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Abstract

The Molten Salt Fast Reactor (MSFR) is a proposed generation-IV nuclear reactor with in-
creased safety and sustainability aspects. To assess MSFR’s performance a new burnup tool
was developed to model nuclide transformation in the fuel region taking into account online
refueling and reprocessing. The adopted volume lumped parameter model assumes the fuel is
homogeneously mixed for all times and models online reprocessing due to helium bubbling and
offline reprocessing of lanthanides by introducing an effective decay rate for nuclides concerned.
The results show good agreement with those obtained by Politecnico di Milano (POLIMI), but
also show substantial differences with those obtained by Laboratoire de Physique Subatomique
et de Cosmologie (LPSC), especially in the 2*U concentration, due to adoption of another cross
section library. After 200 years of operation, the reactor reaches an equilibrium condition which
requires 1.1-10% kg per year of 2*Th and 61 kg per year of 233U. Different offline lanthanide re-
processing rates influence the required fissile material feed and switching between one refueling
rate and another can be accomplished with a step function by changing the offline lanthanide
reprocessing rate, which was varied between 20 and 60 liters per day. Nuclear waste from the
MSFR exists of reprocessed fission products that are slightly more radiotoxic than those of a
PWR and are not influenced by the offline lanthanide reprocessing rate in the investigated do-
main. After approximately 300 years, MSFR’s waste is as radiotoxic as the equivalent amount
of uranium ore needed to generate the same amount of energy in a PWR. Concerning safety, the
temperature coefficient of reactivity is strongly negative throughout operation, starting at -6.95
pem /K for fresh fuel and rising a little to -5.27 pem/K at equilibrium. The effective delayed
neutron fraction is lowered in comparison with the delayed neutron fraction due to precursor
decay in the external circuit (290 pcm versus 310 pem). If cooling of the fuel fails, the predicted
rapid temperature increase solely due to decay heat requires a passive safety system, based on
a freeze plug, to drain the core within 11 minutes. Unless the melting time of 15 minutes can
be greatly reduced, a mechanical valve should be considered to close and open the drainage
system.
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Chapter 1

Introduction

People’s objections to nuclear energy are mainly induced by the longevity of nuclear waste
and the possibility of accidents similar to Fuskushima (Japan, 2011) or Chernobyl (USSR,
1986). To accommodate the world’s rising demand for an affordable and a sustainable supply
of electricity, as well as to effectively address these concerns, thirteen countries and institutions
collaborate in the Generation-IV International Forum (GIF-IV) to lay the groundwork for the
next generation of nuclear energy systems, which will outperform current designs in terms of
sustainability, non-proliferation, use of resources, safety and waste management. The Molten
Salt Fast Reactor (MSFR), one of six selected candidates'”), is a radical new design compared
to traditional Light Water Reactors (LWRs) and promises extensive (passive) safety features
as well as waste reduction due to adoption of the thorium fuel cycle combined with fuel in a
liquid form.

1.1 Thorium Fuel Cycle

A reactor utilizing the thorium fuel cycle, like the MSFR, converts thorium to uranium and is
called a ‘converter reactor’ or a ‘breeder reactor’ if producing even more than what it consumes.
Thorium is approximately three to four times more abundant than uranium and is found in
many countries as an easily exploitable resourcel®. In this fuel cycle, the fertile 2*2Th is
converted into fissile 223U in three steps: first ?32Th absorbs a neutron to become 2*3Th, which
decays by two subsequent beta emissions via protactinium to 23*U. 2*3Th has a very short half
life of t1/5 = 22.3 min, but ***Pa has a half life of 27 days, allowing for considerable parasitic
neutron capture reactions (***Pa captures a neutron to become ?3*Pa, which decays by beta
emission to 231U, a non-fissile nuclide contaminating the fuel). Another important type of
reaction is the (n,2n) reaction on ?**Pa and #**U, which both result in 232U. This uranium
isotope yields strong gamma emitters in its decay chain (mainly 2°®T1), making the fuel harder
to handle and reprocess, but also more proliferation resistant. Figure 1.1 gives a summary of
the 233U production routes and some associated reactions. Achieving net production of 233U
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Figure 1.1: Production paths of fissile 233U, fuel contaminating 23U and two possible
paths of the strong gamma emitter 23?U,.

is difficult, because on average only 2.5 neutrons per fission are produced of which 1 is needed
to convert ?*?Th into 23*U and 1 more to actually fission 233U. This leaves on average only 0.5

neutrons for leakage and radiative capture reactions, mainly in 23*Pa, fission products and also
. 233
in “°U.

1.2 From the 1940s to current days

To use a liquid fuel containing thorium as fertile material in a nuclear reactor was pioneered
at Oak Ridge National Laboratory (ORNL, Tennessee, United States) from the late 1940s to
end of the 1960s; at first as part of America’s ‘Aircraft Nuclear Propulsion program’ and in a
later stadium for civilian purposes as well. The first experiments to establish the feasibility of
molten salts as fuel for nuclear reactors, indicated salts based on fluorides are most suitable?9:

The fluorides appeared particularly appropriate because they have high solubility
for uranium, are among the most stable of chemical compounds, have very low vapor
pressure even at red heat, have reasonably good heat transfer properties, are not
damaged by radiation, do not react violently with air or water, and are inert to
some common structural metals.

These salts subsequently became the focal point of research into liquid fuels. The first step was
to study nuclear stability of the circulating fuel system by constructing the ‘Aircraft Reactor
Experiment’ (ARE), a small nuclear reactor of 2.5 MWy, to power (military) aircraft. In 1954,
ARE became critical and operated in a stable and self-regulating manner for nine days without

M.Sc. Thesis 6



CHAPTER 1. INTRODUCTION

Figure 1.2: The ARE building at Oak
Ridge National Laboratory was first
used for the Aircraft Reactor Experi-
ment and later for the Molten Salt Re- Figure 1.3: Construction of ORNL’s
actor Experiment. Molten Salt Reactor Experiment.

mechanical or chemical problems. In 1956 research into civilian power applications began. At
the time, graphite moderated thermal reactors seemed most promising, mainly because breeding
ratios of resonance spectrum reactors were expected to be lower. The efforts culminated in the
design and construction of the ‘Molten Salt Reactor Experiment’ (MSRE), a 8 MWy, graphite
moderated reactor at ORNL, reaching criticality in 1965. Although the MSRE resembled in its
engineering features a converter reactor, it did not use thorium (the fuel mixture was comprised
of uranium, lithium, beryllium and zirconium fluorides). The MSRE-program ended in 1969
and proved viability of reactors based on molten salt!?.

The end of the MSRE-program marked the end of ORNL’s research program concerning
Molten Salt Reactors and not much has been done since. At the time, a rapid expansion of nu-
clear energy, combined with thought-to-be limited uranium reserves, made a high breeding ratio
top priority. The MSR lost competition to the Liquid Metal Fast Breeder Reactor (LMFBR)
which, operating on a ?**U - 23°Pu mixture has a higher breeding ratio, due to more neutron
production per fission and less loss of neutrons due to parasitic capture?®.

However, uranium reserves are more plentiful than was anticipated and electricity demand
did not increase as much. These days, breeding is still a desirable characteristic, but is not as
indispensable as in the 1960s and as such, Molten Salt Reactors have regained interest and are
now topic of investigation world wide. The Chinese have initiated a 350 million dollar program
at the Shanghai Institute of Nuclear and Applied Physics to build a 2 MWy, demonstration
plant, based on the MSRE, by 2020 and then scale it up to commercial size'l. EU’s 1.86
million Euro ‘Evaluation and Viability of Liquid Fuel Fast Reactor Systems’ (EVOL) - project,
of which this work is a part, aims to demonstrate the Molten Salt Fast Reactor, a modern variant
of the MSRE without graphite moderator and using an epithermal neutron spectrum, meets
the generation-1V requirements of sustainability, non-proliferation, use of resources, safety and
waste management 27

7 M.Sc. Thesis



1.3. ADVANTAGES AND DISADVANTAGES OF THE MOLTEN SALT FAST REACTOR

1.3 Advantages and disadvantages of the Molten Salt

Fast Reactor

As discussed, requirements for generation-IV nuclear energy systems range from sustainability
to non-proliferation and from economics to safety. Advantages unique to the Molten Salt (Fast)
Reactor (MSFR) indicate the concept is a good candidate indeed. For instance, its epithermal
neutron spectrum let the reactor accept any mixture of higher actinides as fuel, enabling the
MSFR to ‘burn’ existing waste stocks and due to adoption of the thorium fuel cycle, the reactor
also generates very little of them. From the safety point of view, its

1.

large negative temperature feedback of around -7 pcm/K at startup and -5 pem/K at
equilibrium (see chapter 4 on ‘Results’) ensures stability and quick dampening of power
excursions;

online fuel reprocessing capabilities decrease the amount of decay heat present after shut
down;

online refueling requires the reactor to run on little excess reactivity, decreasing the pos-
sibility of a recriticality accident after shut down;

molten salt lets the reactor operate at atmospheric pressure, compared to 155 bar for
modern Pressurized Water Reactors;

freeze plug in the bottom of the reactor core, composed of solidified fuel salt, will liquefy
when its cooling fails (for instance due to a power outage), and the fuel salt is then pas-
sively drained by gravity in specially designed drainage tanks, which are very unfavorable
to nuclear chain reactions and are easy to cool;

Unfortunately, there are also some disadvantages unique to Molten Salt Reactors. These
include:

1.

fission of 233U creates less delayed neutrons, imperative to reactor control, than fission of
2357 (but more than 2*Pu);

2. the number of available delayed neutrons is further diminished by fuel flow, which causes

precursors to decay outside the core where they are of no use to reactor control;

online reprocessing forms an extra route for creating a nuclear explosive device as pro-
tactinium can be separated from the fuel to decay outside the core to 23*U. However,
in order to successfully built and operate the MSFR, the uranium fuel cycle needs to
be understood and implemented first, as the MSFR can only be started by using fissile
material from that cycle. If a country has intentions of developing a nuclear weapon, the
logical course of action would be to utilize the uranium fuel cycle and not this new route.

M.Sc. Thesis 8



CHAPTER 1. INTRODUCTION

1.4 EVOL’s MSFR Reference Configuration

All EVOL-partners® use the same Reference Configuration of the MSFR, from hereon referred
to as the ‘Reference Configuration’, describing an initial fuel composition (with associated
characteristics), a reprocessing scheme and a simplified, axially symmetric geometry making
an adequate comparison of all partners’ results possible. It can be found in Appendix A. This
section is a description of the reactor itself as outlined in that Reference Configuration.

1.4.1 Reactor design

Figures 1.4 and 1.5 display the 3D and 2D reactor geometries. The 3D geometry incorporates
16 pipes of about 30 cm in diameter through which the salt flows in and out of the core. The
research object of this thesis is the 2D simplified (axially symmetric) version that differs mainly
from the 3D geometry in modeling of the pipes, which are not individually accounted for and
in the absence of drainage tanks (visible in purple). The 2D version consists of four different
materials, fuel (yellow), fertile blanket (red), neutron absorber (blue) and structural material
(green and white). The fuel salt volume is 18 m? and is distributed equally between the core
and the external circuit (or out-of-core-region), i.e. pipes, heat exchangers, pumps and other
systems.

Fission takes place mainly in the core-region surrounded by a reflector of structural material
and by the fertile blanket, which increases the MSFR’s global breeding performance. The
neutron absorber protects heat exchangers and pumps against neutrons emanating from the
core and the fertile blanket. Due to precursor decay in the out-of-core region, a non-zero
neutron flux remains, however.

1.4.2 Material compositions

The Reference Configuration discerns two initial compositions. Both are made up of a LiF-
ThF,-(HN)F, mixture, but the Heavy Nuclides (HN) composition differs and consists either of
transuranic elements (TRU) coming from 60 GWd/ton waste from a PWR with plutonium as
the main element or of ?*3U. In this work only the latter composition of LiF-ThF,-UF, in a
77.5-19.985-2.515 mol% mixture is used. In the model the uranium concentration is adjusted
slightly such that the reactor is exactly critical at startup. The salt in the fertile blanket is
a LiF-ThF, mixture in a 77.5-22.5 mol% ratio and lithium is enriched to 99.999 mol% "Li in
both salts. The process of enriching lithium from 92.5% (natural) to 99.999% 7Li is based
on hazardous mercury and is at this moment only done by China and Russia, as the United
States have shut down their enrichment program at Oak Ridge National Laboratory. In a
nuclear reactor, °Li captures a neutron and forms tritium, to be avoided in the MSFR, but

aCentre National de la Recherche Scientifique, France; Karlsruher Institut flir Technologie, Germany;
Helmholtz-Zentrum Dresden-Rossendorf, Germany; Politecnico di Torino, Italy; INOPRO, France; BME In-
stitute of Nuclear Techniques, Hungary; Delft University of Technology, Netherlands
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1.4. EVOL’S MSFR REFERENCE CONFIGURATION

11475 1607.5

Core Fuel Salt

Figure 1.4: The 3D geometry, not to Figure 1.5: The 2D model geometry of
scale, with the core, fertile blanket, neu- the MSFR depicts the core- and out-

tron absorber, reflectors, drainage tanks of-core-region, the fertile blanket, struc-
and external circuit formed by pipes, tural materials, the pump and the heat
heat exchangers (IHX) and pumps. exchanger. The picture is not to scale.

Table 1.1: Atomic composition (mol%) of structural material.
Ni W Cr Mo Fe Ti C
79.432 9976 8.014 0.736 0.632 0.295 0.294

Mn Si Al B P S
0.257 0.252 0.052 0.033 0.023 0.004

also one of the components of thermonuclear warheads. Enriching lithium will thus be strictly
regulated 4,

The structural material is a nickel-based alloy designed to be able to withstand high tem-
peratures as well as high neutron fluxes and its composition is displayed in table 1.1. During
the project the structural material density is 10 g cm™ and all of its properties are assumed
to be temperature independent.

The neutron absorber is boron carbide B,C, made of natural boron (19.8 mol% °B and
80.2 mol% ''B) and has a density of 2.52016 ¢ cm ™ (independent of temperature).

M.Sc. Thesis 10



CHAPTER 1. INTRODUCTION

Table 1.2: Physicochemical properties of the fuel and fertile salt.

Property Formula Value at 700 °C  Validity Range °C
p g em™3] 4.094 — 8.82 - 10~*(T(k) — 1008) 4.1249 [620 - 850]
p [Pa - s Pg cm—3) - 5.54 - 107°exp(3689 /T x)) 1.01 - 1072 [625 - 846]
AWm™t K™Y 0.928 +8.397-107° - Tk 1.0097 [618 - 747]
C, [Jkg™ ' K] (—1.111+ 0.00278 - T(y) - 10° 1594 [594 - 634]

1.4.3 Physicochemical properties

During reactor operation, the salt is contaminated only a little with fission products (up to
some mol%) and according to the Reference Configuration, this does not impact the salt’s
physicochemical properties needed for our studies. Therefore, for both the fuel and the fertile
salt, the same characteristics apply, as measured at 78 mol% LiF - 22 mol% ThF,. These
properties are summarized in table 1.2.

11 M.Sc. Thesis
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Chapter 2

Modeling the Molten Salt Fast Reactor

2.1 Neutronics

DALTON-MSR, simply called DALTON from this point onwards, is the in-house developed
code designed to calculate the neutron flux in the MSFR by solving the time-(in)dependent
multigroup diffusion equation. Derivation of this equation is thoroughly discussed in other
works, such as in Duderstadt & Hamilton!”. The final result without external sources for G
neutron groups for the time dependent case is given in equation 2.1.

