e.g., 239Pu) increases.

Notably, 239Pu emits about 2.5 times fewer delayed neutrons than 235U; delayed neutron

yields are 0.00664 and 0.01650 for the 239Pu and 235U, respectively. Thus, as fuel salt bur-

nup increases, delayed neutron emission is controlled by plutonium isotopes (e.g., 239Pu and

241Pu) and decreases with time. All decay constants show a slight decrease toward the EOL

due to the reactor spectrum hardening. This 37% decline in the effective delayed neutron

fraction and 3% decline in the effective precursor decay constant must be taken into account

in the TAP design accident analysis and safety justification.
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4.5 Concluding remarks

This chapter demonstrated SaltProc v1.0 capabilities for lifetime-long fuel salt depletion

simulations applied to the TAP MSR. Section 4.1 summarized the TAP MSR core and fuel

salt reprocessing system details that inform the SaltProc model (Section 4.2).

Section 4.3.1 presented lifetime-long depletion simulations with SaltProc v1.0. The 25-

year simulation assumed ideal removal efficiency (e.g., 100% of target neutron poison is

being removed at the end of each depletion step). This validation effort demonstrated

good agreement with a reference ORNL report [17]. Full-core 3D SaltProc/Serpent analysis

showed that spectrum hardening over the first 13 years of operation produces a sufficient

amount of fissile plutonium to achieve the fuel salt burnup of 76.3 MWd/kgU after 22.5

years of operation. SaltProc-calculated inventories of major heavy isotopes at the EOL are

consistent with results in the literature. The difference in mass between SaltProc and the

reference was only 3% and 4% for fissile (235U, 239Pu, 241Pu) and non-fissile (236U, 238U,

238Pu, 240Pu, 242Pu) isotopes, respectively. Finally, the SaltProc-calculated feed rate is 460.8

kg of UF4 per year, which consistent with 480 kg/y reported by Betzler et al. [17]

The time step refinement study in Section 4.3.1.4 showed that accurate uranium isotopic

content predictions could be obtained with a relatively long depletion time step (6- or 12-

day). However, the significant absolute difference in plutonium mass at the EOL (≈ 10 kg

for a 6-day step) could be a safeguards issue, as this represents more than one significant

quantity (8 kg) over the reactor lifetime. Overall, to get accurate plutonium isotopic content

without raising proliferation issues, a 3-day depletion time step must be used.

Section 4.3.2 of this chapter demonstrated SaltProc v1.0 for a 25-year depletion simulation

with a realistic, physics-based noble gas removal efficiency. When identifying a reasonable

mathematical model for realistic gas removal efficiency (ε), the liquid phase mass transfer

coefficient (KL) demonstrated a strong correlation with ε. Thus, SaltProc simulations using

different KL in validity range from 0.0847 to 8.4667 mm/s (corresponding 135Xe removal
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efficiency ε ∈ [0.031,0.915]) showed that the larger liquid phase mass transfer coefficient and

corresponding higher noble gas extraction efficiency provided significant neutronics benefit,

better fuel utilization, and longer time between shutdowns for moderator rod reconfigura-

tion. Notably, the larger mass transfer coefficient also provides a slightly more thermal

neutron spectrum because poisonous FPs (135Xe) absorb fewer thermal neutrons. In the fol-

lowing chapters, the results of these realistic depletion simulations will be used for short-term

transient simulations and safety parameter analysis.

Finally, this chapter demonstrated safety and operational parameter evolution during

25 years of the TAP MSR operation. In general, the safety of the reactor worsens with

time due to actinides and FPs accumulating in the fuel salt. Shifting neutron spectrum

from epithermal to thermal by periodically adding more moderator rods also has a negative

influence on crucial safety an operational characteristics. These observations must be taken

into account in the TAP MSR designing, accident analysis, and safety justification.
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Chapter 5

Tool demonstration for load-following
and safety analysis: Transatomic
Power MSR
In order to be competitive in the current domestic energy market, MSRs may need the

flexibility to follow net load on the grid. Such load-following operation has the potential to

increase the commercial competitiveness of nuclear power dramatically. Due to the increas-

ing penetration of renewables into the electric grid, base-load operation carries the risk of

correspondingly frequent negative electric energy pricing. Thus, responsiveness to net elec-

tricity demand is essential to market relevance for new designs [37]. This chapter presents a

validation demonstration applying SaltProc v1.0 to simulate fuel salt depletion with online

reprocessing during short-term transient to evaluate load-following capabilities of the TAP

MSR.

5.1 Technical aspects of load following with nuclear

reactors

The physical constraints limiting power variations in conventional LWRs include [67]:

• thermal strain and stress to fuel materials1;

• fuel burnup (low excess reactivity at the EOC);

• 135Xe poisoning (iodine pit);

• reactivity thermal feedback (change in the temperature of the primary coolant and

fuel causes negative reactivity insertion which limits power regulation capabilities).

Each of these physical effects is currently under active international research.

1 This constrain does not apply to circulating-fuel MSRs because the fuel is into a liquid form.
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This chapter focuses only on the fission product poisoning, especially the “iodine pit”.

The “iodine pit”, also called the “iodine hole” or “xenon pit”, is the reactor’s inability to

start a few hours after the reactor power decreases due to peak of 135Xe concentration in the

core. The 135Xe is the strongest known neutron absorber (σa,135Xe = 2.6 × 106 barns) with a

half-life τ1/2 = 9.17h and yield for 235U fission about 6.6%. Figure 5.1 shows the entire decay

chain, which characterizes 135Xe gain and loss channels. The vast majority of 135Xe (6.4%)

is produced from 135I decay (τ1/2 = 6.6h). About half of 135I is produced directly from fission

and half from 135Te decay (τ1/2 = 19s) [75].

Figure 5.1: Mechanisms of 135Xe gain and loss in the reactor core (reproduced from [75]).

Under normal operating conditions, 135Xe is transmuted to 136Xe (‘burned out’) in the

reactor core as it is produced. So, while it harms the neutron economy, balancing the

reactor controls can compensate for its effect. The burnout of 135Xe for an operating reactor
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can be described as follows:

135Xe + 1n→ 136Xe (stable) (5.1)

Because 135Xe is produced partially from the 135I decay, the 135Xe concentration directly

depends on the 135I concentration. Therefore, the iodine and xenon rate of change can be

described as follows

dI(t)

dt
= γIΣfφ − λII (5.2)

dX(t)

dt
= λII + γXΣfφ − λXX − σa,XφX (5.3)

where

I,X = number density of 135I, 135Xe [cm−3]

γI , γX = effective yield of 135I, 135Xe [fission−1]

λI , λX = decay constant of 135I, 135Xe [s−1]

Σf = macroscopic fission cross section of 235U [s−1]

σa,X = microscopic absorption cross section of 135Xe [b]

φ = neutron flux [cm−2s−1].

The difficulty comes when the reactor power is reduced, and there are fewer neutrons to

burn the 135Xe out, so its concentration increases and further suppresses reactor power. In

this case, the core takes some time to recover from the power reduction impact of 135Xe.

This response to changing power levels, particularly from higher to lower power, dramatically

slows the reactor’s response to power demand [66].

In a liquid-fueled MSR, gaseous fission products (e.g., xenon) can be dynamically removed

from the fuel salt by the gas separation system (see Section 2.1.1). Thus, xenon gas, including
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problematic 135Xe, can be removed from the fuel salt outside the reactor core to eliminate

its negative impact on the core neutronics. If the gas separation system can remove the

vast majority of xenon, it is possible to alter the reactor power output in a wide range with

very brief required recovery time. Overall, 135Xe removal during reactor operation would

potentially allow precise and flexible dynamic control of the reactor power level to follow

power demands, typically referred to as ‘load following.’

This chapter presents modeling and simulation of load following transient operation of the

TAP MSR. This study focuses on the 135Xe/135I balance in the TAP core and its effect on

reactor performance. In this chapter, I simulated short-term (< 24 hours) depletion with the

core power changing in the [0,100%] range for xenon removal efficiency (εXe) varied between

0 and 0.915 (see Table 4.7).

This chapter also demonstrates an analysis of reactor load-following capability for various

moderator configurations and fuel salt compositions to bound the necessary efficiency of the

gas removal system to ensure load-following operation.

5.2 TAP MSR load following analysis

All of the analysis herein used SaltProc v1.0 with the full-core 3-D model of the TAP MSR

developed using Serpent 2 (see Section 4.2). The multi-component, online reprocessing

system model with realistic noble gas removal efficiency described in Section 4.2.2, is used

to simulate fission product removal and fresh fuel injection during the anticipated transient.

To simulate transients with time-dependent power generation, I added to SaltProc v1.0 a

new capability to perform fuel salt depletion with variable time step size and power level2

during each depletion step. The depletion calculation in the load following regime captures

the effects of 135Xe poisoning and illuminates the benefit of using an online gas removal

2 For simplicity, the reactor power level is adjusted by changing the normalization factor in Serpent (set
power P[W]). This simplification assumes that spatial and energy distribution of the neutron flux remains
constant and only the magnitude of the flux changes with time. That is, control rod movement and the
corresponding change in the flux spatial and energy distribution are not treated here.
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system in the TAP concept.

5.2.1 Power load curve selection approach

The load and generation must be continuously and almost instantly balanced in an electric

power system. This is a physical requirement independent of the market structure. Regula-

tion and load following (in the real-time energy market they are provided by the intra-hour

workings) are the two services required to maintain a balance between power generation

and power load. Figure 5.2 demonstrates the morning ramp-up decomposed into the total

load (green), smooth load-following ramp (blue), and regulation (red). The smooth load-

following slowly rises from 3566 MW to 4035 MW over 3 hours. Regulation compensates

for high-frequency fluctuations in the load around the underlying trend within the ±55MW

range. In the PJM region (Delaware, Illinois, Indiana, Kentucky, Maryland, Michigan, New

Jersey, North Carolina, Ohio, Pennsylvania, Tennessee, Virginia, West Virginia, and the

District of Columbia), New York, and New England, the 5-min ramping capability of a gen-

erator is required for the regulation, while in Texas and California it is 15-min and 10-min,

respectively [56].

In this context regulation refers to the use of online generation or storage that is equipped

with automatic generation control and can change output quickly (MW/min ramp rate) to

compensate for the minute-to-minute fluctuations in customer loads and correct for uninten-

tional fluctuations in power generation [56]. Typical natural gas peaking plants can ramp at

or above 10% of their capacity per minute [50]. Elite combustion engine peakers (Wärtsilä)

can ramp up from 10% to 100% load (or down) in less than one minute [110]. Hydropower

plants also typically have accurate, high-speed ramping capability suitable for regulation

[56].

Conventional nuclear power plants (Generation III/III+) can be used for load-following

(blue curve on Figure 5.2) but have limited maneuverability. For example, the German

Konvoi reactors are designed for 15,000 cycles with daily power variations from 100% to
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Figure 5.2: Regulation (red) compensates for minute-to-minute fluctuations in system total
load (green), load following (blue) compensates for the inter- and intra-hour ramps
(reproduced from [56]).

60% power level with ramp rate up to 2%/min [68], which is by order of magnitude slower

than fossil-fueled plants. The MSRs must enable daily power variation with a much more

flexible range (from 100% to 0% and from 0% to 100%) and ramp rate up to 10%/min to

compete with these generators. The physical constrains limiting power variation range and

ramp rate in nuclear reactors was listed in Section 5.1. The current chapter of the dissertation

focuses only on the 135Xe poisoning effect. Other physical effects, such as thermal strain and

stress in structural materials are not treated here.