G G I
— V- DgVéy+ S0y — Y i by =Xg O (L= BvgShoy + 3 AixagiCi  (2.1)
=1

9'#g g'=1

199,
vy Ot

The first term describes the neutron flux rate of change in group ¢g and every other term
describes a contribution to this rate of change: neutron streaming, neutrons leaving group g by
absorption and scattering, neutrons scattering from other groups to group ¢, prompt neutron
production from fission and delayed neutron production from precursor decay, respectively.
Contrary to conventional nuclear reactors, MSFR’s fuel is liquid and precursors thus flow.
According to Wilcox ¥ convection diffusion equations form an adequate tool for modeling
turbulent flow of scalar quantities, such as precursors. Equation 2.2 is the convection diffusion
equation characterizing precursor time evolution and table 2.1 includes a summary of all used
quantities.

oC;
ot

G
+ V- (Ca) = V- Doy VCi = ;> vElo, — NG (2.2)

g=1

However, for depletion analysis, it is not practical, nor necessary to actually calculate time
dependent behavior in such a detailed fashion. An alternative is to consider the steady-state

13



2.1. NEUTRONICS

Table 2.1: Overview of quantities used in the time-dependent and steady state multigroup
diffusion equation as well as in the time-dependent and steady-state equations describing
precursor transport.

Quantity Explanation

Uy neutron speed in group ¢ [cm s}
by neutron flux in group g [em=2 s7!]
D, effective neutron diffusion constant of group g (= 1/3%]) [cm]
DA macroscopic removal constant of group g [em™!]
E;, g macroscopic scattering cross section from group ¢’ to group g [cm_l]
Xy fraction of prompt neutrons produced in group g due to fission
B total fraction of delayed neutrons
Vg average number of neutrons produced due to fission induced by a neutron from group g
Efgc macroscopic fission cross section of group ¢ [cm™]
i decay constant of precursors in precursor group i [s!]
Xd,g,i fraction of delayed neutrons produced in group ¢ due to precursor decay in precursor group i
C; number of precursors in precursor group i [cm™?]
u velocity vector [cm s7!]
D.s;  effective (turbulent) diffusion constant [cm? s™]
Bi fraction of delayed neutrons in group

diffusion equation, as given in equation 2.3.

G G I
=V - DyVo, + E;¢g - Z Z;’—>g¢g’ = %Xg Z(l - B)Vg’zgf¢g’ + Z AiXd,g,iCi (2.3)

9'#g g'=1 =1
where k is the multiplication factor. The eigenvalue k adjusts the magnitude of the fission
source, such that this equation always has a solution. k£ = 1 corresponds to a situation in which
loss and production of neutrons in all groups g are balanced such that the flux corresponds to
the true solution for longer times, while £ < 1 or £ > 1 indicate neutron production is either

lower or higher than neutron loss.

The steady-state precursor convection diffusion equation is part of the same problem and is
an eigenvalue problem with the same 1/k scaling of the fission source term (see equation 2.4).

G
1
V- (C) =V Doy V0 = - > vElg, — NG (2.4)
g=1

Again, terms describe convection of precursors, (turbulent) diffusion of precursors, a source of
precursors due to fission and a sink due to decay, respectively. Each quantity in equations 2.1
through 2.4 is explained in table 2.1.

Duderstadt and Hamilton[”! also discuss three important assumptions forming the basis for
(multigroup) diffusion theory: the angular neutron flux depends only weakly on angle, i.e. the

M.Sc. Thesis 14



CHAPTER 2. MODELING THE MOLTEN SALT FAST REACTOR

angular flux is only linearly anisotropic, neutron sources are isotropic and the rate of time
variation of the neutron current density is much slower than the collision frequency. Therefore,
the diffusion approximation breaks down near boundaries, where material properties change
dramatically, near localized sources and in strongly absorbing media.

In the Reference Configuration there are no sources and the only strongly absorbing medium
is located behind the fertile blanket to protect heat exchangers against neutrons emanating from
the core. Because of the presence of this blanket only a very small fraction of neutrons reaches
the absorber, which has therefore very little influence on the flux in the core. Material properties
do differ in the fertile blanket and in the core, where the presence of fissile uranium causes a
relatively high absorption cross section. However, Erik van der Linden®® shows the difference
between transport and diffusion theory is very small in the current design. The multigroup
diffusion equation is thus a good description of MSFR neutronics.

2.2 Flow and Turbulence

Correctly modeling fuel flow will increase validity of the temperature distribution in the core,
which influences cross sections and also allows for correctly solving precursor densities across
the core. Erik van der Linden[®® describes modeling of MSFR’s turbulent flow (in the core,
Reynolds number is about Re = pvD/u ~ 2.5 - 10°) in detail and because this part of the
MSFR model has almost not changed since then, only a short summary is given here.

The most accurate, but computationally infeasible method would be to solve the Navier-
Stokes equations in full, using Direct Numerical Simulation (DNS). Erik van der Linden chose to
use Reynolds Averaged Navier-Stokes (RANS) equations with Boussinesq’s closure hypothesis
and the standard k& — e model instead, due to expected implementation time and computational
power needs.

The RANS methodology describes the flow in a macroscopic or statistical manner by split-
ting every quantity in a mean and a fluctuating part and then averaging over a time ensemble.
For instance, u = @ + u’ where u,  and u’ are the actual, mean and fluctuating velocity,
respectively. Boussinesq’s closure hypothesis assumes Reynolds stresses —ppuy’ - uj’ are pro-
portional to the mean rate of deformation. For an incompressible flow, the RANS equations
with Boussinesq’s closure hypothesis are stated in equation 2.5, as discussed in Versteeg and
Malalasekeral” and table 2.2 gives an explanation of each quantity and term.

pF%l: +pp(i-V)i=-V- <I51 + §ka1) +V- [t ) (Va+ (V) )] +£, (25)

Temperature induced density differences cause a variable gravitational pull on the fluid through-
out the reactor (buoyancy effects), resulting in a spatially dependent body force term in equation
2.5, modeled using a first order Taylor expansion of the density.

15 M.Sc. Thesis



2.2. FLOW AND TURBULENCE

Table 2.2: Overview of quantities used in the RANS equations and the k-¢ model.

Quantity Explanation Unit

PF fluid density (kg m~J]

a Reynolds average velocity [m s71]
D Reynolds averaged pressure [Pal

k turbulent kinetic energy per unit mass [J kg™!]

1 dynamic viscosity of the fluid [Pa - s]

L eddy viscosity or turbulent viscosity [Pa - s]

f, body force, i.e. gravity [N m~3]
pr2 momentum rate of change kg m~2 s72]
pr(a-V)a convection of momentum kg m~2 s72]
—V - (pI + 2pFkI) pressure (isotropic stresses) kg m™2 s72]
V- [(p+ ) (Va+ (Va)?)]  diffusion and turbulent mixing kg m=2 s72]
€ dissipation of turbulent kinetic energy [J kg™ s7!]
O turbulent Prandtl number -

O turbulent Prandtl number -

C; model constants -

Py, P, rate of production [J m™3 s71]

Two yet undefined quantities, eddy viscosity and turbulent kinetic energy per unit mass,
have entered equation 2.5 as a result of Boussinesq’s closure hypothesis and require an extra
model. The standard k — € model is most widely used and validated, according to Versteeg and
Malalasekeral®”. In this model, eddy viscosity is expressed in the large-eddy velocity scale V
and large-eddy length scale £, which are in there turn expressed in k, turbulent kinetic energy
per unit mass, and €, dissipation of turbulent kinetic energy, as shown in equation 2.6.

3/2 12
Y = k12 L= — pe = CuprVL = Cupp? (2.6)

€

The k — € model also describes transport of k and € as shown in equation 2.7. Used quantities
are tabulated in table 2.2.

Ok
prop +orV - (k) = V- Klﬁgﬂ) Vk] + Py + P, — pre (2.7)
k

; 2
pF(‘?_; +prpV - () =V - [(,u + %) Ve} + Od%[Pk + Cesmax(B, 0)] — Oe?IOF% (2.8)

The scalar quantity ‘thermal energy’, very closely linked to the temperature, is calculated
using the convection diffusion equation 2.9 with the flow field resulting from equation 2.5. The
terms describe rate of change, convection, turbulent diffusion and a source term, respectively.

M.Sc. Thesis 16



CHAPTER 2. MODELING THE MOLTEN SALT FAST REACTOR

Table 2.3: Overview of quantities used in the convection diffusion equation for tempera-
ture

Quantity Explanation Unit

PF fluid density kg m™J]

cp specific heat capacity [J kg™t K71
T temperature K]

u Reynolds average velocity [m s7!]

At thermal conductivity [JK ' m™t s
L eddy viscosity or turbulent viscosity [Pa - s

Pry turbulent Prandtl number (= 0.85) -]

pFCP% thermal energy rate of change [Jm™3 s71]
prcpV - (T1) convection of thermal energy [Jm™3 s
V- [(AT +cp -P'“—;t) vT ] thermal energy transport by turbulent diffusion [J m™3 s71]
P production of thermal energy [Jm™3 s71]

Table 2.3 presents an overview of relevant quantities.

oT
PFCp—— + ,OFCPV : (Tl_l) =V /\T + Cpﬂ VT |+ P (29)
3t PT’t

The k-¢ model is reported*”) to perform poorly in, among other cases, flows with strongly
curved boundary layers or swirling flows, such as exist in the MSFR core, and in fully developed
flows in non-circular ducts, like the entrance of the core. However, this probably does not
influence results much due to the fact that the precise temperature distribution is less important
to burnup.

2.3 Burnup

In a traditional LWR, the fuel is stationary and burnup is a space dependent problem. In the
MSFR however, by considering the flowing fuel homogeneously mixed for all times, the problem
simplifies to burnup in a single point, at the cost of finding representative cross sections and a
flux for the entire fuel region. Homogeneously mixed means the density of a nuclide (mol cm™3)
relative to the density of another nuclide does not depend on space. This important assumption
is more closely looked at in subsection 3.6.3 on page 44, but is warranted due to the highly
turbulent flow (Reynolds number is approximately 10°), short fuel cycle time of 4 seconds and
relative slow change of the nuclide density in time). This section discusses the adopted ‘volume-
lumped parameter model” and its derivation, starting with modifying the Bateman equations,
which describe burnup in stationary fuel, by considering time dependence of nuclide densities
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2.3. BURNUP

Table 2.4: Description of each physical quantity in the burnup model.

N;(r,t) Concentration of nuclide i at position r [mol cm ™3]
NY(t) Average concentration of nuclide i in the core mol cm ]
gj

[
~i(r,E;t) Microscopic transmutation cross section of nuclide j to nuclide i [barnfl]

[

[

o(r,Et) Scalar neutron flux at position r, energy E and time t barn~! s7! eV™!]
Ai Decay constant of nuclide ¢ s71]

bj_i Branching ratio of nuclide j to nuclide ¢

w,(r,t) Nuclide velocity vector at position r and time ¢ [cm s71]

p(r) Fuel salt density at position r [g em ™3]

and then volume averaging over the entire fuel region. During the last step, final definitions for
cross sections and fluxes are developed. Equation 2.10 describes nuclide 7’s local concentration
rate of change. Different physical quantities and their meaning are given in table 2.4.

8]\7@-(1', t)
T + V- (ui<r7 t)Nz(ra t)) = ; p dEUj—>i<r7 E7 t)Qb(I', E> t)Nj(ra t)
-3 / dEoi,(r, B, )6(r, B, ) Ni(r, ) (2.10)
i#i P
+ Z bj—>i/\j . Nj(I‘, t) — )\iNi(r, t)
JFi

If the fuel is perfectly mixed, solving for the full space dependent nuclide concentrations is
not necessary. Instead, a volume averaged concentration of nuclide i is introduced, N?(t) =

% fv dV N;(r,t), which can still not be solved, due to the fact that N;(r, t) is unknown. However,
one can multiply and divide N;(r,¢) by N?(t), assume that the ratio %?tt)) only depends on
the local fuel salt density, i.e. homogeneously mixed and related to a known temperature

distribution. Equation 2.11 summarizes these statements.

NO(t) = % /V 4V Ny (r, 1)
1
Po = V/Vde(r) (2.11)
o Ni(r,t) . Ni(r,t) \ o — p(r) o
MO = TR /V AVN{r.) = Sei NI ~ EEN
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CHAPTER 2. MODELING THE MOLTEN SALT FAST REACTOR

Using these definitions and volume averaging equation 2.10 yields equation 2.12.

fvdv%ﬂaNo(u 1/dVV ( i(r t)@]\f.o(t)>:

V ot po "
Z /dV/dE—O']—m Eat)¢(r7E’t)Nzo(t>_
J#i

(2.12)
ZV/ dV/dE%Ui—m'(r?E’t)gb(r?E’t)Ni0<t>+

S o /dvp biyi\s NO()—V/VdV@)\iNf(t)

i Po

The last step consists of rearranging terms, as well as multiplying and dividing by
fv [n ¢ g (v, B, t)dEdV which leads to the final form of the volume lumped parameter model of
burnup adopted for this project (see equation 2.13).

a 0
N s o )= S o) - 60 - NG

i# 7 (2.13)
+) bk Nj(r,t) = A - NP () + Fi(t)NJ(t) — Ri(t)NY(1)
i#i

where,

—— [, dV [, dE$(x,E,t)

o(t) = -
oisi(t) = V- [,dV [, dEp(r)d(r, E,t)o;i(r, E,t)
: [ dVp(x) [ dV [, dE(r, E.t) 2.1
Afff = >\i

fs dSp(r)ui(r, t)

A S 177ES

F;(t) and R;(t) represent feeding and reprocessing and comes in the equation by means
of the second term of equation 2.12, because this term represents net flow across the reactor
boundary (see equation 2.15). Only at the boundary, the nuclide velocity u;(r, ¢) is not equal to
the fuel salt’s velocity, due to the fact that the boundary is permeable for reprocessed nuclides
as well as for fed nuclides, but not for other nuclides (then u;(r,?) = 0 at the boundary). The
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2.4. RADIOTOXICITY

‘velocity’ with which nuclides flow through the boundary is a free parameter and the feeding
and reprocessing rates can thus be chosen at will.

Ve 1 Ao nP Do) L NP
fv va(r)V/Vdvv ( oA ) Po i (t)) fV dV p(r) /SdSp( Jui(r, )N (1)
= (Ri(t) — Fy(t)) N7 (t)

(2.15)

2.4 Radiotoxicity

Waste from nuclear reactors emits ionizing radiation that is detrimental to human health be-
cause it can break molecular bonds of biological molecules and damage DNA, possibly leading
to cancer. A brief overview of radiotoxicity and relevant vocabulary is given here and a full
description can be found in other works, such as®. In this project, only stochastic effects due
to relatively low doses are considered and not immediate deterministic effects such as radiation
sickness resulting from a large dose. Several pathways exist through which radiation can enter
the body. The source can be external, only leading to exposure as long as it is nearby. Two
other ways are via inhalation and ingestion, and only the latter is considered here. Then, con-
trary to external exposure, the source is inside the body and radiation will continue to damage
tissue until the source has completely decayed or is secreted.