Performing a depletion calculation with SaltProc v1.0 to mimic the load-following maneu-

vering shown in Figure 5.2 would require a very fine time step (e.g., 15-minute step). To

simulate power change with the desired rump rate (0.1 Hot Full Power (HFP)/min), deple-

tion time step resolution of less than a 1-minute is needed. Such fine resolution requires

thousands of depletion time steps to simulate 12-hour transient involving unreasonable com-

putational costs. Instead, this chapter presents simulations with a 1-hour time step to
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investigate the impact of gaseous fission product removal on the reactor response to power

demands.

The most challenging power transient for conventional LWRs from the viewpoint of xenon

poisoning is well-defined in the literature. If after the 135Xe concentration reaches equilibrium

(40-50 hours after startup with fresh fuel), the reactor power was decreased from 100% to 0%

(e.g., the reactor is tripped), the 135Xe concentration and corresponding negative reactivity

insertion would reach maximum in about 10-11 hours after shutdown [58, 9]. Notably, the

time after shutdown when 135Xe concentration reaches a maximum strongly depends on the

reactor neutron energy spectrum.

Thus, to demonstrate SaltProc v1.0 capabilities for a short-term transient with the reactor

power change and to investigate load-following capabilities of the TAP reactor with a focus

on the xenon poisoning, I selected following worst-case power load profile:

(a) operate on 100% of HFP long enough to reach 135I/135Xe equilibrium;

(b) instantaneous power drop from 100% to 0%;

(c) shutdown for tmaxX [hours] to reach the 135Xe concentration extremum;

(d) restart the reactor instantly from 0% to 100% power level and operate on 100% for a

few hours.

Or in math formulation:

P (t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

100%, t < teq

0%, teq ≤ t ≤ teq + tmaxX

100%, t > teq + tmaxX

(5.4)

where

P (t) = reactor power level [%]

teq = time after startup to reach 135Xe equilibrium concentration [h]

129



tmaxX = time after shutdown when 135Xe concentration peaks [h].

This postulated worst-case transient could be considered as backing up solar power with

nuclear on a high-solar-penetration grid (e.g., in California). Any other power load profile

(i.e., blue load-following line shown in Figure 5.2) would demonstrate a significantly milder

xenon poisoning effect because of the power demand change in the [0,100%] range realistically

is not instantaneous. That is, if the TAP MSR would be able to maintain criticality in the

described stress test (e.g., keff > 1.0 during all stages of the transient), then it is capable of

following a realistic load curve.

The local extremum of xenon concentration can be described as follows

dX(t)

dt
= 0 (5.5)

The system of Ordinary Differential Equations which consist of Equations 5.2, 5.3, and 5.5

must be solved to calculate when the 135Xe concentration reaches maximum.

If the 135I and 135Xe concentrations at shutdown is I0 and X0, respectively, the time after

shutdown when the 135Xe concentration peaks is given by:

tmaxX =
1

λX − λI
log (

λX(λI[X0 + I0] − λXX0)

λ2
II0

) (5.6)

Since the 135I and 135Xe concentrations at shutdown in the TAP core are expected to be

different at the BOL and EOL due to significant spectral shift, tmaxX is recalculated for each

case to obtain the worst possible xenon poisoning effect. The ultimate goal of this effort is to

evaluate the timing and impact of problematic fission product removal (i.e. xenon removal)

on maximum negative reactivity insertion.
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5.2.2 Results and Analysis

The TAP full core depletion analysis was performed using SaltProc v1.0. A 1-hour de-

pletion time step captures rapid changes in reactivity and isotopic composition during the

transient. Figure 5.3 demonstrated the effective multiplication factor evolution during pos-

tulated worst-case transient when the reactor is tripped for 11 hours (typical time to reach

maximum 135Xe concentration in conventional LWRs) and then restarted. The gas removal

system for that demonstration case was inactive to enhance the xenon poisoning effect. At

the beginning of the transient (initial conditions), the reactor operated for 8448 days (≈ 23

years), and all moderator rods are inserted in the core (see 1668 rods configuration in Fig-

ure A.2). The negative effect of xenon poisoning is expected to be the greatest at the EOL

when the core has the most thermal neutron spectrum. The multiplication factor decreases

by 64 pcm during the first two hours after shutdown (135Xe concentration reached its max-

imum) and then increases by 242 pcm because 135Xe loss due to decay overcame its gain

from 135I decay. The keff increase accelerated after reactor power turned back to 100% due

to 135Xe burnout. Figure 5.3 clearly indicates that the time after shutdown when the 135Xe

reaches its extremum (tmaxX ) is significantly shorter for the TAP reactor than for LWRs (11

hours).

Using 135I and 135Xe number densities at the 8448th day of operation (the 10th day before

the EOL) from long-term realistic analysis (see Section 4.3.2) and Equation 5.6, I calculated

the xenon peak time for the TAP MSR with all moderator rods inserted: tmaxX = 2.76h.

To estimate maximum negative reactivity insertion due to xenon poisoning, the transient

simulation is repeated with the finer time resolution (15 minutes instead of 1 hour) and

shutdown time of 2.75 hours (e.g., the time between the shutdown and power ramp-up to

100% is equal tmaxX ).

Figure 5.4 shows that the effective multiplication factor dropped by 70 pcm during the first

2.75 hours after shutdown as predicted by Equation 5.6. After power ramps up from 0% to
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Figure 5.3: The effective multiplication factor dynamics for an 11-hour shutdown
(well-known xenon peak time for LWRs) for the TAP reactor, 10 days before the EOL (all
moderator rods inserted), the gas removal system is turned off. Uncertainty (σ ± 7 pcm) is
shaded.
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100%, keff returned to its initial value (1.00151) in 75 minutes. The imbalance between 135I

production and 135Xe burnout is the main reason for this positive reactivity boost. Notably,

maximum negative reactivity insertion due to 135Xe buildup after shutdown in the PWR

(−1500 pcm) is two orders of magnitude greater than in the TAP MSR (−70 pcm). Thus,

the TAP reactor with inactive gas removal system remains critical throughout worst-case

power change even during the 8448th of operation (the 10th day before keff drops below 1)

when operative excess reactivity is low (151 pcm > 70 pcm). If the shutdown happens during

the last 9 days of the TAP reactor operation, then the operator would not be able to restart

it until tmaxX = 2.76h after shutting down.

Figure 5.4: The effective multiplication factor dynamics for the worst-case load curve
(2.75-hour shutdown) for the TAP reactor, 10 days before the EOL (all moderator rods
inserted), the gas removal system is turned off. Uncertainty (σ ± 7 pcm) is shaded.

The analysis of the fuel composition evolution provides clearer information about the

135Xe/135I equilibrium and the core state. Figure 5.5 shows changes in the number density
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of isotopes influential to the TAP core neutronics throughout the transient. The 135I/135Xe

number density ratio after reaching xenon equilibrium is equal to 1.0. After shutdown, 135I

decays to 135Xe that is not burned up. The 135I decay caused xenon concentration to increase

by 4% from equilibrium after 2.75 hours due to a shorter 135I half-life (τ1/2(135I) = 6.6h vs.

τ1/2(135Xe) = 9.17h). Thus, during the first 2.75 hours, 135Xe gain from 135I decay slightly

overcame 135Xe decay loss. In sum, the 135Xe peak is almost negligible (+4%) even in

the worst-case load profile scenario due to a lower 135I/135Xe concentration ratio at the

equilibrium: 1.0 and 2.3 for the TAP reactor and PWR, respectively [94].

Figure 5.5: Number density of 135Xe and its direct precursor 135I for the worst-case load
curve (2.75-hour shutdown) for the TAP reactor, 10 days before the EOL (all moderator
rods inserted), the gas removal system is turned off.

Table 5.1 shows that even without gas removal the TAP reactor experienced insignificant

effect of xenon poisoning during the transient, however, the effect worsened toward the
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EOL. I repeated the fuel composition and multiplication factor evolution analysis described

earlier to evaluate impact of the reactor spectrum (geometry #1 has a significantly harder

spectrum than geometry #15) and the fuel salt composition on the effect of xenon poisoning

and on the reactor’s potential ability to follow load. The effect of xenon poisoning worsens

toward the EOL because the 135Xe concentration peak is larger for the most thermal core

configuration (all moderator rods inserted, the largest moderator-to-fuel ratio). Right after

the final moderator configuration update (switch from geometry #14 to #15), the xenon

concentration peak is slightly larger than at the 297th day of the cycle. The fissile 235U,

239Pu, and 241Pu concentration decreasing during last cycle due to burnup, while poisonous

actinides (e.g., 238Pu, 240Pu, 242Pu, 236U) concentration increases which impacts 135I/135Xe

number density ratio and, consequently, 135Xe concentration peak value. Notably, such

phenomena are not observed for the BOL (geometry #1, SVF=0.903) or Middle of Life

(MOL) (geometry #8, SVF=0.766).

Table 5.1: Effect of 135Xe poisoning after shutdown for the TAP reactor operation with
inactive gas removal system (εXe = 0). Stochastic uncertainty σρ = 7 pcm.

Geo-
metry

SVF
[-]

Time after
moderator

configuration
update [d]

Operative
excess

reactivity
(ρ0) [pcm]

Analytically
predicted

135Xe peak
time (tmaxX )

[h]

Maximum
relative

135Xe con-
centration
change [%]

Maximum
reactivity

change after
shutdown

(∆ρ) [pcm]
1 0.903 3 3542 0.749 +0.33 -10
1 0.903 288 405 0.500 +0.14 -15
1 0.903 315 165 0.484 +0.13 -4
8 0.766 3 3014 0.688 +0.36 -10
8 0.766 390 1529 0.722 +0.39 0
8 0.766 777 204 0.751 +0.42 0
15 0.536 3 2263 2.528 +3.32 -57
15 0.536 153 1160 2.647 +3.69 -60
15 0.536 297 129 2.758 +4.07 -70

Overall, the TAP MSR could be restarted after shutdown even without gas removal in

worst-case initial conditions: the most thermal moderator configuration, low operative excess

reactivity at the end of the burnup cycle, instantaneous power drop, and 135Xe concentration
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at its extremum. To investigate the benefits of online fission gas removal on the xenon

poisoning effect, I repeated the postulated transient simulation for different moments in

time (e.g., BOL, MOL, EOL) with a fully operational gas removal system (εXe = 0.915).

Figure 5.6 demonstrates a more notable xenon poisoning effect for the case with high gas

removal efficiency than for the no-removal case. The reactivity drops by 100 pcm during

the first hour after shutdown. The gas removal system keeps 135Xe concentration very low

by continuously extracting 91.5% of xenon isotopes. Simultaneously, the online reprocessing

system extracts 135I very slowly (cycle time is 60 days); hence, 135I/135Xe concentration ratio

is significantly greater than for the no-removal case (11.0 vs. 1.0). According to Equation 5.6,

135Xe concentration should reach local extremum in about 11 hours after shutdown, but this

equation disregards online reprocessing. The depletion simulation performed using SaltProc

v1.0 demonstrated that 135Xe concentration peaked in one hour after the shutdown and

caused the reactivity drop by 100 pcm (see Figure 5.6). Afterward, the reactivity restored

quickly (< 2 hours) to its initial value because the gas removal system extracts 91.5% of

xenon every hour. Overall, 135Xe loss due to its decay and online gas extraction is more

significant than 135Xe gain due to 135I decay throughout the transient.