The ‘radiation dose’ is the total amount of energy per kg absorbed from ionizing radiation
by biological tissue. Radiation is traditionally subdivided into «, § and ~ radiation which are
formed by respectively helium nuclei, electrons or positrons and photons. There are, however,
more particles posing a health risk, for instance neutrons, protons and fission fragments. De-
pending on the mass, energy and charge, a dimensionless weighting factor is given to each type,
ranging from 1 for photons and electrons up to 20 for « particles, as different types of radiation
inflict different amounts of damage to biological tissue. Correcting absorbed amount of energy
(dose, measured in Grays or J/kg) for the type of radiation results in the ‘equivalent dose’
(measured in Sieverts).

Another correction takes into account differences in biological tissue as not all types of tissues
are equally vulnerable to radiation. Each organ is assigned a dimensionless weighting factor
depending on the method of intake (ingestion or inhalation), residence time and location of the
nuclide in the body, and chemical characteristics. Correcting the equivalent dose for biological
factors results in the ‘committed effective dose’ and a ‘dose coefficient’” can be calculated, which
is the total effective dose per Becquerel received by the body over 50 years time due to ingestion
of a substance.

Actinides usually form the majority of the radiotoxicity of spent nuclear fuel, due to their
high specific radiotoxicity (usually alpha emitters) and long decay chains. For actinides, these
daughter elements are included in their specific radiotoxicity. For fission products however,
only the isotope itself is considered and in order to properly evaluate the radiotoxicity of fission
products, their decay chains have to be solved for. All data, i.e. dose coefficients, are according
to ICRP 6122,
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point 2 is the exit of the
reactor, i.e. the end of

a pipe.

Figure 2.1:

2.5 Draining the core

Freeze valves were used in the MSRE to drain the fuel salt in case of an emergency into specially
designed drainage tanks®®! and consisted of flattened parts of piping in which the fuel salt was
cooled by a fan to below its melting point. It is a passive safety system, i.e. it does not require
active systems to function, because in case of a power outage, the liquid fuel on top will melt
the now uncooled solid fuel in the valve, which will eventually open. Depending on the amount
of applied cooling, the time it took to thaw the freeze valves varied from just under 15 minutes
to several hours. Figure 2.1(a) displays a freeze valve as was used in the MSRE.

In order to evaluate possible use of freeze valves in the MSFR, the time it takes to completely
drain the core is an important parameter. With a stationary mechanical energy balance® the
flow out of the reactor, driven by gravity, can be calculated, see equation 2.16,

1
1, 1, 1
0=¢m |zv] — =05 +g(21 — 22) + / ——dp| — dmeyr (2.16)

27 2 J p(p)
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2.5. DRAINING THE CORE

in which v;, z;, p(p) are the velocity, altitude and density at point i, ¢,, is the mass flow (in
kg/s) and ey, is the amount of mechanical energy per kg which is lost due to friction. In this
case, point ‘1’ is the fuel salt level and point ‘2’ is the exit, as can be seen in figure 2.1(b). The
pressure is considered to be equal to the atmospheric pressure both above the fuel level in the
reactor and at the exit, and since the pipe is small, v; = 0. The loss due to friction in a pipe
is described by equation 2.17[9.

L 1
epr = <4f5 + Kw,mt) 51}2 (2.17)

in which ‘4f” is the Fanning friction factor which can be determined with the aid of a Moody
chart, L and D are the length and diameter of the pipe and K, ;, is the total friction coefficient
due to objects such as entrances, exits, contractions and enlargements and is the sum of all
individual friction coefficients. For the entrance, K, = 0.5, for the sudden contraction (start
freeze valve), K,, = 0.45(1 — £2), for the sudden enlargement K,, = (£2 — 1)? (D2 and D1 are
the diameters downstream and upstream of the tube part respectively) and the free jet exit
has K,, = 0 for Reynolds number > 10° downstream of the tube part?*. Combining equations

2.16 and 2.17 results in equation 2.18 linking the fuel level h(t) and the geometry together to

describe the exit velocity wvs:
2gh
vy = = (2.18)
1+ 4fﬁ + Kw,tat

This then results in a differential equation describing the fuel level h as a function of time,
see equation 2.19.

_ m(t)
v(t) = \/ 29h (2.19)

1+ 4f% + Kw,tot

om

5 = ~Aep(t)o(t)

where m(t) is the residual mass still in the reactor, A; and Ay are the cross sections of the
reactor and the pipe exit and p is the fuel density which depends on temperature and thus on
time, in case of a transient. Results are shown in section 4.4 on page 62.
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Chapter 3

Computational programs

The purpose of the developed computer model is to calculate the isotopic fuel composition as
a function of time, measured in months or years, as well as various physical quantities relevant
for nuclear reactor calculations, like kqg, the neutron spectrum, /3, cross sections etc. Since all
quantities depend on time and influence each other, the system is highly coupled and therefore
each module, responsible for calculating some quantities, is run for a certain period of simulated
time, assuming results from other modules remain constant. LOWFAT is an in-house developed
code for burnup calculations and uses results from the neutronics code DALTON, CFD code
HEAT, and diverse cross section preparation modules. One run of LOWFAT, with a varying
time step, is called a ‘burnup’ step. This chapter provides a detailed overview of computational
implementation of the three sub models of chapter 2 (neutronics, CFD and burnup), and starts
with cross section development. Erik van der Linden!®® describes in detail how to obtain
a steady state flow and temperature distribution and these distributions are assumed to be
known and available. It will not be repeated here.

3.1 Cross section preparation

Input to the models consists for a large part of cross section data. In the simulations DALTON
needs macroscopic, temperature, and thus space dependent cross sections while LOWFAT needs
microscopic cross sections. Preparation of these cross sections is divided in three parts:

1. Data preparation common for both DALTON and LOWFAT entails creating libraries for
approximated geometries at homogeneous temperatures at 100K intervals;

2. Creation of a DALTON input library by the program ‘Mixer.pl’, which interpolates macro-
scopic cross sections between adjacent temperatures;

3. Creation of a LOWFAT input library by updating an existing burnup library with micro-
scopic cross sections developed by the program ‘Burnup_mixer.pl;
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3.1. CROSS SECTION PREPARATION

3.1.1 Common cross section preparation for DALTON and LOW-
FAT

Depending on the importance to neutronics and availability of data, nuclear data of 1486
isotopes is taken into account with varying accuracy. The ENDF/B-VIL.0 library contains
417 nuclides frequently used for general purpose criticality calculations in a 238 energy group
structure!'” and forms the basis for cross sections for DALTON and LOWFAT. Among these
isotopes are also specific moderators and cladding materials not used in this project. Depending
on the isotope, nuclear cross sections are on file at different temperatures (600 K, 900 K, 1200
K and 2400 K for most nuclides). In a few steps, this library is processed to obtain spatially
dependent macroscopic and microscopic cross section libraries at temperature intervals of 100 K
called ‘lib_coll_T_K for the macroscopic libraries and ‘lib_T_K’ for the microscopic ones, where
T is in the relevant domain (900 K up to 1300 K).

CSASI For all actinides in the ENDF/B library and for the main fission products, as deter-
mined by their macroscopic absorption cross section (46 isotopes turn out to be sufficient to
keep their combined macroscopic absorption cross section well above 99% of the total macro-
scopic absorption cross section), the first step is to produce five libraries (in 238 groups) called
CSAS_1ib_900_K, CSAS_lib_1000_K, ..., CSAS_lib_1300_K, in which the number represents tem-
perature, by calling SCALE 6’s CSASI routine to perform resonance shielding. The nuclides are
treated as if they were in an infinite homogeneous medium, which is the most suitable method
for ‘large masses of materials where the size of each material is large compared to the average
mean-fee path’, according to the manual*®l. This procedure is repeated every burnup step and
creates output like the example in figure 3.1.

The identity of the mentioned 46 nuclides is stored in the file ‘in AMPX’ and as they
have been selected by LOWFAT on the basis of neutron absorption, plenty of nuclides are
not accounted for. In order to take into account all other nuclides that are described in the
ENDF/B library, a lumped artificial nuclide is produced in such a way to efficiently calculate
their contribution to scattering, absorption and fission. This procedure is also described by

Tabuchi and Aoyamal®¥ and is demonstrated in equation 3.1.
> Nto}
ot = & (3.1)

7 ENk
k

where the sums run over all nuclides to be lumped k. The created nuclide is assigned identi-
fication number 99999 and is added to the CSAS_lib_T_K libraries. Microscopic cross section
data of these nuclides is obtained by one CSASI run with approximate concentrations for all
nuclides after 20 years of operation. To save computation time, changes in resonance shielding
over time are neglected for this class of nuclides. From figure 3.1 it can be seen this is only a
small approximation.
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Figure 3.1: 238 group fission cross section of ?>3U in fresh fuel and after 20 years of
operation, as determined by the CSASI routine.
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Table 3.1: Boundaries of the 11 energy groups.
Boundary Neutron energy (eV) Boundary Neutron energy (eV)

1 2.000 - 107 7 1.860 - 102
2 1.400 - 10° 8 5.200 - 10*
3 1.010 - 10° 9 3.325 - 101
4 5.730 - 10° 10 1.290 - 10!
D 7.300 - 10* 11 6.250 - 1071
6 2.290 - 103 12 1.000 - 107°

Exactly the same procedure, including resonance shielding by CSASI, is carried out for the
same nuclides, but without lumping a part of them. The result is the library CSAS_lib_ENDF,
which is only relevant for LOWFAT’s input.

XSDRNPM To calculate the scalar neutron flux and k.g with DALTON in 238 groups
requires solving for 66 x 78 x 238 = 1.2 - 10 unknowns, which is computationally impractical
(there are 66x78 spatial elements). Therefore, using an approximation to the geometry, the

238 group cross sections are collapsed into an 11 group structure displayed in table 3.1 using
XSDRNPM, which is also part of the SCALE 6 system.

XSDRNPM is a 1D transport code and computes the neutron flux for a 1D slab or cylindri-
cal geometry using a criticality calculation and then collapses fine cross sections into broader
groups, conserving reaction rates in a designated spatial region ™!

G /,, drNp(r) /G dES(E,r) = /,, drNp(r) /G dEo(E,v)6(E,r) (3.2)

in which &4 is the collapsed cross section of broad group G, Np(r) is the atomic number den-
sity and ¢(FE,r) is the weighting spectrum. XSDRNPM allows for different types of spatial
weighting and uses ‘zone’ weighting in this project to obtain a set of unique cross sections for
every designated spatial zone. Converting to a discrete multi group notation and introducing
O'Z as the fine group cross section with energy g and at position j and Wg as the weighting
function (i.e. the neutron flux [em™2 s71]), this yields the following expression:

> > oW
g = 220 (3.3)
> Y Wi

j geG
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Figure 3.2: A sketch of R1’s geometry (courtesy to Erik van der Linden).

Since XSDRNPM is a 1D transport code, the geometry is approximate. To represent the
actual 2D system, the reactor is subdivided into 28 zones and both 1D radial and axial influences
are taken into account. Cross sections are first collapsed to 54 groups using radial geometries,
of which an example is depicted in figure 3.2 and in a second stage cross sections are collapsed
with the axial geometries from 54 groups to the final 11 group structure. In this stage of cross
section preparation, this is the main difference compared to the method adopted by Erik van
der Linden%. In figure 3.3, the two radial calculations (R1 and R3), ‘R’ for ‘radial’ and index
numbers 1 and 3, are indicated, as well as the five axial ones (A1, A2, A3, A5, A6). R2 is skipped
to save computation time, just as A4 and because of the small amount of material involved, this
approximation is justified. Note it is not possible to perform R4 and A7 due to absence of fissile
material in those parts. Therefore, A1l is performed twice, the second time from 238 groups to
54 groups in order to create structural material cross section in 54 groups. These cross section
are used in subsequent calculations whenever 54 group cross sections for structural materials
are unavailable. A zone’s id-number is the radial calculation number followed by the axial
calculation number. For instance, zone 11 in the core is the combination of radial calculation
1 and axial calculation 1. Zone 21 does in principle not exist, but cross sections from zone
11 suffice. Cross sections for the right reflector are also unavailable and for that region, cross
sections from zone 12 are taken. Obviously, these are a bit off, but due to the very low total
neutron flux (1.18 - 10'? em™2 s7! in the right reflector, but 3.82 - 10'® cm™2 s7! in the core),
this does not matter.

Another module within the SCALE 6 system, ICE% converts microscopic cross section
libraries into macroscopic cross section ones:

all nuclides
Sa= Y. 04N} (3.4)

1

where ¢ is the macroscopic cross section, and N}, the atomic number density [barn™ cm™!].
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1627.5 11827.5

Figure 3.3: The MSFR geometry is subdivided into 28 different zones. Each XSDRNPM
calculation is designated with a letter standing for either ‘Radial’ or ‘Axial’ and an index
number. Each zone id-number consists of first the radial index number followed by the
axial index number. Some zones are not explicitly taken into account, for instance if the
amount of material is very small. Then, other comparable cross sections are assigned to
that region.

3.1.2 Creation of a DALTON input library

A module called ‘Mixer.pl’ transforms five zone dependent macroscopic cross section libraries
at 900 K, 1000 K, 1100 K, 1200 K and 1300 K into one library with spatially dependent cross
sections at the appropriate temperature for each element. For every element in the DALTON
mesh, Mixer.pl

1. reads the temperature of the element, which is saved in ‘T.bin’, a result of HEAT;

2. selects the two libraries closest to the actual temperature, i.e. for an element with a
temperature of 1022 K, the libraries ‘lib_coll_ 1000_K’ and ‘lib_coll_ 1100_K’ are selected
and uses macroscopic cross sections of the appropriate zone;

3. interpolates the cross sections using square root interpolation, because cross sections in
the resonance region follow approximately a square root law [*4:

S(T) = 2(T)) + woX(Th)  ws = VT - VT wi =1 —ws (3.5)

VT = VT
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3.1.3 Creation of a LOWFAT input library

LOWEFAT will eventually read an ORIGEN working library, based on the fast reactor master
library ‘ABTR’, containing among other things cross sections, decay constants, fission yields
and recoverable energy per disintegration released by radioactive decay for 1487 nuclides, in a
one group energy structure. Primary data source for the ORIGEN-S master library ABTR is
the ENDF/B-VI, while nuclides not present in this library have been obtained from the JEFF-
3/A library. Cross sections are collapsed using the neutron spectrum from the inner core of the
Advanced Burner Test Reactor at equilibrium 1.

To better represent cross sections from important nuclides, this master library is updated
with the COUPLE procedure™ using a library in SCALE6’s AMPX format. Three different
approximations to the burnup model described in section 2.3 on page 17, differing in accuracy

and computational cost, eventually lead to a set of cross sections used by LOWFAT.

Exact method The exact method is the computational implementation of equation 2.14
and computes average microscopic cross sections representative for the entire fuel region for
all nuclides in the file ‘in_ AMPX’. The first part of a specially designed program, called ‘Bur-
nup_mixer.pl’ takes computed zone dependent microscopic cross sections and applies the same
square root temperature interpolation as discussed in subsection 3.1.2. This results in space and
temperature dependent cross sections in a 11 group energy structure. DALTON has already
computed the flux distribution and the second part of the program creates the final one group
cross section by carrying out equation 3.6.

() = V- fv av fE dEp(r)o(r, E,t)o;_i(r, E,1)
S T T L ave(r) [ AV [, dE(x, E. 1)

groups  volume

>V ; Pk kg (L) 0k, g.j—i (L) AV4 (3.6)
g

groups [volume volume

Z zl: plAw Z ¢m,g(t)Avm

g

For every documented reaction, every nuclide in the file ‘in_ AMPX’ now has effective cross
sections stored in the AMPX library ‘library_burn.xs’.
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Approximated method The previous described method requires lots of computational
power and is therefore not feasible to perform for every nuclide. An approximation to equation
3.6 is to neglect spatial fuel salt density differences (p(r) =~ py) and to consider broad group
cross sections independent from space (o;_;(r, E,t) ~ 0;;(E,t)). This results in equation 3.7:

i (t) = V [,dV [, dEp(r)o(r, E, t)o;i(r, E, 1)
e f, dVp(r) [, dV [, dE¢(x, E, t)
[y dEo;i(E.t) [, dVe(r, E,t)
[ dE [, dVé(r, E,t)

groups volume

2 2 Prg()Tg mi()AV:

g k

groups volume

22 Omg(t)AVn,

g

where the number of groups is 11. This method is used for all nuclides included in the ENDF/B-
VII library but not in the ‘in AMPX’-file and the 11 group cross sections are determined with
the neutron flux in the reactor center (using XSDRNPM), while DALTON calculates the space
and energy dependent neutron flux in 11 groups. The program ‘Burnup_mixer.pl’ creates li-
braries called ‘lib_ENDF _burn_1,2 and 3’ with cross sections of the nuclides updated with the
Approximate method. Each library contains a maximum of 150 nuclides, due to restrictions
imposed by COUPLE to update the ABTR-library. This method neglects more thermal influ-
ences of the 238-group spectrum present near the reflectors and the fertile blanket and only
takes thermal contributions into consideration when using the volume averaged DALTON flux
in 11 groups to collapse to 1 group. As cross sections usually rise with decreasing neutron
energy, cross sections calculated by this method are expected to be a bit too low. In practice, it
turns out this method is a good approximation to the exact method, as determined by studying
the cross sections development methods in section 3.6.2 on page 41.

Coarse method For all other nuclides present in the ABTR library (approximately 1000
nuclides), detailed cross section information is unavailable and cross sections from the inner
core of the conceptual design of the Advanced Test Burner Reactor (ABTR) at equilibrium
are taken instead. The spectrum is fast, causing cross sections to be too low in general. The
method’s accuracy is also addressed in section 3.6.2 on page 41 and it turns out this method is
rather inaccurate.

COUPLE, part of SCALE 6, updates the ORIGEN library ABTR, with the discussed
AMPX libraries and uses a total flux normalization (as opposed to a thermal flux normalization,
frequently used for depletion analysis in Light Water Reactors).
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3.2 Neutronics

Provided with a flow field by HEAT and an input library containing nuclear data for every cell,
DALTON solves the steady-state multigroup diffusion equation with precursors (equation 2.3
together with 2.4) with the ‘power method’ as discussed by Y. Saad®!). Only the main idea
behind this method is explained here, starting with solving an eigenvalue problem in standard
form:

Az = \z (3.8)

The solution has eigenvalues \; and associated eigenvectors v; which can be ordered:
Al = As] = [As] = Ml = - = A
By successive multiplication of matrix A to an arbitrary initial vector xq, such that
x4 = Ax; = A% (3.9)

the ratio of subsequent vectors x;,; and x; will tend to the dominant eigenvalue and x;,1 to its
associated eigenvector:
lim X] =V

l—00

3.10
hm —XH_I = )\1 ( )

l—oo X

The power method also efficiently solves the multi-group diffusion equation without precursors,
which is a generalized eigenvalue problem:

Mo = %ng & kMo =F¢

G
M:—V-DV+Z”—ZZS (3.11)

g'—g
9'#g
F =¥/
In this situation, at every iteration, we want to solve the matrix equation for ¢;,:
M7'Fgy = drp1 < Fp= ¢ = M (3.12)

Precursors can be included by again scaling the total fission source with 1/k and adjusting
the neutron emission spectrum y to include precursor effects, because in the steady state, the
‘delay’ in neutron emission caused by precursors is not noticably, but precursors do change the
emission spectrum. Equation 3.13 gives the rescaling of x for the case only one material is
present.

I
X=0=B)xp+ > BiXai (3.13)
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Table 3.2: The six precursor groups with their characteristic decay time and delayed
neutron production.

i decay constant [s7!] va; x 100

1 0.0129 £ 0.0002 0.053 £+ 0.003
2 0.0311 £ 0.0005 0.197 £0.012
3 0.134 £+ 0.003 0.175 £ 0.025
4 0.331 +0.012 0.212 +£0.013
5 1.26 £ 0.12 0.047 £0.014
6 3.21 +£0.26 0.016 £ 0.006

DALTON solves the large matrix equation using the Generalized Minimal Residual Method
(GMRES) in 11 energy groups, six precursor groups and a spatial mesh of 66x78 elements. See
table 3.1 for the energy boundaries of the flux and table 3.2 for decay constants and delayed
neutron production of the precursor groups.

3.3 Computational Fluid Dynamics

HEAT is the Computational Fluid Dynamics program that solves Reynolds Averaged Navier
Stokes equations (equation 2.5), the k — ¢ model (equation 2.7) and scalar transport of tem-
perature (equation 2.9) with the finite volume method (thoroughly discussed in for instance
Versteeg and Malalasekeral®™). HEAT uses a 264 x 312 staggered grid with rectangular cells,
which becomes finer near the walls. Figure 3.4 displays part of the mesh for both HEAT and
DALTON.

Energy transport is modeled only in the fuel region and energy leaves the system solely via
the heat exchanger, modeled as a sink and occupies 36% of the out-of-core region. The Nusselt
number is determined according to the Dittus-Boelter correlation?®! and thus depends both
on the velocity profile and temperature difference. Structural materials and the fertile blanket
remain at the average core temperature. The pump is modeled as a body force and the pressure
difference amounts to approximately 27 kPa.
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Figure 3.4: The finer (staggered) HEAT mesh (264 x 312 cells), here displayed in gray, has
element boundaries exactly on top the coarser DALTON mesh (68 x 78 cells, displayed
in black) everywhere. Only a part of the mesh is displayed.

In the fertile blanket, the flow is also neglected. Heat transfer in this blanket is not modeled
and neither is heat production due to occasional fission of thorium (expected to be around
0.90MW = 0.03% of nominal power) and is assumed to be extracted by the same system that
removes fission products. 0.9 MW is little compared to the amount of decay heat present in
the reprocessing facility, which is a few per cent of nominal power.

3.4 LOWFAT and the burnup model

Assuming proper values for all constants are available, LOWFAT will calculate concentrations
for all nuclides for each burnup step by solving the coupled system of partial differential equa-
tions (equation 3.14), as discussed in section 2.3 on page 17.

8N0
Tt ) = T (et (t)
i 7 (3.14)
+ ) b AN (r ) = MNP () + Fi(t)NY(t) — Ri(t) N ()
i

3.4.1 Read data and calculate relevant quantities

Each nuclide’s concentration, cross sections, reprocessing and feeding rates need to be known
to set up system 3.14. Part of the data, including information about time, cross sections,
concentrations and kg, is stored in files and after reading it, LOWFAT prepares and adjusts
the data in the following manner:
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An overflow tank is modeled as a zero flux area to accommodate variations in the fuel salt
quantity over time due to reprocessing and feeding. Although not incorporated in the
Reference Configuration, an overflow tank will be required in a MSFR design to allow for
thermal expansion while operating or overfilling. The Molten Salt Reactor Experiment
at Oak Ridge National Laboratory (discussed in the Introduction) also featured a similar
tank?®l. Another possibility is to add a void region in the reactor core’s upper part to
accommodate fuel expansion. Advantages and disadvantages of both methods will have
to be investigated further. In this model, the overflow tank’s only function is to conserve
mass in the system, i.e. reactor and overflow tank, when the reactor alone is not large
enough to accommodate the total fuel volume that will slightly vary due to reprocessing
and feeding. To understand the effect of an overflow tank, consider the total amount of
fuel at time ¢ when it exactly equals the total mass required by equation of state in table
1.2 on page 11. At that time, equation 3.15 is valid.

Z miN;‘/;ore = p(T)‘/core (315)
=1

where, m; is nuclide’s ¢ molar mass, p is the density, T is the average temperature in the
fuel region and V is volume. After LOWFAT calculates new concentrations this condition
is in general no longer met, because of feeding and reprocessing. The new situation at
time t 4 1 is as follows:

> miNF Wagne = p(T) (Veore + AV) = p(T) Vier (3.16)

=1

where a small extra volume AV in the overflow tank is required for the extra fuel (the
density, thus temperature, is the same in the overflow tank as in the reactor). By enforcing
condition 3.15, the concentration in the reactor is such that the fuel density is the same
as is required by thermodynamic properties:

n

‘/core g N7 I
Z miN?H_l_ = ZmiNf+l‘/::0re = p(T)V;:m*e (317)
i i=1

When LOWFAT is called, it reads the concentration as it is in the core (i.e. N; for all i)
and calculates the total amount of atoms present in the core and overflow tank using the
actual volume V,,; and uses these numbers in its calculations.
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Total flux and decay heat is calculated by LOWFAT instead of by DALTON, since DAL-

TON does not have enough data to precisely calculate the magnitude of the flux. The
flux needs to be such that the total amount of power equals 3 GW throughout operation.
To this end, LOWFAT first calculates the decay heat and then uses the prompt energy
release per fission and per neutron capture to determine the flux, see equation 3.18.

Pnom - Z’Y)\,z/\zNz

(3.18)

<
I

> VkorkNE + Z Ve,i0ciNi

k€actinides

where ¢ is the total flux, P,,, is nominal power, i.e. 3 GW,,, v is the amount of
energy released per specified reaction, A; is nuclide ¢’s decay rate and o; and o, are the
fission and capture cross sections of a nuclide, respectively. Energy release data is derived
from the ENDF-B/VII library: the prompt fission energy is all recoverable fission energy
minus delayed beta and gamma energy releases. Energy releases for certain radiative
capture reactions are listed in the ORIGEN-S Data Libraries manual, while for all other
radiative capture reactions a value of 5 MeV is taken, consistent with the ORIGEN-S
methodology 1%

Reprocessed nuclides are given in the Reference Configuration and separated in two groups.

A gaseous extraction system, utilizing helium bubbling, extracts all non-soluble fission
products, i.e. some noble metals and gaseous fission products and is modeled by intro-
ducing a removal period of 71/, = 30 s for nuclides concerned (nuclides shown in blue
in figure 3.5). Also, a fraction of the salt, 40 liters per day in the nominal scenario, is
withdrawn daily, reprocessed offline to extract mainly lanthanides (shown in red), and
fed back into the core. Introduction of an effective decay rate for the relevant nuclides
models this offline extraction (with 100% efficiency, i.e. 40 liters is cleaned completely
and without removing any other nuclides than the desired ones).

35
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Figure 3.5: All nuclides reprocessed offline are shown in red, while all nuclides subject to
helium bubbling are shown in blue.

Feeding of ?*2Th and 233U into the reactor core can also be done in a continuous manner. 23?Th

is fed to ensure the amount of actinides (90 < Z < 99) relative to the amount of lithium and
fission products is kept at the eutectic point, i.e. the composition having a melting point
at a lower temperature than any other mixture with the same compounds®¥, throughout
reactor operation. Therefore, condition 3.19 must hold for all times. Z is the atomic
number of nuclide N; and fluor (Z=9) is left out, because in an ideal situation, all fluor
is bounded to actinides or fission products, i.e. there is no free fluor in the system.

t

Zwszen Ni_ g o (3.19)
D zz0 NI

Therefore, the amount of 232Th at the end of each burnup step can be estimated by taking
into account the current ratio, decay, and loss due to absorption. Equation 3.20 gives the
amount of 232Th needed at the end of each burnup step to satisfy condition 3.19. In the
following equations, the actinide id is formed by the combination 5 where : = Z — 90 and
j = Amod10 (Z is the atom number and A the mass number). The amount of 3Th,
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233Pa and 23U is thus indicated by N2, N3 and N23 respectively.

02 0.225 - 3 740 & vizno2) N - (9027299 & NiAN) N

B+ 1—0.225

(3.20)

Observing equation 3.21 describing the rate of change of °N, one can derive the feed of
232Th necessary to achieve condition 3.19.

a;OQ _ _0_22¢ N02 o )\02 N02 4 F02 N02
N02 o N02
tJrlAt t — _0_22¢ N?Z o )\02 N?Q + FO2 N?2 (321)
F02 Ng? — N?—?—l B N?Z + 0_22¢ Ng2 + )\02 N?Z

At

Note the time discretization is done explicitly and as long as time steps are sufficiently
small, this yields correct results.

The 23U feed can be estimated in a similar manner and is used to ensure criticality
(kefr = 1) at a thermal power output of 3 GW throughout operation. The method uses
a prediction of the amount of ?**U needed to have k.;; = 1, and loss due to absorption
and production of 23U due to decay of ?33Pa. Equation 3.22 gives the predicted amount
of 233U necessary to achieve k.r; = 1, everything but the ***U concentration remaining
constant.

okerr k] — K

ON T NE N

1— k!
DRI JOND

It turns out it is sufficient to evaluate 9 k¢// /9 N*3 only once at reactor startup. This
method will be more accurate when time steps are smaller, especially directly after startup
as some fission products will build up quickly. Analogue to equation 3.21, equation 3.23
describes the feed to get k¢ = 1.

— NP, = NZ? (3.22)

8N23
— _0_23¢ N23 + A13 N13 + F23N23
ot “
3.23
F23 N23 — 1— kteff N23 + 0_23¢ U23 - )\13N13 ( )
" OkeITjoNBEAL e T !

In order to force the reactor to criticality more quickly, an extra adaptive term is added
compensating for errors and approximations introduced in the derivation. To this end
the quantity kjorceq is decreased slightly if the reactor is super critical after a burnup step
and increased if sub critical, see equation 3.24:

k orced ~ keff
FENG = o j@ i N O ONE - PN (3.24)
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3.4.2 Set up coupled differential equations

Since every term in equation 3.14 contains a factor of N, the system can be rewritten in the
following format, in which A is the ‘transition matrix’:

N = AN? (3.25)

The nuclide vector N is concatenated with a ‘waste stock’ vector of length N and the matrix
A is expanded appropriately to, for every nuclide, keep track of the amount extracted from the
core and taking into account decay of this stock. For this part, exactly the same set of equations
is used as for calculating burnup in the fuel, but with the flux equal to zero and including a
source term for every waste stock opposite to the sink terms in the volume lumped parameter
model, due to reprocessing. The two parts are thus only coupled through reprocessing, i.e. the
waste stocks depend on nuclide densities in the core, but not vice versa.

3.4.3 Solve the system

The program VODE, developed by Lawrence Livermore National Laboratory, is eventually
called to actually solve the system for which it uses the fixed leading coefficient Backward
Differentiation Formula (BDF) method”). Only a very brief summary of the solver is given
here, but a full description of VODE and associated mathematical methods are given by Brown
et al.Pl and Skeel®2. The general problem is:

g=f(t,y), ylto) =vo, yeRY (3.26)

For our stiff problem, the Backward Differentiation Formula with order ¢ and variable time
step size h, (a burnup step includes many time steps) is as follows:

q
Z O iYn—i + hnyn,() =0 (327)

1=0

Coefficients «,,; depend on the size of previous time steps and a modified Newton iteration is
used to solve the non-linear system originating from this formula. After each time step an error
test is performed and the error of each component is tested to absolute and relative tolerances
provided in an input file. Depending on the result of this test, the result is passed, repeated
with a smaller time step or the order ¢ is changed. After the system has been solved, all relevant
data is written to files to be used by other modules.
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Figure 3.6: Coupling of different modules. The arrows indicate the execution sequence,
while dashed arrows only indicate transfer of information. HEAT and related arrows
are more transparent, since HEAT is part of the model, but it’s not updated during
execution.