Table 5.2 shows that the TAP reactor with high gas removal efficiency experienced small

effect of xenon poisoning during the transient, and it also worsened toward the EOL. Similar

to the analysis with inactive gas removal system, maximum negative reactivity insertion

due to xenon poisoning worsens toward the EOL because 135Xe absorption cross section

drops dramatically as energy grows. Notably, the maximum 135Xe concentration peak is

significantly greater for an excellent gas removal efficiency (εXe = 0.915) than for the no-

removal case (εXe = 0): +197% and +4%, respectively. Despite greater 135Xe concentration

peak, negative change of reactivity after shutdown for the εXe = 0.915 case is slightly deeper

than for the εXe = 0 case: -100 pcm and -70 pcm, respectively. The reason for this is the

neutron energy spectrum in the TAP MSR, which is harder than in conventional light-water

thermal reactors. As we know, fast reactors are unaffected by xenon poisoning because the
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Figure 5.6: Reactivity dynamics during an 11-hour shutdown for the TAP reactor, 10 days
before the EOL (all moderator rods inserted), the gas removal system operates with
efficiency εXe = 0.915. Uncertainty (σ ± 5 pcm) is shaded.

absorption cross section of 135Xe in the fast spectrum is insignificantly larger than absorption

cross section of other fission products [9, 101]. The TAP concept has intermediate spectrum

which softens towards the EOL. Finally, the effect of xenon poisoning in TAP MSR is almost

negligible and can be easily compensated by control rod movement, while in well-studied

PWR it presents a challenge (−1500 pcm) [94].

Additionally, I analyzed the neutron spectrum of both reactors to understand the difference

between 135I/135Xe gain and loss for the TAP MSR and PWR. Figure 5.7 demonstrates the

neutron flux energy distribution normalized by unit lethargy for both reactors. The TAP

reactor spectrum at the BOL (SVF=0.903) is much harder than for the PWR due to a lack

of moderation in the TAP core and its type (ZrH1.66 instead of light water). The harder

neutron spectrum leads to weaker 135Xe transmutation because the capture cross section

declines rapidly with energy (see Figure 5.7, lower plot, solid red line, energy range from

10−7 to 10−4 MeV). As a result, the 135I/135Xe number density ratio is 0.78 for the TAP
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Table 5.2: Effect of 135Xe poisoning after shutdown for the TAP reactor operation with the
high 135Xe removal efficiency (εXe = 0.915). Stochastic uncertainty σρ = 5 pcm.

Geo-
metry

SVF
[-]

Time after
moderator

configuration
update [d]

Operative
excess

reactivity
(ρ0) [pcm]

135I/135Xe
concentra-
tion ratio

before
shutdown [-]

Maximum
relative

135Xe con-
centration
change [%]

Maximum
reactivity

change after
shutdown

(∆ρ) [pcm]
1 0.903 9 3344 8.96 +174 -50
1 0.903 171 1930 8.76 +173 -40
1 0.903 324 570 8.66 +172 -38
8 0.766 3 3570 8.87 +175 -61
8 0.766 366 2150 8.90 +174 -40
8 0.766 762 762 8.93 +175 -33
15 0.536 9 3370 11.07 +194 -105
15 0.536 90 2771 11.17 +195 -108
15 0.536 303 1265 11.42 +197 -100

MSR at the BOL, which is significantly lower than that for the PWR with fresh fuel (2.3).

Thus, 135Xe gain from 135I decay cannot overcome 135Xe loss due to decay, and no xenon

concentration peak is observed at the BOL (Table 5.1, first three rows).

The TAP MSR neutron spectrum thermalizes toward the EOL due to additional moderator

rod insertion. Figure 5.7 shows that the TAP core spectrum at the EOL (after 23 years

of operation, all moderator rods inserted into the core) is thermal and similar to the PWR

spectrum. However, the 135I/135Xe inventory ratio for the PWR with fresh fuel is significantly

greater than for the TAP core at the EOL despite similar spectra (2.3 and 1.0, respectively).

The reason for that difference is the different fissile content. Results in Section 4.3 shown

that toward the EOL fissile 235U is being substituted with fissile 239Pu and 241Pu. More

specifically, instead of 6.8 t of 235U at startup, at the EOL, the fuel salt contains 1.3 t of

235U, 1 t of 239Pu, and 0.5 t of 241Pu. That is, the fuel salt fissile inventory in the TAP MSR

at the EOL contains 46 wt% of 235U, 36 wt% of 239Pu, and 18 wt% of 241Pu.

Table 5.3 shows 135I and 135Xe yields from thermal fission for all fissile isotopes contained

in the fuel salt. At the BOL, 135I and 135Xe in the TAP reactor and PWR are produced

from 235U fission. The 135I isotope production rate per thermal fission stays approximately
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Figure 5.7: Neutron spectra normalized by lethargy for the PWR and TAP (upper) and
135I, 135Xe caption cross section (lower) [94].

139



the same during 23 years of operation because 135I yield is very close for all considered fissile

isotopes. However, the rate of 135Xe production directly from fission for fissile plutonium

isotopes is significantly greater than for the 235U (e.g., ≈ 5 times greater for 239Pu and

≈ 8 times greater for 241Pu). Thus, a greater 135Xe production rate toward EOL with

approximately the same 135I production rate leads to a smaller 135I/135Xe concentration

ratio. Overall, 135I/135Xe number density ratio increasing from 0.78 to 1.0 during 25 years

of the TAP MSR operation, which leads to a more massive 135Xe concentration peak after

shutdown and worsens xenon poisoning effect.

Table 5.3: Fission product yields (isotopes per fission) from thermal fission [70].

Isotope 235U 239Pu 241Pu
135I 0.0639 0.0633 0.0684
135Xe 0.0022 0.0103 0.0017

In conclusion, I observed a negligible xenon poisoning in the TAP reactor during the

anticipated transient because it has a relatively hard neutron energy spectrum even at the

most thermal core configuration (all moderator rods are inserted into the core). The harder

spectrum gives a small 135I/135Xe concentration ratio which leads to a low 135Xe concentration

peak after the shutdown. Notably, the fission gas removal with high efficiency did not

significantly change the xenon poisoning effect because the 135Xe absorption cross section

fell dramatically as neutron energy grows. Overall, the TAP reactor can effectively load-

follow even without fission gas removal.

5.3 Safety and operational parameters evolution

during load following

To analyze the impact of the load-following transient on the TAP concept safety, I calculated

safety and operational parameters at various moments during postulated earlier worst-case

power change transient (0% power level for 11 hours, instantaneous power boost to 100%, and
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then 10 hours on 100% power level) using methodology from Section 4.4. The combination

of fuel and moderator temperature feedback coefficients must remain negative, and the

reactivity worth of control rods must be sufficient to shut down the reactor throughout the

transient. Ideally, the reactor is more controllable if major safety and operational parameters

remain stable and unaffected by the substantial power level change.

5.3.1 Temperature coefficient of reactivity

Figure 5.8 shows the temperature feedback coefficient evolution for the TAP reactor during

the power change transient. The Fuel Temperature Coefficient (αT,F ) became less negative

during the first hour of the transient due to a slight spectrum hardening because the 135Xe

concentration peak changes the Doppler effect in the fuel salt. After turning the power back

on, all three temperature coefficients of reactivity remains stable because the fuel salt com-

position remain almost unchanged. Overall, the isothermal temperature coefficient, αT,ISO

remains negative and strong throughout the postulated transient and fluctuates slightly

within stochastic error range σαT,ISO
± 0.043 pcm/K.

5.3.2 Void coefficient of reactivity

Figure 5.9 demonstrates the void coefficient of reactivity evolution during the postulated

transient. The αV remains almost constant throughout the postulated transient. All ob-

served changes in the void coefficient of reactivity are due to the stochastic nature of the

Monte Carlo method (σαV
± 4 pcm/%).

5.3.3 Reactivity control rod worth

Figure 5.10 demonstrates the control rod worth evolution during the power change transient.

The control rod worth remains almost constant and sufficient to shut down the reactor

throughout the postulated transient. During the first three hours of the transient, the
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Figure 5.8: Temperature feedback coefficients during the postulated transient for the TAP
reactor, 10 days before the EOL (all moderator rods inserted), the gas removal system
operates with efficiency εXe = 0.915. The uncertainty, ±σ, is shaded.
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Figure 5.9: Void coefficient of reactivity as a function of time during postulated transient
for the TAP reactor, 10 days before the EOL (all moderator rods inserted), the gas
removal system operates with efficiency εXe = 0.915.
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control rod worth decreases from 1998.9±8.9 pcm to 1988.3±8.9 pcm due to a slight spectrum

hardening caused by 135Xe concentration raise. Overall, the control rod worth changes are

insignificant and lie within the stochastic error range (σCRW ± 8.9 pcm).

Figure 5.10: Total control rod worth as a function of time during postulated transient for
the TAP reactor, 10 days before the EOL (all moderator rods inserted), the gas removal
system operates with efficiency εXe = 0.915.

5.4 Concluding remarks

This chapter demonstrated the short-term depletion simulations for the TAP reactor with

the core power level variation in the range of [0, 100%] using SaltProc v1.0 and Serpent. I

considered two different noble gas removal scenarios: (1) no gas removal (e.g., εXe = 0), and

(2) fully operational gas removal system (e.g., εXe = 0.915). The results in the literature

reported that negative xenon poisoning effect for conventional LWRs reaches its extremum
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∆ρ ≈ −1500 pcm in approximately 11 hours after shutdown. Such a vast reactivity drop

complicates the LWRs load-following.

For the case with no gas removal (εXe = 0), 135Xe concentration peaks about 45 and 165

min after the shutdown at the BOL and EOL, respectively. The xenon concentration peaks

sooner for the harder core configuration (e.g., at the BOL, SVF=0.9) because 135Xe absorp-

tion cross section drops dramatically as neutron energy grows above 0.1 eV, thus, 135Xe burn

out faster in a harder spectrum. Thus, the harder spectrum leads to a smaller 135I/135Xe con-

centration ratio and, consequently, lower xenon concentration peak after shutdown. Without

gas removal (e.g., 135Xe loss after shutdown due to decay only) xenon concentration at the

BOL remains almost constant (∆N135Xe = +0.33%), and no effect of xenon poisoning was

observed (∆ρ = −10±7 pcm). However, at the EOL, when all moderator rods are in and the

neutron spectrum is more thermal, I observed a more significant effect of poisoning: 135Xe

concentration increased by 4% with corresponding negative reactivity insertion of −70 pcm.

For the case with very effective noble gas removal (εXe = 0.915), the time when 135Xe

concentration peaks cannot be predicted analytically, because, after shutdown, the gas re-

moval system removes a major fraction of xenon gas at the end of each depletion step.

Moreover, the 135I/135Xe ratio is significantly greater (e.g., between 8.66 and 11.42) than for

the non-removal (εXe = 0) case. Thus, 135I decay leads to a substantial increase in 135Xe

concentration right after shutdown (up to +200% at the EOL), and corresponding reactivity

drop (−108 ± 5 pcm at the EOL). However, after the first hour, reactivity increases quickly

because the gas removal system extracts most of the xenon every 1 hour (the selected Salt-

Proc v1.0 depletion time step). The true effect of xenon poisoning for the TAP reactor

with active gas removal is expected to be even less severe because the real system would

remove noble gases continuously, not discretely as simulated by SaltProc (e.g., xenon would

be removed with εXe = 0.915 every moment, not once per hour). Overall, more realistic

results for load-following transients can be obtained with better time resolution. Though

the ideal depletion time step should be closer to full loop time (20 seconds), such fidelity
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would require an enormous computation burden.