3.5 Coupling different modules

Previous paragraphs describe the computational implementation of six different modules (gen-
eral cross section processing, cross section input for DALTON, HEAT, cross section input for
LOWFAT and LOWFAT) individually. The perl script IMP_burn.pl couples these modules such
that time dependent behavior over many months and years is modeled properly. The model
assumes a temperature profile is available for all times (it turns out the temperature profile is
independent of fuel composition since it is mostly determined by the steady state flow and total
power, while variations in the power distribution are minimal). Note that since IMP_burn.pl
only uses eigenvalue calculations to calculate the flux distribution, running DALTON in time-
dependent mode is not necessary.

Once a steady state solution has been obtained, IMP _burn.pl calculates transmutation of the
fuel by coupling different modules (see also figure 3.6 for the calling sequence and data transfer
between different modules). Using an initial fuel composition, ‘Collapse.exe’ (section 3.1.1)
creates cross section libraries forming the basis Mixer.pl, which prepares nuclear data input for
DALTON, which is called after Collapse.exe finishes (section 3.1.2). DALTON calculates the
flux distribution (section 3.2), used to further collapse the 11 group structure to 1 group and
to weight all cross sections spatially (section 3.1.3. k.s¢, also calculated by DALTON | is used
by LOWFAT (section 3.4) to calculate the ?*3U feed. The new material composition is fed into
Collapse, and the procedure is repeated as many times as desired.
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Figure 3.7: Uranium content in simula- Figure 3.8: A comparison of the flux in
tions of 11 and 22 energy groups. simulations of 11 and 22 energy groups.

3.6 Parameter studies

In this section, various aspects and assumptions of the model are investigated to test their va-
lidity and impact on the model. Different burnup steps have been tested and further decreasing
the burnup step does not yield different results.

3.6.1 Energy structure and temperature profile

The influence of the chosen energy structure is analyzed by splitting every group in half, e.g.
the fine groups making up one broad group are distributed equally over two new broad groups,
thus doubling the number of broad groups to 22. Figure 3.7 displays the uranium isotope
content in the core for both energy structures. The agreement between both simulations is
very good, although a small difference in the 233U is observed, which is due to a slight change
in kesy. The 232U content also differs slightly, probably due to a more precise description of the
fast flux responsible for the important (n,2n) threshold reaction. Other nuclides show similar
agreement and the difference in the flux is 0.2%.

In this work, the temperature distribution is taken into account via temperature induced
density differences relevant for spatial weighting and cross section collapsing at different tem-
peratures. The isotopic composition was found not to differ significantly if a homogeneous
temperature of 973.15 K was chosen instead (midway between the inlet and outlet tempera-
ture, opposed to a non homogeneous temperature distribution with a mean of 1022 K that was
used in this work). The 233U differs approximately 0.6% after 20 years. The uranium feed,
however, differs approximately 5% due to a slight change in the breeding ratio.
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Figure 3.9: Absorption cross sections of Figure 3.10: Absorption cross sections

randomly selected fission products cal- relative to results of the Exact method.
culated with all four methods. The Ap- The larger cross section is always di-
proximate method is very close to the vided by the smaller one. The Exact
Exact method. method thus yields 1.

3.6.2 Comparison of cross section development methods

The program uses three distinct approaches to calculate cross sections for LOWFAT, which have
been discussed in subsection 3.1.3 on page 29. The ‘Exact method’ fully takes into account
spatial cross section variations of homogeneously mixed fuel and is the first and preferred
method, but due to computational restrictions, this method is only utilized for the majority
of the actinides and the main fission products. The ‘Approximate method” approximates cross
sections of nuclides present in the ENDF/B library which have not been processed with the
Exact method, by collapsing the 238 energy groups to 11 with the weighting function derived
from the inner MSFR core and then further to 1 group using the volume averaged DALTON
neutron flux. SCALE 6’s ABTR library, where cross sections have been collapsed with the
weighting function derived from the fast spectrum of the inner core of the Advanced Burner
Test Reactor, provides cross sections for all other nuclides. A fourth possibility would be not
to use the ABTR library, but SCALE 6’s PWRLib library instead which is specially made for
thermal reactors, since a typical LWR weighting function is used to collapse cross sections to 3
groups, allowing for some problem specific updating. Figure 3.9 displays the absorption cross
section of the fission products with the largest macroscopic cross section after approximately
20 years of operation for all methods and figure 3.10 compares the methods by displaying the
multiplication factor between results of two methods as calculated by dividing the larger cross
section by the smaller one.

In general, the Approximate methods is accurate (differing less than 1% with the Exact
method), while both the ABTR and PWRLib libraries tend to give results that are too low
or too high respectively. These findings are confirmed by results from other nuclides, not
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Table 3.3: Calculating '?°Xe absorption cross section with different methods.

Method Cross section [barn]
The Approximate method 0.30
PWRLib method 127.4

PWRLib method - typical LWR weighting function to 3 groups 99.13

presented in this work. The error is induced by the weighting function which is used to collapse
fine energy groups into broad groups and is demonstrated with '3°Xe, a very strong thermal
absorber. Here the Approximate method yields an absorption cross section of 0.30 barn, while
the PWRLib method yields 127.4 barn, over 400 times as much. Table 3.3 illustrates the effect
of using different weighting functions to collapse cross sections. The first line shows the results
of the Approximate method and the second line the result of the PWRLib method. To show
the weighting function is the cause of the discrepancy, the third line is the result of mimicking
the PWRLib method by using a ‘typical’ LWR weighting function (not the same as the one
used to generate PWRLib, which is unknown) to collapse 238 groups to PWRLib’s 3 group
structure and then using the DALTON volume averaged flux (in 3 groups) to collapse them to
1 group. Figure 3.12 displays the two weighting functions (not neutron spectra, which are not
relevant here). As can be seen, MSFR’s weighting function is very small in the thermal domain
and peaks in the resonance region, indicated with ‘Res’. Therefore, an accurate description of
the ‘res-cross section’ is important, but a clear difference can be seen between the two functions
for the lower part of the resonance region (between 1 and 100 eV). There, the LWR weighting
function is significantly higher and since cross sections increase at lower energies (the absorption
cross section of 3°Xe is depicted in figure 3.11), the PWRLib method will tend to produce
cross sections that are too high, especially in the important resonance region. Although the
result from the ‘mimicked PWRLib method’ is not the same as the real PWRLib, it definitely
shows the discrepancy is caused by the 238 group weighting function. The relatively high cross
section in the lower energy epithermal groups weighs heavily on the result and introduces an
error. However, the Exact method updates 99.88% of all particles in the reactor at equilibrium,
and the Approximate method further updates 0.12% of the particles, summing up to a total of
99.99983%. The Coarse method is thus almost not used in practice and errors from this source
can be regarded as negligible.

To summarize, the Approximate method is a good approximation to the Exact method.
Considerable differences are observed however for ABTR cross sections, which are still better
than those generated with the PWRLib. The weighting function used to determine these cross
sections is the cause of this discrepancy.
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Figure 3.11: 3°Xe is a very strong ther-
mal absorber, having a thermal absorp-
tion cross section of millions of barns.
The cross section is still very large in
epithermal groups close to the thermal
region (around 1 eV).
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Figure 3.12: Two different weighting
functions yield different broad group
cross sections. Here, one weighting
function with a large thermal flux is typ-
ical for a LWR, while the other belongs
to the MSFR.
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2 (A = 0.0334 s7') across the core nor- 3 (A = 0.121 s ') across the core nor-
malized to the maximum. Some inho- malized to the maximum. Substantial
mogeneities occur. density differences occur.

3.6.3 Effects of incomplete mixing

In section 2.3 definitions for the flux, cross sections and decay constants (equation 2.14) relied
on the assumption that the fuel is homogeneously mixed, i.e. the only space dependence
in the nuclide density is a result of temperature induced fuel density fluctuations. A fluid
will be homogeneously mixed when its components change slowly compared to the mixing
time, which is in this case, due to highly turbulent flow, similar to the fuel circulation time
(4 seconds). Precursors are a straightforward example of MSFR fuel components which are
not completely, i.e. homogeneously, mixed, see for instance figure 3.13 and 3.14 which depict
precursor concentrations across the fuel region for precursor groups 2 and 3 (normalized such
that the maximum in both figures equals 1). In order to investigate possible inaccuracies due
to the neglect of these spatial density variations, the definition for the effective cross section,
as given in equation 2.14 on page 19 was modified (equation 3.28) to include non-homogeneous
distributions and precursor densities form a model for an inhomogeneous distributed mixture.
Here, the nuclide capturing a neutron (nuclide j) is considered inhomogeneously mixed with
the distribution of precursor groups 2 and 3 respectively, while nuclide ¢ is homogeneously
distributed.

ANY(1) V. [,dv [, dEZ—é(r)gzﬁ(r, E t)oj_i(r, E,t)
o~ JO=ill) = amill) = Jy dVE () [ dV [, dEo(x, B,1)

(3.28)

where pj v f dV Nj(r,t), which has a known integrand. Figure 3.15 visualizes the discrepancy
between three cases: a homogeneous case (with only temperature induced density variations,
as used in this project) and case two and three in which the precursor densities form the

M.Sc. Thesis 44



CHAPTER 3. COMPUTATIONAL PROGRAMS

Absorption cross section for 3 methods relative to the homogeneous case
[ 1 1 I 1 1 1 L 1
® Case - Temperature diff}
© Case - Prec. group 2
O  Case - Prec. group 3

o
©
T

o
o
T

o
<
T

5

0§O1QO
601430
030060
030070
400910
400920
400930
400960
581410
591410
601440
601450
611470
621470
621490
621510
631530

o
R
T

Q
@
T

Q
o
T

Cross section Case x / Cross section Case Homogeneous
o o
- (5]

¢
—LO—(}—l—{HD—(D—(H‘—‘}—l—{HD—(HHO—“
0 2 4 6 8 10 12 14 16

Isotope

Figure 3.15: Absorption cross sections for the most important fission products for three
cases (homogeneous distribution, and densities of precursor group 1 and 2) normalized to
the homogeneous case. In reality, nuclides in this graph are homogeneously distributed
and the picture serves to illustrate a possible source of error only.

density weighting function p;. All cross sections are normalized to cross sections generated
for the assumed homogeneous distribution. The picture is for illustrative purposes only, as
these fission products are actually homogeneously distributed. Inhomogeneities occur if fuel
components change quickly with respect to the circulation time (this is definitely true for these
precursor groups), for instance due to a large decay rate and if large enough to produce a
notable error, its concentration is therefore also very low and absorption is not important. In
the simulations, approximately 500 nuclides have a decay rate larger than 0.01 s~! (similar to
precursor group 3) and none of them has a non negligible absorption cross section (in fact,
on file their absorption cross section is 0) or a total abundance larger than a milli mol in
the entire reactor. Helium bubbling is modeled by incorporating an effective removal ‘decay’
constant of 2.31-1072 s71, which is slightly less than the decay rate of precursor group 2. Cross
sections belonging to this group of quickly reprocessed fission products, can be expected to be
a bit off (about 1% when inspecting figure 3.15) and some nuclides have an absorption cross
section of a few barns), but their abundance is also very low due to the reprocessing, never
exceeding a milli mol in the reactor per nuclide. None of the nuclides has an absorption rate
large enough to result in an inhomogeneous distribution (}*¥™Pm has the largest absorption
cross section of 12.55 barn, resulting in a reaction rate of 2.21 - 1078 s7!). For other sources
of inhomogeneities, similar arguments hold. The homogeneous mixing assumption is thus an
accurate way of describing the fuel.
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Chapter 4

Results

In this chapter all results, divided into four parts, will be discussed: the section ‘Neutronic
benchmark results’ discusses nuclear reactor physics quantities at BOL, e.g. the neutron flux,
precursor, temperature and velocity distributions and the delayed neutron fraction as well
as evolution of the fuel salt composition, in the section ‘Reprocessing scenarios’ the offline
lanthanide reprocessing rate is varied to evaluate the possibility of changing the feeding rate of
fissile material, nuclear waste of the MSFR and its associated radiotoxicity is discussed in the
section ‘Nuclear waste and radiotoxicity’, and lastly, feasibility of the freeze plug is examined
in the section ‘Decay heat and core draining’.

4.1 Neutronic benchmark results

This section describes results determined for a Neutronic Benchmark, carried out under WP2
of the EVOL project. Complete TU Delft Neutronic Benchmark results can be found in
Appendix B.

4.1.1 Initial composition and startup parameters

In order to achieve criticality of the reactor at startup, the uranium concentration is slightly
increased to 2.61 mol%, compared to 2.515 mol% given in the Reference Configuration!*3 and
the 22Th concentration is adjusted accordingly, such that the total heavy nuclide concentration
remains at the eutectic point, i.e. 22.5 mol%. The startup procedure (filling the core, warming
up the fuel salt, reaching criticality etc.) is neglected, i.e. it is assumed the reactor reaches its
steady state temperature and velocity field without fissioning uranium.

4.1.2 Temperature and velocity field

At beginning-of-life, figures 4.1 and 4.2 give the temperature distribution and the velocity pro-
file across the core as calculated by HEAT according to a RANS-model (discussed in section
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Figure 4.1: Temperature distribution in Figure 4.2: Velocity profile across the
the core as calculated with a mesh of core in m/s. Near corners, recirculation
264x312 elements. zones are visible.

2.2 on page 15). Note that the velocity profile is the average velocity profile as fluctuations due
to turbulence are split off from the average velocity in RANS models. When the fuel enters
the core, it has a temperature of 920.6 K (647.5 °C), heating up to 1021.1 K (748.0 °C) when
leaving the core. The temperature difference across the core therefore amounts to 100.5 K,
close to the Reference Configuration specification of an inlet and outlet temperature of 650 and
750 °C, respectively. The pump is simulated with a pressure drop of 26.267 kPa, resulting in a
volumetric flow of 4.50 m3 s™! equivalent to a fuel circulation time of 4.0 seconds as specified
in the Reference Configuration. A large recirculation zone is present next to the fertile blanket,
yielding a very high maximum temperature of 1201 K on structural materials enclosing the fer-
tile blanket. Structural material will weaken more quickly if subject to the higher temperatures
associated with these zones making a new geometry without them desirable. The temperature
distribution is mainly determined by the velocity field and energy conservation (total power
extracted from the core equals total prompt fission power plus decay heat). Since neither the
salt’s physicochemical properties, nor the primary system change by the slight variation in
composition over time, these distributions were found to be time independent under normal
operation.

4.1.3 Neutron flux and precursors

The total flux ¢(r,t) at beginning-of-life, i.e. the sum of all group fluxes, is plotted in figure
4.3 and reaches its maximum of 9.77 - 10" ecm~2 s~! in the core center. The core’s mean
flux according to DALTON is 3.81 - 10" cm™2 s7! while the mean flux in the fertile blanket
is 2.65 - 10 em™2 s7!, or about 7% of the average flux in the core. The flux in the fertile
blanket, as indicated by figure 4.4 is more thermal due to absence of fast fission neutrons.
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Figure 4.3: Sum of group fluxes as a function of space.

For other compositions than the starting composition, DALTON’s ability to predict the total
flux is limited by its energy per fission data (187.5 MeV per fission is assumed independent of
composition and not taking into account changes in decay heat due to reprocessing).