Finally, this chapter demonstrated that the TAP reactor maintains required safety mar-

gins during postulated transients. The temperature feedback coefficients, void coefficient of

reactivity, and control rod worth all remain within stochastic uncertainty throughout the

transient. Small elevation in total temperature coefficient and void coefficient of reactivity

during the first hour after shutdown is due to the 135Xe concentration raise and correspond-

ing short-term neutron spectrum hardening. In conclusion, the TAP MSR, even without

gas removal, is capable of the safe restart after reducing power from 100% to 0% even when

135Xe concentration peaks. While this work has confirmed neutronics feasibility of resilience

against the iodine pit, separate thermomechanical structural analysis is needed to confirm

that structural materials could withstand such dramatic core power fluctuations.
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Chapter 6

Tool demonstration for load-following
and safety analysis: Molten Salt
Breeder Reactor
The previous chapter has shown that the TAP MSR is unaffected by xenon poisoning during

power variation because it has a relatively fast neutron energy spectrum. While long-term

performance metrics such as fuel utilization would definitely benefit from online removal

of poisonous fission products, the gas removal system is not necessary to ensure safe TAP

system operation during a short-term power drop and restart transient. However, Chapter

5 clearly demonstrated a strong impact of the noble gas removal on the reactor neutronics

during power adjustments. Thus, another liquid-fueled MSR design with thermal spectrum

(not epithermal like in the TAP core) was considered to investigate the benefits of the online

gas removal for load-following operation.

This chapter presents fuel salt depletion analysis with SaltProc during a short-term power

transient to evaluate load-following capabilities of the graphite-moderated molten salt reactor

design with a thermal neutron energy spectrum - Molten Salt Breeder Reactor (MSBR).

The details of the MSBR design, the full-core Serpent model, and the results of long-term

depletion simulation with SaltProc were described in Chapter 3. I simulated the load-

following transient postulated in Section 5.2.1 using the methodology described in Chapter

5. To investigate the effect of noble gas removal efficiency on the load-following operation,

I considered three various regimes of the gas removal system operation:

(a) no gas removal (εXe = 0.0);

(b) moderate gas removal efficiency (εXe = 0.536);

(c) high gas removal efficiency (εXe = 0.915).

I then calculated a major safety and operational parameters for all three regimes at various
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moments of the transient to ensure that the critical safety margins are maintained. Finally, I

compared the TAP MSR and MSBR behavior during the postulated load-following transient.

6.1 Depletion analysis results

I used the methodology described previously in Chapter 5 for the MSBR full-core depletion

analysis with SaltProc v1.0 with a 30-minute depletion time step to capture rapid changes

in reactivity. Equation 5.6 predicted the time after shutdown when 135Xe concentration

peaks (tmaxX ) in the range from 6.8h (εXe = 0.0, 30 years after startup) to 7.5h (εXe = 0.915,

BOL). The tmaxX for the MSBR is longer than for the TAP reactor (2.75h) due to a much

more thermal neutron energy spectrum. To be consistent throughout different gas removal

regimes while investigating load-following capabilities of the MSBR, I selected a following

transient (power load profile) very similar to the transient chosen in Chapter 5:

(a) operate on 100% of HFP to reach 135I/135Xe equilibrium (at least 3 days from the

startup);

(b) instantaneous power drop from 100% to 0%;

(c) shutdown for tmaxX = 7.5h to reach the 135Xe concentration extremum;

(d) instant restart from 0% to 100% power level and operate on 100% for 5 hours.

6.1.1 Reactivity dynamics

Figures 6.1 and 6.2 show the effective multiplication factor and reactivity dynamics for the

various gas removal efficiencies in the MSBR during the transient, described earlier. For

the no-removal case (Figure 6.1, upper panel), the effective multiplication factor dropped

after tmaxX = 7.5h by 1457 pcm and 1035 pcm at BOL and after 15 years of full-power

operation, respectively. Thus, the Equation 5.6 correctly predicted the moment when the

xenon poisoning effect maximized in the no-removal case (εXe = 0). After the power ramp-up

from 0% to 100%, the effective multiplication factor returned to its initial value in about
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3 hours. Notably, maximum negative reactivity insertion due to 135Xe buildup after the

MSBR shutdown is very similar to the PWR (both at startup): 1457 pcm and 1500 pcm

[94], respectively. Additionally, the xenon poisoning effect diminished toward the EOL

because the 135Xe concentration peak is more significant for the softer thermal spectrum

(the MSBR spectrum becomes harder during operation due to plutonium and other strong

neutron absorbers accumulation in the fuel salt). Finally, the effect of 135Xe poisoning is

almost the same after 15 and 30 years of operation because the fuel salt composition reaches

its equilibrium after about 16 years of full-power operation (see Section 3.3.2).

The middle and lower plots in Figure 6.2 show reactivity change during the MSBR shut-

down for 7.5 hours and following power ramp up to 100% for moderate (εXe = 0.536) and

high (εXe = 0.915) removal efficiency, respectively. In contrast with no gas removal, reac-

tivity dropped during the 30-minutes interval after shutdown by 161 pcm and 189 pcm for

moderate and high removal efficiency, respectively. Afterward, the reactivity boosts by 1494

pcm and 2608 pcm for εXe = 0.536 and 0.915, respectively. Such reactivity change happens

because the gas removal system extracted 53.6% and 91.5% of xenon mass at the end of

the 30-minute depletion step. The more effective xenon removal leads to greater positive

reactivity jump, as expected. Notably, the reactivity stabilizes at approximately +2500 pcm

level about 5 hours after the shutdown because the 135Xe loss due to its decay and online

gas removal equalizes 135Xe gain from 135I decay. Overall, the online gas removal from the

fuel salt even with moderate efficiency is beneficial to the core neutronics and significantly

reduces the xenon poisoning effect (−161±10 pcm instead of −1494±10 pcm). Moreover, the

very high removal efficiency (εXe = 0.915) is unnecessary to significantly reduce the effect of

xenon poisoning and enable the load-following capability of the MSBR.
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Figure 6.1: SaltProc-calculated evolution of the effective multiplication factor during the
postulated load-following transient for various regimes of the gas removal system operation.
The uncertainty (±σ = 10 pcm) is shaded.
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Figure 6.2: SaltProc-calculated evolution of the reactivity during the postulated
load-following transient for various regimes of the gas removal system operation. The
uncertainty (±σ = 10 pcm) is shaded.
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6.1.2 Fuel salt composition evolution

Figure 6.3 shows 135Xe and 135I mass dynamics evolution during the postulated transient

for various gas removal efficiencies. The 135I/135Xe concentration ratio at the beginning of

the transient for the no-removal case is 2.45 and 2.03 at the BOL and after 30 years of

full-power operation, respectively. Because the 135I/135Xe concentration ratio is greater at

startup, the 135Xe concentration peak is 11% higher than at the EOL, which is consistent

with the TAP MSR results. However, a larger 135Xe concentration does not necessarily

worsen the xenon poisoning effect (Figure 6.2) because the spectrum hardens toward EOL

and the 135Xe absorption cross section slumps with higher neutron energy (see Figure 5.7).

For the high gas removal efficiency regime, the 135I/135Xe concentration ratio is 2.47 and

2.08 at the BOL and after 30 years of full-power operation, respectively. For the BOL

and a 30-year case, the 135Xe concentration peaked only by 8% at the end of a first 30-

minute depletion step, which caused a 189-pcm negative reactivity insertion. Afterward, the

concentration of 135Xe dropped quickly because the gas removal system extracted most of the

fission gas. The 135Xe concentration in the fuel salt before the shutdown is approximately 7

times greater than after the power turned back on, which caused significant reactivity growth

by ≈ 2550 pcm. Surprisingly, the removal of 12 g of 135Xe from t = 30min to t = 60min caused

an impressive 2600-pcm positive reactivity insertion (217 pcm/g135Xe reactivity worth).

Such large fluctuations in the 135Xe concentration are observed due to the batch-wise

nature of SaltProc simulations (e.g., the fraction of target poison is being removed discretely

at the end of each depletion step). Realistically, the gas removal system would extract

gas from the fuel salt continuously, which would result in a much smoother change in the

concentration and, accordingly, in the reactivity. Notably, for both BOL and EOL, the

135Xe mass stabilized at 1 g in about 3-4 hours after the shutdown and then inclined slowly

(60 mg/EFPH) after power ramp-up from 0 to 100%. That is, when the reactor returns

to a full-power level, the 135Xe concentration during a few days will be significantly lower
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Figure 6.3: Comparison of 135Xe and 135I isotopic content at the BOL (dashed line) and
after 30 years of operation (solid line) for various gas removal regimes. Uncertainty of the
predicted mass will be estimated and discussed in Chapter 7.
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than before the load-following transient. Thus, fewer thermal neutrons will be parasitically

absorbed in the fission gas. As a result, long-term fuel cycle performance metrics such as fuel

utilization and core lifetime would benefit enormously from a very low 135Xe concentration

in the core after the postulated transient. In other words, the transient cleans up the fuel

salt, but more analyses are required to evaluate all benefits of this finding.

In the case of moderate gas removal efficiency, the fission product concentration changes

very similarly to a high removal efficiency case. The 135I/135Xe concentration ratio is 2.15

and 2.06 at the BOL and after 30 years of full-power operation, respectively, and caused a

7.5% hike in 135Xe concentration. Surprisingly, a significantly lower gas removal efficiency

(εXe = 0.536 instead of 0.915) provided comparable benefits to the core neutronics during the

postulated load-following transient. Similarly to the εXe = 0.915 case, the 135Xe mass stabi-

lized at 1.5 g about 5 hours after the shutdown and then increased slowly (165 mg/EFPH)

after power ramp-up from 0 to 100%. In conclusion, a simpler and cheaper gas removal

system with extraction efficiency εXe = 0.536 is sufficient to suppress the xenon poisoning

effect to an acceptable level (-161 pcm) and improve the load-following capability of the

MSBR.

6.1.3 Neutron spectrum

Figure 6.4 shows that the MSBR spectrum after 30 years of operation (solid line) is harder

than at the startup (dashed line). Compared with the MSBR, the TAP MSR spectrum is

significantly harder even when all moderator rods are inserted to the core. Notably, the

MSBR spectrum has a clear peak in the thermal energy region, but flat neutron energy

dependence in intermediate and fast energy region, which is quite common for thermal

reactors. In contrast, the TAP core spectrum at the EOL has a high peak in the fast

and lower peak in the thermal energy region, which is typical for epithermal/intermediate

reactors. This is the main reason why for the postulated load-following transient, I observed

a significant xenon poisoning effect in the MSBR and negligible xenon impact in the TAP
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MSR (see Chapter 5).

Figure 6.4: Neutron spectra normalized by lethargy for the MSBR and TAP at various
moments during operation. The neutron flux uncertainties σΦ are 0.6% and 0.18% for the
TAP reactor and MSBR, respectively.

Any graphite-moderated liquid-fueled MSR conceptual design1 would potentially demon-

strate similar benefits from an online noble gas removal from the fuel salt.

6.2 Safety and operational parameters

The significant change of strong absorber concentrations in the fuel slightly shifts the core

spectrum, potentially impacting the reactor’s safety. Since rapid changes in the fuel salt

1 Integral Molten Salt Reactor (IMSR) from Terrestial Energy [60], Molten Salt Demonstration Reactor
(MSDR) from Oak Ridge National Laboratory [10], Liquid fluoride thorium reactor (LFTR) from Flibe
energy [99], etc.
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composition cannot be allowed to compromise critical safety margins, I calculated major

safety and operational parameters at various moments throughout the postulated transient

using approaches from Sections 4.4 and 5.3. The total temperature coefficient of reactivity

(αISO) must remain negative, and the total control rod worth (CRW) must be sufficient

to trip the reactor throughout the postulated transient. Ideally, we want major safety and

operational parameters to stay almost constant because the changes in those parameters

would require fast response from the reactor control systems (i.e., control rod jerk in response

to a CRW change).