The neutron spectrum in the core is epithermal, i.e. the highest flux is reached in the
epithermal energy groups. Figure 4.5 depicts MSFR’s relative neutron spectrum in the core
at startup calculated by a radial XSDRN run at 1000 K and by scaling the flux such that its
maximum is 1. Towards the reflectors and the fertile blanket, some thermal contribution to the
spectrum exists as well.

Flowing fuel causes precursors to flow in and out of the core and reactor control benefits
less from precursor decay outside the core. Figure 4.6 displays precursor densities across the
fuel region at startup and the associated composition yields a delayed neutron fraction 5 of 310
pcm and an effective beta, i.e. 3 corrected for precursor decay outside the core, of 290 pcm.

49 M.Sc. Thesis



4.1. NEUTRONIC BENCHMARK RESULTS

14 b, om?s™ L

:ie
5
4
3
2
1

50 100 150 200

21
om? " om?
0, I s b, lom? s

uﬂ7
5
5
4
3
2
1

50 100 150 200 50 100 150 200
Tl

(a) 20 MeV - 1.4 MeV (b) 1.4 MeV - 1.01 MeV (c) 1.01 MeV - 573 keV

fom? s
18
16
14
1
10
8
5
4
2

(d) 573 keV - 73 keV (e) 73 keV - 2.29 keV (f) 2.29 keV - 186 eV

fom?s"
uﬂe
5
4
3
2
1

50 100 150 200 50 100 150 200
rlom]

2
b fom? ] "

5
!45
4

50 100 150 200

50 100 150 200

2
1. g [om® 5] 2 fem?s™)

X'\ﬂ
5
45
4 M5

50 100 150 200

(g) 186 eV - 52 eV (h) 52 eV - 33.25 ¢V (i) 33.25 eV - 12.9 ¢V

fom?s"
16
14
12
10
8
6
4
Z

(j) 12.9 eV - 0.625 eV (k) 0.625 eV - 10 peV

o] x 10"

55
5
45
4
35
3
25
2
15
1
05

50 100 150 200
rlem]

Figure 4.4: Neutron flux as a function of space for every energy group.

M.Sc. Thesis 50



CHAPTER 4. RESULTS

Neutron flux [1 em2s7! eV‘1]
© © o ©o o o o o
N w B (&) o ~ © © -
T T T T T T T T

o
T

Neutron spectrum in center core at startup
e

10 10 10° 10°
Neutron energy [eV]

Figure 4.5: MSFR’s relative epithermal neutron spectrum at center core.

"
c, o] W

x 10

25

50 100 150 200 °

rlem]

(a) A =0.01237s

C, lom”)
o] s

E i‘
5
-4
2
2
1
o

50 100 150 200
rlem]

(d) A=0.321s"

,:
C, lom]

50 100 150 200 °

(b) A =0.0334s!

-
C, fom?] o

50 100 150 200
Tlem]

() A=1.21s"1

C,lem™]

50 100 150 200
rlem]

() A=0.121571

Gy lom™ N

2

o

50 100 150 200
rlem]

(f) A =3.2957"

Figure 4.6: Precursor distribution for six groups as function of space.

ol

M.Sc. Thesis



4.1. NEUTRONIC BENCHMARK RESULTS

rho Temperature feedback vs time
100 T T T T T T T T T -45 T T T T

O TU Delft - ENDF/B-VI|

-5.51

rho [pcm]

2 [pem/K

-60 . 6.5

TU Delft - ENDF/B-VI|

1 1 1 1 1 1 . . . . . . . . . .
20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time [EFPY] Time [EFPY]
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4.1.4 Composition evolution

As discussed in section 2.3 on page 17 a volume lumped parameter model is used to calculate the
fuel salt composition as a function of time. In this model the fuel is considered homogeneously
mixed, i.e. the density of nuclide A relative to the density of nuclide B does not depend on
space, but temperature differences can induce slight spatial density variations. Depending on
the nuclide, its cross sections are calculated either with the ‘Exact’, ‘Approximate’ or ‘Coarse’
method, which have been discussed in section 3.1.3 on page 29. In the Reference Configuration,
two possible starting composition are considered. Only the 233U started MSFR is considered in
this project. To realistically calculate formation of fission products and actinides, the reactivity,
displayed in figure 4.7, must be close to zero and during the simulation, it almost never exceeds
40 pcm in either direction. Figure 4.8 displays temperature feedback and suggests a reactivity
of 40 pcm will induce a temperature difference of less than 10 K, shown in section 3.6 on
parameter studies to be negligible for composition evolution calculations.

The total flux, as calculated by LOWFAT (discussed in section 3.4.1 on page 33) is another
important parameter for burnup calculations and is visualized in figure 4.9.

Some of the actinides formed are fissile themselves and contribute to the fission power, of
which 23U and ?*Pu are the most important. Figure 4.10 displays the evolution of uranium,
plutonium and americium concentration as well as evolution of ?*2Th and ?*3*Pa. The results are
in good agreement with results obtained by researchers from Politecnico di Milano (POLIMI)?
who use a modified version of the Monte-Carlo based burnup tool ‘SERPENT” for their calcu-
lations as well as the same cross section library (ENDF-B/VII). Only some difference between
the 22U and ?**™Am concentrations is observed. The 242" Am concentration differs the most:
POLIMI predicts 0.21 kg and TU Delft’s prediction is 0.37 kg after 200 years of operation. This

aThe results were provided by Manuele Aufiero of POLIMI’s Energy Department.
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Figure 4.9: Total flux in the fuel region.

is probably due to uncertainty in the yield when 2! Am captures a neutron. As can be seen from
figures 4.11 and 4.12, displaying dominant production routes for actinides, TU Delft’s model
has a yield of 8.6% for the transition from 2**Am to 2**™Am. However, if SCALE 6’s PWRLib
(a burnup library developed for thermal reactors) would have been used, the yield is 16.2%.
Although the yield in POLIMI’s model appears to be lower than in TU Delft’s model and
not higher, the large variation hints that another burnup library might use yet another value.
The difference in the 232U concentration probably has to do with the energy group structure.
The (n,2n) reaction on ?*2Th imperative for production of 232U is a reaction with a threshold
and if no energy boundary exists on this threshold, this introduces an error. Some substantial
differences can be observed however with results obtained by LPSC" with cross section library
ENDF/B-VI, especially with regard to uranium isotopes (mainly ?**U) and plutonium isotopes
(mainly 23*Pu). Another difference is the expected conversion of thorium to uranium: LPSC’s

uranium feed is only 17 kg/y after 100 years of EFPY, opposed to 61.5 and 60.4 kg/y predicted
by TU Delft and POLIMI respectively.

PThe results were provided by Mariya Brovchen of LPSC.
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Figure 4.10: Core composition as a function of time for nominal reprocessing of 40 1/d
for TU Delft (ENDF/B-VII), POLIMI (ENDF/B-VII) and LPSC (ENDF/B-VI). 22Am

is not shown for POLIMI.
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4.2 Reprocessing scenarios

Previous section described results obtained with the nominal offline lanthanide reprocessing
rate of 40 liters per day (1/d) of which the model is discussed in section 3.4.1 on page 33.
The influence of this reprocessing rate on required feeding rates of thorium and uranium is
investigated by changing this rate to 20 1/d and 60 1/d linearly in 10 weeks time after running
for approximately 100 Equivalent Full Power Years. Figure 4.13 depicts the uranium quantity
in the fuel region, i.e. core, external circuit and overflow tank, as well as the salt volume in
the overflow tank and expected uranium and thorium feeds necessary to keep the fuel at its
eutectic composition and the reactor critical.
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Figure 4.13: Development of ?*3U concentration and other quantities over time after a
transient involving a change in the lanthanide reprocessing rate from 40 1/d to 20 and

60 1/d.
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Decreasing the reprocessing rate has an immediate and temporary as well as a belated and
lasting effect. At first, the amount of fuel in the overflow tank increases rapidly due to decreased
fission product removal requiring a large feed to not dilute thorium and uranium in the core.
The extra fission products also absorb neutrons and the relative uranium concentration needs to
be higher to compensate for this increased neutron loss, decreasing the thorium concentration
in the process (the heavy metal concentration is maintained at the eutectic point, 22.5 mol%).
As a consequence the internal production of uranium drops requiring a lasting increased feed.
The thorium feed also increases at first, but stabilizes at a lower level than before the transient
due to decreased thorium demand. An increase in reprocessing rate has exactly the opposite
effect: less material is needed at first and the uranium feed stabilizes at a lower level than
before the transient while the thorium feed does so at a higher level. In this domain, the offline
lanthanide reprocessing rate does not influence the decay heat after shutdown and thus does
not form a potential safety risk.

For a reprocessing rate of 20 1/d, the uranium feed equals 75 kg/y, while for reprocessing
rates of 40 and 60 1/d, the feed is 61.5 kg/y and 56.3 kg/y respectively. Therefore decreasing
the reprocessing rates from 60 1/d to 20 1/d, increases the necessary uranium feed by 33% on
top of a one time supply of 142 kg 233U. The feed of fissile material can thus be increased or
decreased very rapidly by changing the reprocessing rate.

The wobbly behavior of the feed just prior to the transient is a result of the very short burnup
step used there (1 week). A peak in the uranium and thorium feed can also be observed, which
is the result of either a small deviation in the calculated feed or a small deviation (35 pcm) in
the keg calculated by DALTON. Its influence on the results is negligible.

Note the rather large uncertainty in the absolute value of the uranium feed with respect
to the cross section library used as it is the amount of fissile material not produced in the
core, as shown in the following rough calculation. Using a burnup value at equilibrium of 1000
GWd/tHM, the MSFR fissions approximately 1 ton of fissile material per year, but produces
approximately 940 kg/year requiring a feed of 60 kg/y. An uncertainty in the production
of uranium of 1% then results in an uncertainty in the feed of approximately 15%. This
uncertainty grows as the MSFR’s conversion ratio comes closer to unity. As discussed in the
previous section, POLIMI, using the same cross section library, predicts a uranium feed of
60.43 kg/y opposed to LPSC’s prediction, using ENDF/B-VTI instead of ENDF/B-VII, of 17
kg/y (both after 100 EFPY).

4.3 Nuclear waste and radiotoxicity

Nuclear waste and its associated (radio)toxicity is one of people’s main concerns regarding
nuclear energy. The thorium fuel cycle greatly reduces the amount of waste compared to
‘traditional’ Boiling Water Reactors (BWRs) or Pressurized Water Reactors (PWRs). The
MSFR has great potential in further reducing the amount of nuclear waste, due to its capability
to ‘burn’ higher actinides as found in waste from mentioned reactors. As discussed in section
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2.4 on page 20 radiotoxicity of waste from a nuclear power plant, due to ingestion, is evaluated
in Sieverts (per GWy) and compared with the radiotoxicity of the uranium or thorium ore
needed to produce the fuel. The radiotoxicity of natural uranium and thorium ore (i.e. 99.27%
238U, 0.7% #3°U and 0.0054% 234U for natural uranium and 100% 2>Th for natural thorium 29
is displayed in figures 4.14 and 4.15, as well as the main contributors to its long term toxic
behavior.

Radiotoxicity of natural uranium Radiotoxicity of natural thorium
T T T T T T

Radiotoxicity (Sv/mole)
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>

Total

= Th-232
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Figure 4.14: Radiotoxicity of natural Figure 4.15: Radiotoxicity of natural
uranium due to decay of its components thorium due to decay of its components
and daughter elements. and daughter elements.

It can be clearly seen both thorium and uranium become more radiotoxic as time progresses
due to decay of daughter products and radioactive waste is compared with the long term
radiotoxicity of the ore. The thorium feed in the MSFR is approximately 1100 kg/year, and
equals to a demand of 4.33 mol/GWd, combined with a radiotoxicity of 0.78 Sv/mole yields 3.38
Sv/GWd (= 1.23-10% Sv/GWy). The waste is also compared with nuclear waste from a PWR,
using a typical burnup value of 50 GWd/tU, one 18 month cycle without multi-recycling and
an enrichment of 4% (the depleted uranium still has 2% **°U), as well as with the radiotoxicity
of uranium ore needed to generate 1 GWy of thermal energy in that PWR. Following the
same procedure as for thorium and a radiotoxicity of 5.15 Sv/mol yields 1.28 - 10° Sv/GWy for
uranium ore.

An important distinction between traditional nuclear power plants and the MSFR is near
closure of the fuel cycle. In principle, the fuel salt can be used indefinitely and as a conse-
quence, long lived radiotoxic waste from actinides does not need to exist, but it can, however,
be created in two ways. Inefficiencies in the offline lanthanide reprocessing due to chemical
similarities between reprocessed lanthanides and actinides, will result in some actinide waste
and are neglected in this project. The other course of action resulting in this type of waste
would be to not use the salt anymore and ‘declare’ it as such, unlike fission products which
are separated from the salt continuously. In case of the MSFR at equilibrium, the amount of
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reprocessed fission products must equal the amount of actinides (in this project thorium and
uranium) fed into the core, i.e. approximately 1170 kg/y. Figure 4.16 displays waste due to
reprocessing of fission products (including major short term contributors) for 20, 40 and 60
1/d as well as long term contributors for 40 1/d. The radiotoxicity of MSFR’s nuclear waste
does not vary for the considered reprocessing rates. This is due to the fact that reprocessing
of the main contributors to radiotoxicity like Tc is their dominant removal route, and, since
production stays equal, the concentration in the core will rise if reprocessing is decreased, such
that the total removal rate is only a little less. After approximately 300 years, the radiotoxicity
is decreased to the level of uranium ore. Figures 4.17 and 4.18 display the radiotoxicity of
actinides and fission products resulting from the described PWR (50 GWd/tU burnup). Per
GWy, the radiotoxicity of MSFR/’s reprocessed fission products is actually higher than that of
a PWR, due to the fact that fission products with a high specific radiotoxicity as well as a
substantial absorption cross section, like ®Tc, do not ‘burn’, but are removed from the system
instead.

Radiotoxicity of PWR actinides Radiotoxicity of PWR fission products (50 GWd/tonHM)
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Figure 4.17: Actinide waste of PWR Figure 4.18: Radiotoxicity of fission
with a burnup of 50 GWd/tHM after products from PWR fuel with a burnup
five years of cooling, without recycling. of 50 GWd/tHM.

Suppose, for some reason, the fuel salt is not reused, then the total inventory is waste.
There will still be fission products in the core, as well as a large amount of actinides which
will have to be stored. Figure 4.19 displays fission product waste as well as actinide waste per
installed gigawatt of thermal power for the 40 1/d scenario. If the reactor starts with fresh fuel,
then after 200 years of operation the inventory is slightly more radiotoxic than after 60 years
due to formation of some higher actinides, which tend to be more radiotoxic. Fission products
in the inventory do not significantly contribute to the total radiotoxicity as they are relatively
less radiotoxic and the quantity is little compared to fission products extracted by reprocessing
(the inventory equals 210 kg/GW, while reprocessing of fission products yields 390 kg/GWy).