6.2.1 Temperature coefficient of reactivity

Figure 6.5 shows the temperature feedback coefficient dynamics for the MSBR during the

transient for various gas removal efficiencies (εXe = 0.536 and 0.915). The Fuel Temperature

Coefficient (αT,F ) becomes less strong at the beginning of the transient for all cases. The

reason for this is a slight spectrum hardening due to the 135Xe concentration peak that

changed the Doppler broadening of resonances. After that, the magnitude of αT,F slowly

increased due to a steady incline in the 135Xe concentration.

The isothermal temperature coefficient, αISO, is −0.36 ± 0.09 pcm/K at the beginning

and remains stable during the first 30 minutes of the transient for the moderate removal

efficiency case. Then, as the gas removal system reduces 135Xe concentration in the core,

αISO becomes even more negative: −1.52±0.09 pcm/K when the 135Xe mass stabilized at 1.5

g in about 5 hours after the shutdown. After power ramp-up from 0% to 100%, αISO also

remains stable since the 135Xe mass increasing very slowly. On the whole, another exciting

benefit from the online gas removal is improved passive safety (more powerful temperature

feedback coefficient) throughout and, possibly, a few days after the postulated transient due

to low concentration of the 135Xe in the fuel salt.

For the high gas removal efficiency regime (εXe = 0.915), the isothermal temperature

coefficient worsens from −0.54 ± 0.09 pcm/K to approximately −0.22 ± 0.09 pcm/K during
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Figure 6.5: Temperature feedback coefficients during the postulated transient for the
MSBR operating with moderate (εXe = 0.536, upper) and high (εXe = 0.915, lower) gas
removal efficiency at the BOL (dashed line) and after 30 years of operation (solid line).
The uncertainty, ±σ, is shaded.
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first the 30 minutes after shutdown. Afterward, however, once the gas removal system

extracted a significant fraction of the 135Xe from the fuel salt, αISO recovered, becoming

significantly more negative (−1.39 and −1.56 pcm/K at the BOL and after 30 years of

operation, respectively) due to the spectrum softening. In brief, the temperature feedback in

the MSBR becomes stronger when neutron poisons concentration in the fuel decreases. As a

result, flattening the 135Xe concentration curve improves the MSBR passive safety.

Overall, the combination of fuel and moderator thermal feedback coefficients, αISO, re-

mains negative throughout the postulated transient. Moreover, a simpler and cheaper gas

removal system with extraction efficiency εXe = 0.536 provided more predictable thermal

feedback coefficient dynamics throughout the transient due to a more gradual change in the

135Xe concentration.

6.2.2 Void coefficient of reactivity

Figure 6.6 demonstrates the void coefficient of reactivity evolution during the postulated

transient. In contrast with the TAP MSR, the void coefficient of reactivity after 30 years

of full-power operation is substantially higher than at the startup for both gas removal

regimes. The reason for this is the hardening of the MSBR spectrum toward EOL, which

is the opposite of the TAP MSR spectrum evolution. Thus, an unexpected void insertion

due, for example, to a gas separation system failure in the MSBR would have more severe

consequences for the EOL.

For the high gas removal efficiency, αV fluctuates during the postulated transient between

42 and 61 pcm/void% at the BOL and between 87 and 102 pcm/void% after 30 years of op-

eration. The 135Xe concentration spike caused corresponding αV drop due to the short-term

spectrum hardening. Then, αV quickly recovers to its initial value. Similarly to the temper-

ature feedback coefficient, the moderate gas removal efficiency provided more predictable αV

dynamics throughout the transient. Additionally, a small αV fluctuation during the tran-

sient at the EOL for the case with εXe = 0.536 (∆αV ≈ 25 pcm/void%) would simplify the
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Figure 6.6: Void coefficient of reactivity as a function of time during postulated transient
for the MSBR operating with moderate (εXe = 0.536, upper) and high (εXe = 0.915, lower)
gas removal efficiency at the BOL (dashed line) and after 30 years of operation (solid line).
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gas separator backup safety mechanism. Overall, all observed changes in the void coefficient

of reactivity throughout the load-following transient for all cases are within the 3-σ range

(σαV
± 5 pcm/%). These observations should be taken into account in the MSBR accident

analysis and safety justification.

6.2.3 Reactivity control rod worth

Figure 6.7 shows the control rod worth evolution during the postulated transient. For the

high gas removal efficiency regime after 30 years of full-power operation, the control rod

worth dropped by 46 ± 9 pcm during the first 30 minutes after the shutdown. This happens

due to a short-term spectrum hardening related to the 135Xe concentration peak. In the

next 30 minutes, the CRW recovers to its initial value and keeps increasing throughout

the transient because the gas removal system steadily reduces the 135Xe concentration in

the core. Notably, the control rod worth is greater at the BOL because the absorption cross

section of 10B (used as an absorber in the control rods) declines rapidly with energy. Overall,

the control rod worth benefits from the MSBR spectrum softening toward EOL.

For the moderate gas separation efficiency regime, the control rod worth remains almost

constant during the first hour after shutdown. Afterward, the CRW increased by 4% due

to the spectrum softening caused by the increased 135Xe concentration. As for other safety

parameters, the control rod worth also benefits from a less effective gas removal system due

to smother xenon concentration dynamics and a more predictable neutron spectrum shift.

Unfortunately, the total control rod worth is insufficient to shut down the reactor through-

out the postulated transient for both medium and high removal efficiency (εXe = 0.536 and

εXe = 0.915). The reactivity change during the transient is up to 2600 pcm, while the total

control rod worth is only about 1250 − 1425 pcm. The MSBR was designed with only two

graphite and two boron-carbide rods located in the center of the core (see Figure 3.1) for

operative reactivity control and relied heavily on fissile feed adjustment as a primary reac-

tivity control mechanism. However, the fissile feed cannot be adjusted quickly, and nuclear
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Figure 6.7: Total control rod worth as a function of time during postulated transient for
the MSBR operating with moderate (εXe = 0.536, upper) and high (εXe = 0.915, lower) gas
removal efficiency at the BOL (dashed line) and after 30 years of operation (solid line).
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regulations require control rods to have sufficient worth to shut down the reactor safely at

any time. Therefore, the control rod design in the MSBR must be reexamined to ensure the

total control rod worth of at least 3000 pcm to ensure safety during the transient with rapid

power change.

6.3 Concluding remarks

This chapter demonstrated SaltProc v1.0 capabilities to simulate the short-term depletion

with the power variation from 0% to 100% for the MSBR. I applied methodology from

Chapter 5 to investigate the xenon poisoning effect in the MSBR for three various gas

removal system regimes: (1) no gas removal, (2) moderate gas removal efficiency, and (3)

high gas removal efficiency.

When the gas removal system is inactive, the 135Xe concentration peaked in about 7.5

hours after shutdown, which caused the reactivity drop by 1457 and 1035 pcm for the

startup and equilibrium fuel salt composition. Such a negative effect of the xenon poisoning

is consistent with other thermal reactor designs (i.e., -1500 pcm for PWR [94]). In contrast

with results for the TAP MSR in Chapter 5, the MSBR demonstrated a significant negative

impact of the 135Xe concentration spike on the core neutronics after shutdown. The reason

for that is significantly greater initial 135I/135Xe concentration ratio: 2.45 and 1.0 for the

MSBR and TAP reactor at the BOL, respectively. Thus, the 135Xe peak is significantly

higher for the MSBR than for the TAP reactor: +56% and +0.33%, respectively. Finally,

the 135Xe parasitically absorbs substantially more neutrons in the thermal (MSBR) than in

the epithermal (TAP MSR) neutron spectrum, which amplifies the xenon poisoning effect

when the spectrum softens. In contrast with the spectrum thermalization toward EOL in the

TAP reactor, in the MSBR, the neutron spectrum hardens toward EOL due to plutonium

and other strong absorbers accumulation in the fuel salt. Thus, for the MSBR, the xenon

poisoning effect becomes less severe toward EOL.

162



The online gas removal in the MSBR demonstrated an impressive positive impact on the

core neutronics. The gas removal system operation almost eliminated the effect of xenon

poisoning by removing the vast majority of 135Xe during the first hour after the shutdown.

During the first 30-minute interval, the reactivity dropped by 161 and 189 pcm for moderate

and high removal efficiency, respectively. Afterward, the reactivity raised by 2700 pcm for

both efficiencies in a few hours because the 135Xe inventory fell from 14 to 1-2 g. Indeed, the

135Xe loss due to decay and active gas removal significantly overcame its gain from the 135I

decay only (no fission happens; thus, no new 135I is produced). Notably, the amplitude of the

reactivity swing after shutdown is more significant for the BOL when the xenon reactivity

worth is greater due to the softer neutron spectrum. Finally, significantly lower gas removal

efficiency (εXe = 0.536 instead of 0.915) provided comparable benefits to the MSBR core

neutronics during the postulated load-following transient.

Finally, this chapter demonstrated that the MSBR maintains necessary safety margins

throughout the postulated load-following transient. Thus, the temperature coefficient of

reactivity and the total control rod worth worsen slightly during the first 30 minutes of

the transient when the 135Xe concentration peaked, causing corresponding neutron spec-

trum hardening. After that, the fast 135Xe concentration decline improved all safety and

operational parameters among the cases. Unfortunately, the reactivity worth of two control

rods made of boron carbide (B4C) is insufficient to compensate for huge reactivity change

after the shutdown. Even though the total control worth rises throughout the transient, the

reactivity system design is unfeasible for load-following and must be redesigned.

In conclusion, the xenon poisoning impact on the core neutronics is much stronger in

the MSBR than in the TAP MSR. Thus, the MSBR without gas removal is incapable of

flexible restart after reducing power from 100% to 0%. However, online gas removal, even

with moderate separation efficiency, helps eliminate the iodine pit problem and enable the

load-following capability of the MSBR without compromising its safety. Another benefit

from the online gas removal is a stronger thermal feedback.
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The work determined that the gas removal system should have a smart control coupled

with reactivity control and power regulation systems. Such a system must boost the sep-

aration efficiency right before and during the first few minutes after power drop to flatten

the 135Xe peak. Then, the control system should reduce the removal efficiency to avoid a

sizeable positive reactivity insertion due to a fast 135Xe concentration drop. Finally, a more

detailed study of power-changing transients must be performed using SaltProc v1.0 with

better time resolution (i.e., a 1-min interval) to understand better how to adjust the gas

removal efficiency during power adjustments.
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Chapter 7

Error propagation in depletion
calculations

In the Monte Carlo (MC) depletion analyses, the uncertainties on predicted isotopic compo-

sition are caused by two primary factors: stochastic uncertainty in the computed flux and

uncertainty in the nuclear data (e.g., cross sections, fission yields, decay constants). In MC

reactor physics software, the stochastic uncertainty of a single burnup step is superposed

with errors, propagated throughout calculations from previous steps. Over time, these er-

rors accumulate, and cumulative error in the predicted number density might be significant

for the lifetime-long fuel depletion calculations.

Takeda et al. [102] first proposed a method to evaluate the uncertainty of the number

density in the MC simulations applying the sensitivities of the burnup matrix to number

densities [102]. Takeda and colleagues propagated covariances of the cross sections and

obtained the number density uncertainty due to the cross section error of about 4% for major

heavy isotopes (235U, 239Pu, 241Pu) after 400-day MC burnup calculations for a homogeneous

model of an arbitrary fast reactor. Notably, the uncertainty due to the stochastic error in

MCNP was much lower: about 0.03% for 241Pu, 0.02% for 235U, and < 0.004% for 238U. The

Takeda model showed that the statistical error contribution to the total error in number

densities of major heavy isotopes and FPs is less than 1% [102]. Finally, a substantial

neutron population (N) increase can theoretically reduce the stochastic error to zero, but it

is enormously expensive due to slow convergence (O(
√
N)) of the MC method.

Garcia-Herranz et al. [44] used MCNP and in-house code ACAB to analyze the uncer-

tainties on the nuclide inventory based on the random sampling technique for spherical fuel

element (“pebble”) with coated PuO2 particles. The random sampling or “brute force”
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method is the multi-step sequence of neutronics and depletion calculations that could be

considered as a single process with an input (nuclear data) and output (final number densi-

ties). The authors performed a simultaneous random sampling of all the cross sections1 1000

times and obtained the distributions of the isotopic inventory. The relative error of the final

number density for the 1200-day fuel cycle (800 MWthd/kgHM burnup) due to the nuclear

data uncertainty was reported in a range from 7% (for 244Pu) to 46% (for 242Pu) and found

to be independent of a number of neutron histories. In contrast, relative error of the final

number density due to stochastic error for reasonably large neutron history was less than

0.15% [44]. Thus, random sampling Monte Carlo results by Garcia-Herranz et al. agreed

with Takeda’s statement that nuclear data is the major source of uncertainty; the stochastic

error contribution to the total nuclear density error is negligibly small (< 1%) and reduces

slowly if the number of neutron histories increases.

In a similar vein, Radaideh et al. used SCALE 6.2 with the Sampler module [82] to quan-

tify the uncertainty in nuclide concentration in a BWR 10×10 assembly due to uncertainties

in neutron cross sections, fission yields, and decay data [80]. Radaideh and colleagues used

a 56-group covariance library in deterministic SCALE/TRITON transport calculations and,

hence, introduced no stochastic error in the flux calculations. That work used 500 random

samples in a 1174-day TRITON depletion calculation and reported number density uncer-

tainty between 0.14% for 238U and 6.56% for 238Pu [79]. This approach benefits from the

Sampler module available in the SCALE 6.2 package and can be used by all SCALE users

around the globe.

All listed research efforts studied simplified, pin-cell, or single-assembly models of conven-

tional LWRs and considered nuclear data uncertainty for the following elements: hydrogen,

oxygen, zirconium, uranium, and plutonium. The nuclear data for these elements have rel-

atively low uncertainty because they were measured many times for myriad weapon and

1 Authors assumed that the influence of uncertainties in decay constants, fission yields, and other input
parameters is negligible.

166



non-weapon applications. However, the TAP MSR and many other MSR designs rely on

other elements such as lithium and fluorine, which have relatively large cross section co-

variances. The effect of 6Li, 7Li, and 19F nuclear data uncertainty on the final isotopic

composition uncertainty in molten fuel salt was never studied before. This chapter seeks

to estimate the uncertainties on predicted isotopic compositions for the TAP MSR during

lifetime-long depletion simulations.

In this chapter, the uncertainty in the fuel salt composition is investigated for two differ-

ent sources of uncertainty separately. The uncertainty in the nuclide inventory due to the

transport problem statistical error is evaluated by repeating multiple Serpent Monte Carlo

code depletion simulations. By changing the code’s initial random number seed, the output

produced by 1000 runs is used to investigate the statistical error in the multiplication factor

(keff ) and fuel salt isotopic inventory. The uncertainty in depleted fuel salt composition

due to nuclear data uncertainties - a major part of depletion calculation uncertainty - is

determined using the SCALE/Sampler sequence in conjunction with NEWT (2D, Discrete

Ordinates code) [82]. Uncertainties in nuclear data (e.g., neutron cross sections, fission

yields, decay constants) are propagated into the response of interest (fuel salt isotopic com-

position) by generating a large number of samples with perturbed nuclear data. The two

approaches are demonstrated using the TAP reactor model.

The following assumptions and simplifications are made for both approaches:

(a) Fuel salt is well mixed and can be treated as a single homogeneous material.

(b) Uncertainties in input parameters (size, density, enrichment, power) are ignored.

(c) Only one moderator rod configuration (startup, 1388 rods inserted) is considered.

(d) Online fission product removal and fresh fuel injection are ignored.

In a future, when SCALE 6.3b4 with online reprocessing capability [89, 19] will be available

for the scientific community, the current work’s approach might be implemented to quantify

uncertainty in the depletion calculations with continuous online fuel salt treatment and

processing.
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7.1 Stochastic uncertainty in the isotopic inventory

This section presents a general approach to uncertainty propagation throughout the deple-

tion calculations when using Monte Carlo burnup software. Only uncertainties due to the

statistical nature of Monte Carlo neutron transport calculations were considered herein.

7.1.1 Methodology of estimating uncertainty due to the

statistical error in Monte Carlo

The change in the isotopic composition with burnup causes the neutron flux change. Thus, a

sequence of coupled transport problems and depletion calculations should be done to predict

the isotopic inventory accurately. In such coupled calculations, the depletion time is divided

into a few time intervals. A transport calculation is carried out for each time interval, and

the evaluated reaction rates are then used to solve the system of Bateman equations to

obtain the fuel isotopic composition at the end of the time interval. The goal is not only

to calculate the isotopic vector at the end of each depletion step but also to estimate the

stochastic error in the vector due to the statistical nature of Monte Carlo neutron transport

calculations.

Monte Carlo methods use random sampling, which employs a pseudo-random number

generator for sampling probabilities of neutrons from their “birth” until they are either

absorbed or escaped [24]. Each neutron history is tallied, and when a sufficient number

of histories are accumulated, statistical metrics (e.g., mean value, standard deviation) of

the target parameters are calculated. The Monte Carlo method repeats this process for a

user-defined number of cycles. The first few cycles have poor statistics due to insufficient

neutron historical data. Accordingly, the first few cycles are usually marked “inactive” and

used for source convergence only. Therefore, the user must define the number of inactive

and active cycles to balance the need to assure source convergence and statistical accuracy

with computational costs.
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The Serpent Monte Carlo transport software calculates the relative statistical error of

each output parameter of the transport problem. During each neutron source cycle, Serpent

calculates the sum of the collisions, fissions, and other events in that cycle. After completion

of all active cycles, Serpent computes the statistical mean and associated standard deviation

based on cycle-specific data. Notably, Serpent estimates the uncertainty assuming that all

events are independent, thus, neglecting to propagate the uncertainties from one depletion

step to the next. Instead, the estimate uses only data from each separate depletion step by

itself. Jaakko Lappänen stated, “Error propagation in Monte Carlo burnup calculation is

a major research topic at the moment...” and mentioned unprecedented complexity of the

problem [61].

In order to estimate the variance in the isotopic composition [N] due to the statistical

nature of Monte Carlo method, a bash scripting system was developed to run a depletion

calculation with S burnup steps M times, changing nothing except the seed value for the

random number sequence in the Serpent input (Figure 7.1). Once again, the nuclear data

uncertainty is not propagated in this section. The multiple “replications” of each depletion

sequence produce a set of M isotopic concentrations at the end of each depletion interval

[103, 114].

After running depletion calculations for all samples, the mean and standard deviation of

the isotopic concentration can be calculated as follows

Ni =
1

M

M

∑
j=1
N
(j)
i (7.1)

σNi
=

¿
Á
ÁÀ 1

M − 1

M

∑
j=1

(N
(j)
i −Nj)

2 (7.2)

where

Ni = mean concentration of isotope i [ 1
cm3 ]
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M = number of depletion runs with a unique seed [−]

N
(j)
i = concentration of isotope i in the sample j [ 1

cm3 ].

The isotopic concentration [N]j can then be propagated throughout the criticality calcu-

lations to estimate the uncertainty of the multiplication factor keff . Serpent Monte Carlo

code automatically calculates the mean and standard deviation of the keff in each run j,

which is necessary to find the number of runs (samples) required for the convergence of keff .

The TAP full-core model in Serpent described earlier (see Section 4.2) is used for the

uncertainty quantification study herein. The model benefits from 1/8 symmetry, which

allowed me to significantly reduce the computational burden without losing accuracy (Fig-

ure 4.7). The number of neutron histories was selected to compromise between accuracy

and computational costs. Running 15,000 neutrons with 500 active cycles and 200 inactive

cycles (used for source convergence) gave a reasonable balance between statistical certainty

Figure 7.1: Methodology of using a normal distribution of random and independent events
to estimate uncertainties in final isotopic concentrations (reproduced from Garcia-Herranz
et al. [44]). Depletion calculation was performed with the Serpent Monte Carlo code 1000
times by changing only the initial random number.
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and computation time. Thirty depletion time steps were selected for a 30-year depletion

simulation (i.e., the isotopic composition is stored, and neutron flux is recalculated at the

end of each year). Additionally, I selected the Chebyshev Rational Approximation Method

(CRAM) with a predictor-corrector substep [78] to reduce isotopic composition uncertainty.

The ENDF/B-VII.1 nuclear data library at 900 K is used for all simulations in the current

chapter [27].

7.1.2 Results and analysis

A total of 1000 samples is propagated via the Serpent depletion calculation, and the his-

tograms of eigenvalue samples at the BOL and EOL (30 Effective Full Power Year (EFPY))

are shown in Figure 7.2. The results show that the mean effective multiplication factor (keff )

and its standard deviation both decrease gradually during 30 years of TAP reactor operation

due to the stochastic nature of MC. An uncertainty in keff of approximately 35 pcm is ob-

served at the BOL, while it slipped to about 29 pcm at the EOL. A 1000 independent Serpent

runs were performed on Idaho National Laboratory’s Falcon supercomputer to obtain a set

of M=1000 vectors of isotopic concentrations in a depletion simulation with S=30 depletion

time intervals each. The computational time for such an analysis was approximately 1,200

node-hours (4.9 core-years).

Figure 7.3 shows the observed and reported by Serpent uncertainties in keff for the TAP

core during 30 years of operation. Notably, Serpent-calculated uncertainty in the multiplica-

tion factor is slightly lower than observed uncertainty. This discrepancy is due to statistical

noise in the pseudo-randomly generated initial seed and agreed with results in the literature

[114]. Across all 30 depletion steps, the mean observed and reported uncertainty in the keff

is 30 and 25 pcm, respectively. A better match in these values could be obtained with more

samples M (e.g., M = 10,000), which would require substantially more computational power.

The current depletion algorithm in Serpent uses the neutron flux solution obtained from
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Figure 7.2: Histograms of keff samples obtained with 1000 independent Serpent depletion
calculations at the BOL (left) and EOL (right).

Figure 7.3: Observed and reported by Serpent uncertainty of the effective multiplication
factor (σkeff ) for the full-core TAP core model during 30 years of operation.
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the MC neutron histories to solve the Bateman equations to find the isotopic inventory evo-

lution. As was discussed earlier, Serpent is unable to estimate the uncertainty of the isotopic

number density like it does for the keff (reported σkeff in Figure 7.3). Thus, to gain insight

into the uncertainties in the isotopic inventory, the standard deviation in observed isotopic

inventories from the 1000 depletion runs was investigated. The observed uncertainties for

the major actinides and poisonous FPs resulting from depletion calculations are shown on

Figures 7.4, 7.5, and 7.6.