In the MSFR, radiotoxicity of actinide waste does not diminish as much as the PWR’s (due
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Figure 4.16: °Sr, 137Cs and Y are responsible for the relatively high radiotoxicity for
the first hundreds of years, while *Tc, '?°T and '?°Sn determine radiotoxicity in the long
term.
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to 283U and ?31U) but is formed only in comparatively little quantities, when the fuel salt is
not reused. Considering spent nuclear fuel after 10 years of cooling, one could only operate
the PWR used in this case study for 13.6 years to obtain the same amount of radiotoxicity as
the total actinide inventory of the MSFR, consisting of 9.1 tons of uranium and transuranic
elements and 34.4 tons of thorium at equilibrium. Due to relative fast decay of ?**Pu (the main
plutonium isotope in the MSFR), this ratio further improves to only 1.4 years after 1000 years,

to then deteriorate to 63 and 174 years after 50 - 10® and 5 - 10° years respectively.

Figure 4.19: Radiotoxicity of the inventory per installed GW of thermal power capacity.
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Decay heat as a function of time Rise of fuel temperature due to decay heat after shutdown
2200 T T T

TU Delft - 30 sec helium bubbling| |

120

2000

100+
1800

80
1600

60

Temperature [K]

1400

Decay heat in core [MW]

40+ 1200

Fuel temperature [K] — Tstart = 973 K

Fuel temperature [K] - Tstart = 1022 K |4

s Boiling point [2028 K]

Damage point [1473 K]
n n

20

1000

. . . . . .
1s im 1h 1d 1w 0 500 1000 1500 2000
Time after shutdown Time [s]

Figure 4.20: Decay heat as a function of Figure 4.21: Due to decay heat, the fuel

time after shutdown is homogeneously temperature rises from either 973 K (in
distributed over the salt’s volume. He- between the inlet and outlet tempera-
lium bubbling lowers the initial rate. ture) or 1022 K, the outlet temperature.

4.4 Decay heat and core draining

Heat produced by decay of fission products and actinides is a major safety concern in a nuclear
power plant due to necessary prolonged cooling after shutdown. In a typical PWR using UO,
as fuel, decay heat at shutdown is approximately 6% of nominal power, i.e. 180 MW, for
a 3 GWy, reactor (as is the MSFR). The decay heat as a function of time after shutdown is
thus an important parameter in a safety assessment of a nuclear reactor. The situation in a
MSFR differs from a PWR, as fission products and actinides are dissolved in the salt and non
soluble fission products are continuously reprocessed by means of helium bubbling. Therefore,
some of the decay takes place outside the core in the reprocessing facility. The model predicts
decay heat for the nominal scenario (effective half life due to helium bubbling of 30 sec, and 40
1/d reprocessing for soluble fission products) to be only 4.3% of nominal power directly after
shutdown, or approximately 128 MW, which is in close agreement with results obtained by
POLIMI and LPSC predicting 4.3% as well). The temperature increase associated with the
decay heat will determine whether it is feasible to use freeze valves to drain the core in case of
an emergency, as were used in the MSRE P!, Figure 4.20 displays decay heat as a function of
time after shutdown at t = 0, i.e. the flux is zero for ¢ > 0.

Although the salt is already in a molten form and a meltdown cannot occur, the salt’s boiling
point of 2028 K should never be reached®. Damage to reactor systems will occur earlier, at
around 1200 °C (1473 K)“ and the safety system is required to drain the fuel before this point is
reached. The most recent finding concerning the heat capacity of LiF-ThF, (22.5 - 77.5 mol%),
although experimental data is scarce, is 1.049 J kg=* K!8, In the Reference Configuration

¢Calculated by Ondrej Benes of the Institute for Transuranium Elements (ITU) in Karlsruhe, Germany.
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design, a large hotspot exists, increasing the MSFR'’s average fuel temperature. Curved reactor
boundaries will minimize recirculation zones and therefore reduce the average temperature. On
the assumption a more optimal geometry will be found %, two starting temperatures have been
chosen: 700 °C (973 K), halfway between the inlet and outlet temperature, and 750 °C (1022
K), the outlet temperature, which approximately equals the average temperature in the core in
the current geometry. At t=0, the prompt fission power instantaneously drops to zero, leading
to the rise in temperature depicted in figure 4.21. The calculations are conservative as heat loss
is not modeled. The ‘damage’ point is reached in approximately 11 minutes, while the boiling
point is then reached after 30 minutes.

To determine the feasibility of a freeze valve, draining the core is analyzed in three scenarios
using theory discussed in section 2.5 on page 21. Every time the reactor is modeled as a cylinder
with an equal height and volume as the reactor itself, but with different methods of draining,
i.e. through a pinhole, a pipe and a pipe with a freeze valve, as displayed in figure 4.22. For
all geometries, the velocity at the exit is given by equation 4.1.

2gh
vy = = (4.1)
1+ 4fﬁ + Kw,tot

In the ‘pinhole’ scenario friction is neglected, i.e. the fuel velocity in the pinhole is dependent
only on the fuel level h(t) and the denominator in the square root is 1. In the scenarios with
a pipe and with a pipe and a freeze valve, friction is taken into account and is dependent
on the velocity itself, a Fanning friction factor (which is chosen conservatively, but constant,
4f = 0.032) and the geometry. All pipes are 1 meter long and have a ‘free jet’ (frictionless) exit.
This approach to model friction is valid only if Reynolds number > 10 and for all geometries
which could reasonably be used in reality, this is the case.

Draining starts at t=0 when the valves open immediately and driven by gravity the fuel
flows in the drainage tanks. Figure 4.23 displays the fuel height as a function of time for
different pinhole diameters. On the basis of these calculations, a pinhole diameter of 10 cm
empties the reactor in 11.5 minutes. In the actual geometry, a 1 meter thick reflector is at
the bottom of the reactor core and no room for a drainage tank exists. Besides, attaching a
pipe will decrease the time needed to drain the reactor. Figure 4.24 displays the fuel level as a
function of time for different pipe diameters. A pipe with a diameter of 10 cm drains the core
in 8.5 minutes, well below the damage point.
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Figure 4.22: The fuel is drained in different cylindrical configurations: through a pinhole
(a), a pipe with a mechanical shutter (b) and a pipe with a freeze valve (c)
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Figure 4.23: The fuel level as a function
of time for different pinhole diameters.

Fuel level as a function of time for different pinhole diameters

25 T T T T T
——D=6.00cm
‘ D =8.00cm
D =10.00 cm
2|\ — D=12.00cm |
1.5 \ |
\\
\
1 1
\
\
\
\
0.5 \ d
0 . h . . .
0 200 400 600 800 1000 1200

Time after shutdown [s]

Fuel level for different pipe diameters (no valve)
T T T

25 T T
—D_. =6.00cm
pipe
=8.00cm
pipe
ol D _=10.00cm ||
pipe
\ __D__=12.00cm
‘A pipe

E

2 15F

2 \

©

2

k] \

E 1r \

° \

()

T \

\
\
051 \
\
\
0 . . . . .
0 200 400 600 800 1000 1200

Time after shutdown [s]

Figure 4.24: Fuel level as a function of
time for different pipe diameters.

M.Sc. Thesis

64



CHAPTER 4. RESULTS

Fuel level for diferent valve diameters (D, = 10cm) Fuellove for diferent valve diameters (0, = 12cm) 25 Fuel level for different pipe diameters (valve diameter = 4 cm)

valve = Dvalve =4.00cm

Dyve =4.50 cm Dvalve =4.50 cm

D,y =500 cm

—— D, =6.00cm —— D, =600cm

vvvvv

@
Height of fuel level [m]

Height of fuel level [m]
Height of fuel level [m]

°
&
°
&
°
@

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 w0 w0 so%me:ﬁg,smﬂﬂn[‘sfw 14001600 1800
Time after shutdown 5] Time after shutdown 5]
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The MSRE used freeze valves of cooled and solidified salt as a plug which could be thawed
in case of an emergency. This valve is modeled as a sudden and short contraction in the pipe, as
indicated in figure 4.22. Using different pipe and valve diameters, the fuel height as a function
of time is modeled and depicted in figures 4.25 through 4.27.

The pipe diameter is still dominant in determining the drainage time, but the freeze valves
cause considerable friction and thus delay. Many combinations of valve and pipe diameters
would drain the reactor within 10 minutes, as can be seen from the pictures. However, thawing
the valve will be the biggest challenge. In the MSRE, the freeze valves could be thawed by
either heating them up, or by just stopping the cooling (for instance due to a power outage).
In the latter case, thawing would take a bit less than 15 minutes!?!), which is too long for use
in the MSFR. A mechanical valve, which should require electricity to keep it shut, should be
developed and used, unless this thawing time can be greatly reduced.

The pipe length also influences the drainage time greatly and it could in theory be made
longer. To address this possibility, figure 4.28 displays the time needed to completely empty
the reactor as a function of the length of a pipe with a diameter of 12 cm.
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Drain time as a function of pipe length
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Figure 4.28: Time to completely drain the reactor for different pipe lengths.
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Chapter 5

Conclusions, discussion and
recommendations

5.1 Neutronic benchmark results

The newly developed burnup tool for the MSFR predicts evolution of the fuel composition
taking into account online reprocessing and feeding of nuclides in accordance with Monte Carlo
simulations performed by Politecnico di Milano (POLIMI) with SERPENT, except for differ-
ences in the concentration of 232U and ?*2™Am. The first discrepancy is due to a not accurate
enough description of the fast flux for the important (n,2n) reaction, while the latter is caused
by uncertainty in the yields of the transition from ?*'Am to 2*"Am and ?*2Am. TU Delft’s
results do not change by increasing resolution in other investigated parameters, including the
temperature distribution and size of the burnup step. Because 232U is an important nuclide to
evaluate MSFR’s proliferation resistance and shielding requirements in the reprocessing facility,
a good agreement between different simulations is desirable. In general, the main issue con-
cerning validity of fuel evolution results is the nuclear data used. The capture and fission cross
sections (and their ratio) of 233U are quantities needing investigation in order to yield more
realistic results, as illustrated by the discrepancy in the 23*U concentration found when using
the ENDF-B/VII library (TU Delft) or the ENDF-B/VI library (LPSC). A master burnup
library with yields and cross sections corresponding more closely to those of the MSFR would
increase validity of the results as well.

During the project, some safety aspects were examined and the ‘temperature coefficient of
reactivity’ forms a major part, starting low at -6.95 pcm/K for the MSFR when the core is fresh
and as the fuel salt approaches equilibrium the coefficient slightly rises to -5.27 pem/K, thus
remaining strongly negative throughout operation. Flowing fuel causes the effective delayed
neutron fraction Seg to be a bit lower than 3 itself: 290 pcm and 310 pem at startup respectively.
In order to properly investigate SB.g for other fuel compositions than the starting composition as
well, the neutronic diffusion code DALTON, needs to be adjusted slightly. For safety transients
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in which decay heat or changes in fission power are important, DALTON could be updated
to include more accurate energy-per-fission and decay heat data, calculated by LOWFAT, the
module responsible for burnup calculations.

Another possible addition is modeling of burnup in the fertile blanket, in which formed
fission products will have a small influence on the required feeding rates in the core. It would
then be possible to evaluate uranium production in the fertile blanket and the true breeding
performance.

5.1.1 Recommendations

1. If DALTON would include LOWFAT’s energy-per-fission and decay heat data, as well as
taking into account fission from multiple actinides to calculate the source in the precursor
equations, more realistic (safety) transients could be performed.

2. Differences in the 232U and 2*?™Am concentration between POLIMI’s and TU-Delft’s
model are probably due to a not accurate enough description of the fast flux and un-
certainty in the yield of neutron capture in *!Am, respectively. Noting the importance
of 232U concerning proliferation resistance and shielding requirements in the reprocessing
facility, further investigation is welcomed.

3. Incorporate burnup in the fertile blanket as well to assess the full breeding capabilities of
the MSFR.

4. Study the amount of displacements per atom in the structural material to evaluate its
radiation resistance.

5. More accurate nuclear data, especially for the main actinides in the thorium fuel cycle,
would greatly increase the validity of the results. More research is needed.

5.2 Reprocessing scenarios

Changing the online fission product reprocessing rate during operation has an immediate and
temporary effect on required feeding rates of thorium and fissile material, as well as a delayed
and lasting effect. At first, the change in the amount of fission products requires either a
one time additional thorium and uranium supply or the opposite, depending on whether the
reprocessing rate is lowered or increased, respectively. Changing the rate from 20 liters per
day (1/d) to 60 1/d results in a 142 kg 233U inventory excess, which need not supplied extra to
the core. The same transient also changes the equilibrium feeding rate from 75 kg/y 233U to
56.3 kg/y, a difference of 25%. The transition investigated here, is a very rapid change in the
reprocessing rate. If the change is distributed over a longer time period, then there must exist
a function of time, describing the reprocessing rate, which changes the required feeding rate of
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fissile material with a step function. For the thorium feed, the effect is small (approximately
2%) and reversed, i.e. if a smaller feed is desired, the feed first increases before decreasing to
the new steady state level. All transients take in the order of years to fully set to their new
level. Changing the offline reprocessing rate is thus an effective way to influence the required
fissile material feeding rate.

Keeping in mind studies!” showing the possibility of a TRU-started MSFR, changing the
feed of fissile material from 233U to a TRU-mixture composed of long-lived waste from current
nuclear power plants, will avoid the problem of natural unavailability of 233U and further
utilizes MSFR’s capability to ‘burn’ existing waste stockpiles, greatly enhancing sustainability
of nuclear power. The reactivity worth of available TRU mixtures is less than pure 23U and
therefore the TRU feed will be significantly higher than the 2*3U feed analyzed in this project.
The reactor operator might wish to change the TRU-feed to the reactor depending on future
demand of this resource (i.e. nuclear waste) and on the aim or desire to decrease stockpiles.
Results obtained in this project attest to MSFR’s range of operating possibilities providing this
flexibility.

A comprehensive study into the effects of different (TRU-) feeds (both in quantity and
composition) would be an interesting follow up to this project. Nuclear waste as a resource of
fissile material comes in many isotopic compositions depending on its burnup, number of cycles
in the core, reprocessing, storage time and initial composition and influences the higher actinide
composition in the MSFR as well as feedback coefficients and 3. For some higher actinides,
feeding of the isotope will be greater than internal production. Also, solubility limits of for
instance plutonium should not be reached.

5.2.1 Recommendations

6. Changing the MSFR model from 233U to TRU-started will result in insight into increased
sustainability aspects.

7. Perform a comprehensive investigation into the impact of feeding with different TRU-
mixtures into for instance safety features (delayed neutron fraction and feedback coefhi-
cients) or isotope accumulation.

5.3 Nuclear waste and radiotoxicity

In an ideal situation where reprocessing of fission products is 100% efficient, i.e. only lanthanides
are removed from the core, no long-lived actinide waste need to exist and nuclear waste is thus
composed of fission products removed from the core only. The radiotoxicity of reprocessing
waste is influenced only a little by the offline lanthanide reprocessing rate and amounts to
approximately 390 kg/GWy, the same as for a PWR of the same size. The fission products
of the MSFR are however slightly more radiotoxic than those of a PWR, due to the fact that
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elements with a high specific radiotoxicity and large absorption cross section are not transmuted
in the reactor. Fission products extracted from the MSFR reach radiotoxicity levels of the
equivalent amount of natural uranium ore to produce the same quantity of thermal energy in a
PWR after approximately 700 years. At first, °°Sr, 37Cs and °Y form the large part of overall
radiotoxicity, but in the long term (i.e. longer than 700 years), *Tc, 2T and '*Sn determine
the waste’s radiotoxicity.

However, since the lanthanide and actinide series are chemically similar, offline reprocessing
of fission products might prove difficult, if not impossible, to implement without actinide con-
tamination, which will thus form some small quantities of actinide waste. Depending on the
size of these inefficiencies, actinide waste may be a significant or prevailing source of long term
waste for the MSFR and further investigation of this issue is thus important to fully evaluate
MSFR’s waste profile.