Figure 7.4: Stochastic uncertainty evolution in the uranium isotopic inventory during 30
years of depletion.

The relative uncertainty of 235U mass increases with time due to its depletion, as the

uranium enrichment steadily decreases from 5% to 0.7%. The uncertainty of 236U mass is

0.026% after 30 days of operation when only a few grams of this isotope were produced in

the core. The uncertainty of 236U is between 0.011% and 0.013% once the 236U approaches

its equilibrium concentration. The relative uncertainties of fissile 239Pu and 241Pu are 0.01-

0.07% and 0.04-0.18%, respectively. Mass uncertainties for the strongest neutron poison,
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135Xe, and its primary direct precursor, 135I, are 0.0175-0.0275% and 0.01-0.0175%, respec-

tively. Overall, stochastic error in depletion calculations is larger for isotopes with small

concentrations in the core due to round-off error. Table 7.1 shows that the stochastic error

in the isotopic inventories even for an unusually high burnup of 100 MWthd/kgU (30 EFPY)

is negligible (< 0.1%).

Figure 7.5: Stochastic uncertainty evolution in the plutonium isotopic inventory during 30
years of depletion.

All results presented in Figures 7.4, 7.5, 7.6, and Table 7.1 are based on 1000 samples

(e.g., 1000 independent Serpent depletion simulations with unique random seeds). Figure 7.7

shows the convergence of keff and 235U mass uncertainty with the number of samples. No-

tably, 300 samples were enough for σkeff convergence. The 235U mass uncertainty at the

EOL decreases steadily with the number of samples, but even 400 samples are sufficient

to obtain reasonable uncertainty (< 0.02%). Finally, it is possible to reduce the stochastic

uncertainty in the isotopic inventory to almost zero by substantially increasing the neu-

tron population (number of neutron histories and active cycles). However, this is extremely

inefficient because Monte Carlo converges sublinearly (O(
√
N)).
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Figure 7.6: Stochastic uncertainty evolution in 135Xe and 135I isotopic inventory during 30
years of depletion.

Table 7.1: Mean value, Standard Deviation (STD), and Relative Standard Deviation
(RSD) of mass for the major isotopes after 30-year depletion analysis for the TAP reactor.
Only the stochastic error in the Monte Carlo calculations is considered.

Isotope Mean (µ)
[kg]

STD (σ)
[kg]

RSD (σ/µ)
[%]

234U 25.8 0.0075 0.0290%
235U 789.9 0.1365 0.0173%
236U 1149.5 0.1439 0.0125%
238U 112,084.8 1.9835 0.0018%
238Pu 405.5 0.0884 0.0218%
239Pu 5554.3 1.5860 0.0286%
240Pu 1230.2 0.5510 0.0448%
241Pu 763.1 0.2859 0.0375%
242Pu 139.0 0.0930 0.0669%
241Am 218.3 0.0566 0.0259%
135Xe 0.03 < 0.0001 0.0179%
135I 0.02 < 0.0001 0.0110%
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Figure 7.7: Convergence of keff and 235U mass uncertainties due to the statistical error in
Monte Carlo as a function of number of samples.
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7.2 Nuclear data-related uncertainty in the isotopic

inventory

This section focuses on evaluating uncertainty in a depletion calculation caused by uncer-

tainties in nuclear data, namely, cross sections, fission yields, and decay constants. I used

a deterministic SN transport solver, SCALE/TRITON [82], to avoid statistical errors and

isolate nuclear data-related uncertainty.

7.2.1 Methodology of uncertainty propagation by a random

sampling

Nuclear data uncertainties are propagated through fuel depletion calculations using a ran-

dom sampling method2. The multi-step sequence of deterministic neutronics and isotopic

transmutation could be regarded as a single process with input parameters (cross sections,

fission yields, decay constants) and an output (isotopic inventory). This sequence runs a

large number of times, each time using a different nuclear data file (sample). This collection

of random nuclear data files is produced by the SCALE Sampler module from a multivariate

normal distribution using covariance matrices in the 56-group covariance library [82, 81].

This approach is summarized in the flowchart (Figure 7.8).

After generating the collection of random nuclear data files, SCALE performs depletion

calculations for each sample. This work uses NEWT, a 2D-deterministic transport code,

coupled with ORIGEN. ORIGEN solves a set of the Bateman equations using NEWT-

calculated neutron fluxes. The unit cell model is used to achieve reasonable computing

costs while providing an accurate neutron spectrum for depletion calculations (Figure 7.9)

[15, 89, 19]. For this unit cell model, an 8×8 mesh with reflective boundary conditions is

used. The 56-group ENDF/B-VII.1 nuclear data library along with the 56-group covariance

2 Sometimes researchers also called it “Monte Carlo sampling,” [80] “brute force method,”[44] or “Fast Total
Monte Carlo” [84]. However, in this chapter, this method is called “random sampling.”
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library are used in these depletion calculations.

Figure 7.8: Flowchart of depletion uncertainty quantification using SCALE Sampler (figure
courtesy of Majdi I. Radaideh [81]).

Figure 7.9: Unit cell model representation for the TAP MSR in SCALE.

The fuel salt composition, total depletion time, depletion time steps, and power density

match the ones given in Section 7.1 for consistency of comparison. Overall, I repeated 800

SCALE depletion calculations using perturbed cross sections, fission yields, and decay con-

stants, assuming that the probability density functions are multivariate normal distributions

with covariances provided with the SCALE nuclear data library.
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7.2.2 Results and analysis

Figure 7.10 shows histograms of the infinite multiplication factor (k∞) at the BOL and EOL

(30 EFPY) for 800 total random samples. Similar to stochastic uncertainty, the results show

that the k∞ standard deviation due to the nuclear data uncertainty decreases during 30 years

of the TAP reactor operation. An uncertainty of about 804 pcm in k∞ is observed at startup,

while it is reduced to 469 pcm at the EOL. Notably, nuclear data-related uncertainty in the

multiplication factor is about 20 times larger than uncertainty due to the stochastic error

(see Section 7.1), which agrees well with results in the literature [102, 44]. Thanks to the unit

cell model and a fast deterministic SN NEWT transport code, the computational time for

producing 800 random samples was only 576 core-days. Generation of the 800 samples with

better accuracy (full-core, three-dimensional model solved with KENO-VI) would require

substantially more computational power (about 10,000 times more).

Figure 7.10: Histograms of k∞ at the BOL (left) and EOL (right) obtained with SCALE
Sampler by stochastically sampling the nuclear data (cross sections, fission yields, decay
constants).

Figure 7.11 demonstrates nuclear data-related uncertainty in the k∞ evolution during 30

years of operation. The k∞ uncertainty decreased slowly because the k∞ mean value reduces

over time from 1.01714 to 0.78143 due to fuel burnup. Considering more specific nuclear
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Figure 7.11: Calculated uncertainty in the infinite multiplication factor due to the nuclear
data uncertainty as a function of depletion time.
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data contributions, at the BOL the k∞ uncertainty is most likely to come from the fissile 235U

fission (n, f) and neutron capture (n, γ) reaction cross sections; the 238U (n, γ) reaction cross

section; and the elastic scattering cross section of hydrogen in zirconium hydride. However,

moving toward the EOL, the contributions to uncertainty from 235U data are expected to

diminish due to the burnup and be substituted by the cross section uncertainties of the

fissile plutonium (e.g., 239Pu, 241Pu). Notably, the 235U fission cross section uncertainty in

intermediate and fast spectrum ranges (the TAP is an intermediate spectrum reactor, see

Figure 4.16) reaches up to 4%, while it is less than 2.6% for 239Pu and 241Pu. 239Pu and

241Pu capture and fission cross sections formed the dominant source of uncertainty after 235U

was mostly depleted.

Moreover, the k∞ relative uncertainty from nuclear data slipped from 0.78% at the BOL to

0.46% at the EOL. This error is slightly larger than results in the literature for conventional

LWRs (e.g., 0.44% [113] or 0.55% [25] for a PWR). This discrepancy between k∞ uncertainty

for the TAP MSR and PWR likely originates with the 19F and 7Li nuclear data, which have

significant covariances across reactions.

Figure 7.12 shows the standard deviations in uranium and plutonium isotopic inventory

as a function of time. The uncertainty in 238U is minimal (< 0.1%) and almost constant with

burnup because 238U mass does not change significantly from its initial inventory. The 236U

uncertainty also is nearly constant during 30 years of operation and has a value of ≈ 3.8%.

However, 235U mass uncertainty increases steadily with burnup, due to its inventory decrease

during 30 years of operation. The absolute mass uncertainty for 235U demonstrated growth

from 5 kg at 1 year after startup to approximately 30 kg at the EOL.

The uncertainty of major plutonium isotopes (e.g., 239Pu, 240Pu, 241Pu) is below 2% over

30 years of burnup (Figure 7.12, lower plot). The fissile 239Pu and poisonous 240Pu relative

standard deviations are increased slightly from 1.25% to 1.6% and from 1.65% to 1.95%,

respectively. The relative standard deviation in fissile 241Pu mass is significant at the begin-

ning of the operation, when its inventory is small (4 kg), and then decreases and approaches
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an equilibrium value of ≈ 1.45% at the EOL. The most significant relative standard deviation

is observed for 242Pu mass (8.13%) because its concentration in fuel is minimal throughout

30 years of operation (Table 7.2).

Figure 7.13 shows the mass uncertainties for the selected FPs: 135Xe and its primary

direct precursor, 135I. The masses of 135Xe and 135I are in the ranges of 24-27 g and 18-19 g,

respectively. As expected, relative standard deviations for these isotopes are relatively low

due to minimal uncertainty of fission yield for 235U. The relative standard deviation of 135Xe

mass changes in a range from 0.47% to 0.6%, while the 135I standard deviation ranges from

0.35% to 0.56%.

Table 7.2 summarizes the nuclear data-related uncertainty in the isotopic inventory for

the TAP MSR after 30 years of operation. Overall, the mass uncertainties due to nuclear

data uncertainties are two orders of magnitude larger than uncertainty due to the statistical

error in MC.

All results presented in this section are based on 800 random samples obtained using the

Sampler tool in SCALE. Figure 7.14 shows the convergence of k∞ and 235U mass uncertainty

with number of random samples. Notably, after 500 samples the k∞ and 235U mass uncer-

tainties stabilize. Overall, 500 random samples is enough to accurately estimate uncertainty

in the isotopic inventory due to uncertainty in nuclear data.

7.3 Concluding remarks

Uncertainty propagation analysis was performed for the depletion calculation for the TAP

MSR 30-year burnup. I separately considered two primary sources of uncertainty in the

depletion calculations: stochastic uncertainty in the neutron flux distribution and uncer-

tainty in the nuclear data. Stochastic error in the isotopic composition was obtained using

the Serpent Continuous Energy Monte Carlo code by running the same depletion sequence

1000 times, each time with a new initial random seed. The Sampler module in SCALE
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Figure 7.12: Nuclear data-related uncertainty evolution in the uranium (upper) and
plutonium (lower) isotopic inventory during 30 years of depletion.
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Figure 7.13: Nuclear data-related uncertainty evolution in 135Xe and 135I isotopic inventory
during 30 years of depletion.

Table 7.2: Mean value, Standard Deviation (STD), and Relative Standard Deviation
(RSD) of mass for the major isotopes after 30-year depletion analysis for the TAP reactor.
Only nuclear data-related uncertainty is considered.

Isotope Mean [kg] STD [kg] RSD [%]
234U 21.6 0.75 3.48%
235U 839.4 29.72 3.54%
236U 1154.9 43.83 3.79%
238U 112,206.1 122.32 0.11%
238Pu 335.56 11.05 3.29%
239Pu 5558.1 89.25 1.61%
240Pu 1594.6 31.04 1.95%
241Pu 639.1 9.21 1.44%
242Pu 164.0 13.33 8.13%
241Am 204.9 6.15 3.00%
135Xe 0.03 < 0.01 0.51%
135I 0.02 < 0.01 0.56%
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Figure 7.14: Convergence of k∞ and 235U mass uncertainties due to the nuclear data
uncertainty as a function of the number of samples for simulation using SCALE with the
Sampler module.
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6.2 with a 56-group covariance library was used to obtain nuclear data-related uncertainty

in the isotopic composition of the fuel salt. Uncertainties in the input nuclear data (cross

sections, fission yields, decay constants) are propagated throughout all steps of the trans-

port/depletion sequence, including self-shielding, space-energy flux calculation, and isotope

transmutation.

The stochastic errors in isotopic masses are below 0.067% for 7.5 million neutron histories

(total neutron flux relative stochastic error < 0.01%). Therefore, it is unnecessary to consider

the accumulation of the stochastic error for the fuel depletion in the TAP reactor considered

in this dissertation. Finally, the stochastic error in the isotopic inventory could be reduced

to almost zero by increasing the number of neutron histories, but it is impractical due to

the sublinear convergence rate of the Monte Carlo method (O(
√
N)).

On the other hand, the computed errors in the isotopic inventory due to the nuclear data

uncertainties are a few orders of magnitude larger and cannot be ignored. The nuclear data-

related errors are in the range from 1% to 2% for the masses of 239Pu, 240Pu, and 241Pu,

and about 3-8% for 234U, 235U, 236U, 238Pu, 242Pu, and 241Am. Finally, the mass uncertainty

for the selected FPs (135Xe and 135I), which are the subject of interest of the current work,

is below 0.6%. Overall, the principal source of uncertainty in depletion calculations arises

from to the nuclear data covariances.

Finally, this chapter demonstrated that the standard deviation in the multiplication factor

due to the nuclear data uncertainty ranges from 804 to 469 pcm, while the stochastic error

is only about 30 pcm. Overall, to accurately capture the isotopic inventory evolution for the

TAP concept using SaltProc v1.0 with Serpent Monte Carlo code, it is unnecessary to waste

a vast computational power to simulate 107 − 109 neutron histories per each depletion step

because the impact of the stochastic errors in neutron fluxes is negligible compared with the

nuclear data-related errors.

186



Chapter 8

Conclusions and future work

8.1 General Conclusions

Liquid-fueled nuclear reactors offer several advantages over their traditional solid-fueled

counterparts, which makes them a promising option for nuclear fuel cycle closure while

offering improved inherent safety. Simulating such systems presents a challenge because ex-

isting reactor physics software for fuel burnup historically has been developed for traditional,

solid-fueled reactors.

This work demonstrated a flexible, open-source tool, SaltProc, for simulating fuel deple-

tion in a wide range of circulating-fuel (e.g., liquid fuel circulating throughout the primary

loop) nuclear reactors that takes into account unique features of such systems: online fuel

reprocessing and refueling. SaltProc extends the continuous-energy Monte Carlo burnup

calculation code, Serpent 2, for the simulation of material isotopic evolution in any nuclear

reactors with circulating, liquid fuel with the main focus on the liquid-fueled MSRs. This

work demonstrates a clear contribution to the nuclear engineering community by providing

a tool for fuel depletion calculations in any generic nuclear system with circulating fuel.

The need for this work has been shown by a summary of the current state of the art of

MSR depletion simulator capabilities. The literature review in Chapter 1 concluded that

most MSR depletion simulators typically assume ideal (rather than realistically constrained)

poison removal rates for the nuclear system performance modeling. Moreover, most of the

simulators assumed constant extraction efficiency vectors, which must be determined by the

user in the input file and cannot be a function of other parameters. SaltProc is capable of
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modeling the peculiarities of MSRs, namely: complex, multi-component reprocessing system

structure and realistic extraction efficiency of fission product described as a function of many

parameters. Furthermore, SaltProc can maintain reactor criticality by adjusting the reactor

core geometry. In addition to fundamental simulation capabilities, SaltProc has a scalable

design and allows the development of additional advanced capabilities in the future.

I demonstrated SaltProc for lifetime-long full-power operation for two perspective MSR

designs: MSBR and TAP MSR. The MSBR analysis illuminated the simplified depletion

of the fuel salt for 60 years of full-power operation with ideal fission product extraction

efficiency (e.g., 100% of target poison is being removed). The online fission product removal

with 100% efficiency and fresh fuel feed allowed the MSBR to operate at full-power for an

extremely long time with effective fuel utilization due to exceptionally low parasitic neutron

absorption. The obtained results are validated with published modeling efforts by ORNL

[15].

Validation simulations for the TAP MSR have demonstrated the SaltProc capability

to model reactors with adjustable moderator configuration. Results for a realistic multi-

component model of the fuel salt reprocessing system with assumed ideal removal efficiency

are validated with full-core TAP depletion analysis by Betzler et al. [17]. In the realistic

reprocessing system with non-ideal removal, the fuel salt composition is strongly influenced

by the neutron spectrum hardening due to presence of neutron poisons (e.g., 135Xe) in the

core. Thus, more effective noble gas extraction efficiency significantly reduced neutron loss

due to parasitic absorption, which led to better fuel utilization and extended core lifetime.

I also used SaltProc to perform short-term depletion analysis with power maneuvering in

the P ∈ [0,100%] range to investigate load-following capability in the TAP MSR and MSBR

designs. Online gaseous fission product removal significantly improved the load-following

capability of the MSBR by reducing the reactivity worth of xenon poisoning from −1457 pcm

to −189 pcm. I observed a negligible effect of xenon poisoning in the TAP MSR because its

neutron energy spectrum is relatively hard even for the most thermal core configuration (all
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moderator rods are inserted). Thus, the TAP MSR can effectively load-follow even without

continuous gas removal.

Once fuel salt composition evolution was obtained for various MSR designs and power lev-

els, I analyzed a major safety and operational parameters at different moments during opera-

tion. Specifically, changes in temperature and void coefficients of reactivity and total control

rod worth were evaluated for the TAP concept and MSBR for two timeframes: lifetime-long

full-power operation and short-term load-following transient. On a long-timescale, the safety

parameters worsened during full-time operation for both considered reactor designs due to a

significant spectral shift. For the load-following transient, the combination of fuel and mod-

erator temperature coefficient remained strongly negative throughout the transient for both

reactors. Notably, the MSBR safety benefited from continuous fission gas removal, while

the TAP MSR safety and operational parameters remained stable due to its harder spec-

trum. Unfortunately, the total control rod worth was insufficient to shut down the MSBR

due to a considerable reactivity swing during the load-following transient. Thus, the reac-

tivity control system of the MSBR must be redesigned to ensure safe power maneuvering.

Finally, for scientific reproducibility, HDF5 databases generated with SaltProc in this work

are published in Illinois Data Bank [91].

The current work also demonstrated a simple uncertainty propagation via Monte Carlo de-

pletion calculations. I evaluated the uncertainty of predicted isotopic composition separately

from two primary sources: stochastic error from the transport problem solution and mea-

surement error in the nuclear data library. Nuclear data-related uncertainty in the isotopic

masses is approximately 0.5-8% and varies widely from isotope to isotope due to widespread

in the nuclear data covariances. The stochastic errors in isotopic masses are below 0.07%

for a reasonable number of neutron histories (7.5 × 106). Fundamentally, we do not need

to waste a substantial computational power to simulate a large number of neutron histories

per each depletion step because the nuclear data-related uncertainty is dominating over the

stochastic error.
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Furthermore, the nuclear data-related uncertainty in the depletion calculations can be

significantly improved by reducing cross section covariance of 6Li, 7Li, and 19F, which are

broadly used in the MSRs. The nuclear data for those isotopes were not measured accurately

because lithium and fluorine rarely appear in conventional LWRs core. To further develop

the MSR concepts, 6Li, 7Li, and 19F cross sections must be thoroughly remeasured with

improved uncertainty to reduce the nuclear-data related error in a neutronic calculations.

8.2 Suggested Future Work

Continued research into SaltProc-Serpent and related topics could progress in many different

directions. First of all, other liquid-fueled MSR designs with on-site fuel salt reprocessing

system should be modeled using SaltProc to improve the cross-code validation portfolio.

For example, SaltProc can be validated with a recently published effort for the Chinese

Single-fluid Double-zone Thorium Molten Salt Reactor (SD-TMSR) [5].

Next, optimization of reprocessing parameters (e.g., time step, feeding rate, removal rate

for various fission product groups) could establish the best fuel utilization, breeding ratio,

or safety characteristics for various designs. This might be performed with a parameter

sweeping outer loop, which would change an input parameter by a small increment, run the

simulation, and analyze output to determine optimal configuration. Alternatively, the exist-

ing RAVEN optimization framework [3] might be employed for such optimization studies.

Only the simple power drop-and-restart transient with a coarse time resolution has been

considered in this work to investigate the load-following capabilities of liquid-fueled MSRs.

Additional analyses should include realistic power load profiles with 15-minute or even 5-

minute time resolution. The existing capabilities of SaltProc allow modeling of smart gas

separation regulation during transient by adjusting, for example, the helium bubble sizes in

the sparger. The scientific community would benefit enormously from standardized deple-

tion analysis during the load-following operation for various liquid-fueled reactors, including
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exotic liquid metal fuel reactor designs.

Only the batch-wise online reprocessing approach has been treated in this work. However,

Serpent 2 was recently extended for continuous online fuel reprocessing simulation [6]. This

extension could be employed for immediate removal of fission product gases (e.g., Xe, Kr),

which have a strong negative impact on core lifetime and breeding efficiency. Thus, using

the built-in Serpent 2 Monte Carlo code online reprocessing & refueling material burnup

routine would significantly speed up computer-intensive full-core depletion simulations.

Additional physical models for fission product extraction efficiency will enrich the capa-

bilities of SaltProc.
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Appendix A: Reconfigurable
moderator in TAP core

Table A.1: Geometric details for the full-core 3D model of the TAP with various
moderator rod assemblies configurations.

Case Number of ZrH1.66 SVF Moderator-to-
rods in the quarter
core

fuel ratio

1 (BOL) 347 0.917204 0.09027
2 406 0.903126 0.10727
3 427 0.898115 0.11344
4 505 0.879503 0.13700
5 576 0.862563 0.15933
6 633 0.848962 0.17791
7 681 0.837509 0.19402
8 840 0.799571 0.25067
9 880 0.790026 0.26578
10 900 0.785254 0.27347
11 988 0.764257 0.30846
12 1126 0.731329 0.36737
13 1338 0.680744 0.46898
14 1498 0.642567 0.55626
15 (EOL) 1668 0.602004 0.66112
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Figure A.1: An XY section of the TAP model at horizontal midplane for the first six years
of operation (excluding startup moderator rods configuration) with the SVF between 0.91
and 0.84. The number in the top-right corner of each figure indicates the number of
moderator rods in the case.
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Figure A.2: An XY section of the TAP model at horizontal midplane the SVF between 0.8
and 0.6. The number in the top-right corner of each figure indicates the number of
moderator rods in the case. 206
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