Once a decision is made to not reuse the fuel salt, the complete inventory at the end of
reactor life, consisting of salt, fission products and actinides, should be considered nuclear
waste. Per gigawatt of installed thermal power, the MSFR has an inventory of uranium and
transuranic elements of 3 tons/GW and including thorium, associated radiotoxicity is 1.06-10°
Sv/GW after ten years of cooling. A traditional PWR produces this amount of radiotoxicity in
13.6 years of operation, although this ratio depends on the time after shutdown due to different
decay rates of the components. Radiotoxicity of MSFR’s actinides does not diminish as much
as PWR’s waste does, mainly due to increasing radiotoxicity of decay products of 233U and
2347, All calculations were performed with data according to ICRP 61. It would be prudent to
update the data to the latest version.

5.3.1 Recommendations

8. Evaluate the influence of likely inefficiencies in the offline lanthanide reprocessing proce-
dure on MSFR’s nuclear waste, possibly in combination with recommendation 7.

9. Update radiotoxicity values to the latest report formulated by the International Commis-
sion on Radiological Protection (ICRP).

5.4 Decay heat and draining the core

Decay heat calculations are in good agreement with both POLIMI and LPSCM, paving the
way for performing transients in which decay heat plays a large role, like an ‘Unprotected Loss
Of Heat Sink’ (ULOHS) accident or shutting down the reactor. In this project, feasibility
of the freeze valve, used in the MSRE and often cited as a passive safety system for Molten
Salt Reactors, was investigated by comparing the predicted temperature rise with what is
maximum allowed. Solely due to decay heat, the fuel salt reaches this point of 1473 K, when
reactor components start to damage, in only 11 minutes and the salt’s boiling temperature of
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2028 K in exactly 30 minutes. Freeze valves used in MSRE needed a little less than 15 minutes
to melt if no external heat was added and due to this effect alone, the freeze valve’s effectiveness
in draining MSFR’s fuel salt within the required time frame is questionable. A 1 meter long
pipe with a diameter of 10 centimeters combined with a mechanical valve requiring electricity
to be kept closed, drains the fuel salt in 8.5 minutes, well below the damage point.

However, a wider pipe might be desirable because of other possible scenarios in which the
fuel salt will heat up more quickly, like the mentioned ULOHS combined with failing SCRAM
mechanisms. In such a scenario, fission power will not be zero and will only be forced down by
a temperature increase, which will be significantly more rapid. Probably, a wider (and longer)
pipe will be able to drain the fuel salt quickly enough.

5.4.1 Recommendations

10. Perform a more realistic assessment of accident scenarios, most notably a ULOHS-accident
to determine the maximum possible temperature increase rate. In this investigation, a
more optimal geometry (i.e. no or less hotspots) should be considered as well as heat
mixing effects due to natural circulation and residual flow.
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A EVOL Reference Configuration

MOLTEN SALT FAST REACTOR

Reference configuration — 15" of March, 2012

The reference MSFR is a 3000 MWth reactor with a fast neutron spectrum and based on
the Thorium fuel cycle. It may be started either with 23U, enriched U or TRU elements as
initial fissile load.

1 Reactor geometry
1.1 System description

The fuel salt flows upward in the active core until it reaches an extraction area which
leads to salt-bubble separators through salt collectors. The salt then flows downward in
the fuel salt heat exchangers and the pumps before finally re-entering the bottom of the
core through injectors. The injection / extraction of the salt is performed through pipes of
~30 cm of diameter. This very simplified vision of the injection / extraction has to be
improved during the EVOL project.

Fertile salt injection/extraction

Upper axial l H ! H H “

reflector Salt-bubbles

'separator

Intermediate salt
output

Salt collectors Fertile blanket

Fuel heat
exchangers

B4C

Intermediate salt

o input

Salt injectors

al Reactor vessel
Lower axia
reflector

draining tanks

Fig. 1 (Left): Global view of a quarter of the reactor vessel including the fertile blanket (red),
the B,C protection (green), the structure in Ni-based alloy (grey), the heat exchangers (pale
blue) and the draining tanks (purple) - (Right): Schematic view of a quarter of the MSFR, the
fuel salt (not represented here) being located within the orange lines

The external circuit (salt collector, salt-bubble separator, heat exchanger, pump, salt
injector and pipes) is broken up in 16 identical modules distributed around the core,
outside the fertile blanket and within the reactor vessel. The external circuit is divided in
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two parts: the pipes (including the salt-bubble separator, the pump and the injector) and
the heat exchanger. The distribution of the salt between these two parts is chosen so as to
minimize the pressure drops in the circuit. The fuel salt runs through the total cycle in 3,9
seconds. The salt circulation being considered uniform, the residence time of the salt in
each zone of the circuit and the core is proportional to the volume of this zone.

The total fuel salt volume is distributed half (9m?) in the core and half (9m?) in the
external circuit.

The external core structures and the heat exchangers are protected by thick reflectors
(1m height for the axial reflectors) made of nickel-based alloys which have been designed
to absorb more than 99% of the escaping neutron flux.

1.2 Core geometry

As shown in Fig. 2, the core is a single cylinder (the diameter being equal to the
height) where the nuclear reactions occur within the flowing fuel salt. The core is
composed of three volumes: the active core the upper plenum and the lower plenum. The
fuel salt considered in the simulations is a binary salt, LiF - (Heavy Nuclei)F,, whose
(HN)F, proportion is set at 22.5 mole % (eutectic point), corresponding to a melting
temperature of 565°C. The choice of this fuel salt composition relies on many systematic
studies (influence of the chemical reprocessing on the neutronic behaviour, burning
capabilities, deterministic safety evaluation and deployment capabilities). This salt
composition leads to a fast neutron spectrum in the core.
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Fig. 2 (Left): Simplified to scale vertical scheme of the MSFR system including the core, blanket
and fuel heat exchangers (IHX) — (Right): Model of the core as used for the neutronic
simulations (dimensions given in mm) with the fuel salt (yellow), the fertile salt (pink), the B,C
protection (orange) and the reflectors and 20mm thick walls in Ni-based allow (blue).
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The operating temperatures chosen for our neutronic simulations range between
650°C (input) and 750°C (output), the lower limit due to the salt’s melting point, the
upper limit estimated from the structural materials chosen for our simulations and
detailed in section 5.

1.3 Blanket geometry

As shown in Fig.1 and 2, the radial reflector is a fertile blanket (~50 cm thick) filled
with 7.3m® of a fertile salt LiF-ThF, with molar 22.5% of 2?Th. This fertile blanket
improves the global breeding ratio of the reactor thanks to a 23U extraction in an around
six month period, i.e. 100% of the 2**U produced in the blanket is extracted in 192 days
(40 liters per day as shown in the lower part of Fig 3). This fertile blanket is surrounded
by a 20cm thick neutronic protection of B,C which absorbs the remaining neutrons and
protects the heat exchangers. The thickness of this B4C protection has been determined so
that the neutron flux arriving from the core through it is negligible compared to the flux
of delayed neutrons emitted in the heat exchangers.

The radial blanket geometry is an angular section toron of 1.88 m high and 50 cm
thick. The 2 cm thick walls are made of Ni-based alloy (see composition in Table 4). A
single volume of fertile salt is considered, homogenous and cooled to a mean temperature
of 650°C. A temperature variation of the fertile salt of around 30 °C between the bottom
and the top of the fertile blanket may be introduced to check its low impact on the reactor
evolution.

2 Fuel salt initial composition

The core contains a fluoride fuel salt, composed of 77.5 molar % of LiF enriched in Li
(99.999 at%) and 22.5 molar % of heavy nuclei (HN) amongst which the fissile element,
283 or Pu. This HN fraction is kept constant during reactor evolution, the produced FPs
replacing an equivalent proportion of the lithium.

2.1 28y-started MSFR

As detailed in table 2, the initial fuel salt is composed in this case of LiF-ThF,-2*UF; the
initial fraction of 2**U being adjusted to have an exactly critical reactor.

2.2 TRU-started MSFR

Table 1: Proportions of transuranic nuclei in UOX fuel after one use in PWR without
multi-recycling (burnup of 60 GWd/ton) and after five years of storage

Isotope Proportion in the mix
Np 237 6.3 mole%
Pu 238 2.7 mole%
Pu 239 45.9 mole%
Pu 240 21.5 mole%
Pu 241 10.7 mole%
Pu 242 6.7 mole%
Am 241 3.4 mole%




Am 243 1.9 mole%
Cm 244 0.8 mole%
Cm 245 0.1 mole%

The initial fuel salt is composed of LiF-ThF4-gTRU)F3. More precisely, the reference
MSFR is started with a TRU mix of 87.5% of Pu (**®*Pu 2.7%, **Pu 45.9% , %*°Pu 21.5%,
*1py 10.7%, and ***Pu 6.7%), 6.3% of Np, 5.3% of Am and 0.9% of Cm, as listed in
table 1 and corresponding to the transuranic elements contained in an UOX (60 GWd/ton)
fuel after one use in a standard LWR and five years of storage. The amounts of TRU
elements initially loaded in the TRU-started MSFR are given in table 2.

Table 2: Summary of the characteristics of the MSFR

[Thermal power (MWth) 3000

Electric power (MWe) 1500

Fuel Molten salt initial composition LiF-ThF4-*®UF, or LiF-ThF,-(Pu-MA)F;
(mol%) with 77.5 % LiF

Fertile Blanket Molten salt initial

iF- 0/ - 0,
composition (mol%) LiF-ThF (77.5%-22.5%)

Melting point (°C) 565

Input/output operating temperature (°C) 650-750"

““U-started MSFR__ [TRU-started MSFR
Th Sy Th Actinide
Initial inventory (kg) 38300 [5060 30600 [Pu 11 200
Np  [800
Am 680
Cm [115
Density (g/cm°) 4.1249
Dilatation coefficient (/°C) 8,82-10™
Core dimensions (m) Ra(_jlus: 1.1275
Height: 2.255
18
Fuel Salt Volume (m°) 9 out of the core
9 in the core
Blanket Salt Volume (m®) 7.3
Total fuel salt cycle in the system 4.0's

Y In order to keep the same circulation time, the temperature difference in the core was adjusted regarding
the new physico-chemical properties.



Table 3: Initial critical fissile inventory for the calculation without evolution

#5U-started MSFR TRU-started MSFR
Th &V Th /Actinide
38 281 kg 4 838 kg 30 619 kg Pu 11 079 kg
5.628 %mol
19.985 %mol 2.515 %mol 16.068 %mol Np 789 kg
0.405 %mol
Am 677 kg
0.341 %mol
Cm 116 kg
0.058 %mol

In fact, the evolution calculation shows that more fissile material is needed to stay
critical short time after the starting up.

3 Fuel salt reprocessing

As displayed in Fig. 3, the salt management combines a salt control unit, an online
gaseous extraction system and an offline lanthanide extraction component by
pyrochemistry.

The gaseous extraction system, where helium bubbles are injected in the core,
removes all non-soluble fission products (noble metals and gaseous fission products).
This on-line bubbling extraction has a removal period T,,=30 seconds in the simulations.
The elements extracted by this system are the following: Z =1, 2, 7, 8, 10, 18, 36, 41, 42,
43, 44, 45, 46, 47, 51, 52, 54 and 86.
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Fig. 3: Overall scheme of the fuel salt management including the online gaseous

extraction (top) and the offline reprocessing unit (bottom) — The yellow boxes surrounded
by a red line represent the parts enclosed within the reactor vessel

A fraction of salt is periodically withdrawn and reprocessed offline in order to extract
the lanthanides before it is sent back into the core. The actinides are sent back into the
core as soon as possible in order to be burnt. With the online control and adjustment part,
the salt composition and properties are checked.

The rate at which this offline salt reprocessing is done depends on the desired
breeding performance. In the reference simulations, we have fixed the reprocessing rate
at 40 litres per day whatever the fuel salt volume, i.e. the whole core is reprocessed in 450
days. In the simulation of the reactor evolution, this is taken into account through a 100%
offline extraction of the following fission products in 450 days: Z = 30, 31, 32, 33, 34, 35,
37, 38, 39, 40, 48, 49, 50, 53, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70

Thanks to this simplified view of the reprocessing, even if not totally realistic, a
stationary state may be reached during the reactor evolution. In the following, the
extraction efficiencies may be refined in cooperation with WP3.

As displayed in fig 3, the fission products of the fertile blanket are slowly removed,
with a rate of 0,4 liter of salt cleaned per day i.e. the whole fertile salt volume (7.3m°)
cleaned in 19250 days (52.7 years). The actinides, mostly 22U, are extracted and then re-



injected in the core at a rate of 40 liters of salt cleaned per day. Additionally, the gaseous
fission products are extracted in the same way as in the core (see above).

4 Physicochemical properties of the molten salts used in the MSFR

During reactor operation, fission products and new heavy nuclei are produced in the
salt up to some mole % only, they do not impact the salt physicochemical properties
needed for our studies. In the absence of precise data for the salt chosen in our
simulations, we have used the well known characteristics of the LiF (77.5 mole%)-ThF,
salt, presented in table 3. The last column of Table 1 summarizes the values used in these
studies, at a mean temperature of 700°C (halfway between the low and the high operating
temperatures).

Table 4: Physicochemical properties used for the fuel and fertile salt in the Benchmark,
measured for the salt 78%mol LiF-22%mol ThF, (ISTC Project No. #3749)

Value at | Validity Range,
Formula 700°C 5

Density p (g/cm®) 4,094 - 8,82 -10™ (T()-1008) 4,1249 [620-850]

Kinematic Viscosity v (m2/s) | 5,54 -10%exp{3689/T} 2,46-10° [625-846]

Dynamic viscosity p (Pa.s) |p gem3)5,54 -10° exp{3689/T}| 10,1-10° [625-846]

Thermal Conductivity A 5
10° 1,0097 618-747
WIm/K) 0,928 + 8,397-10°. T : [ 1
Calorific capacity Cp(J/kg/K)| (-1,111 +0,00278 - T)) - 10° 1594 [594-634]°

The fertile salt, located in the radial blanket surrounding the core and serving as
radial reflector, is composed of 77.5 LiF-22.5 ThF, and has similar properties.

The secondary salt is not determined but we have assumed its characteristics to be
identical to those of the fuel salt (see table 3). In fact, the constraints on this secondary
salt being less stringent than for the primary salt, its capacities in terms of heat transfers
will probably be better. Our simulations thus correspond to the worst case.

5 Structural materials

The structural materials of the reactor, even if they are located around the core and
not directly in it, have to bear the neutron flux together with high temperatures. We have
considered for our simulations a Ni-based alloy containing W and Cr as detailed in tab 4.

2 In fact, we have to extrapolate the formula of calorific capacity up to 700°C.




Table 5: Composition (at%) of the Ni-based alloy considered for the simulation of the
structural materials of the core

Ni

w

Cr

Mo

Fe

Ti

C

Mn

Si

Al

B

P

S

79.432

9.976

8.014

0.736

0.632

0.295

0.294

0.257

0.252

0.052

0.033

0.023

0.004

The composition of the material used for the heat exchangers being not yet fixed, we have
assumed its thermal conduction to be equal to 24 W/m/K, and typical value for a Ni-
based alloy. The density of the Ni-based alloy is equal to 10 (data given by Thierry
Auger). This material will not be submitted to a high neutron flux; hence the choice of its

composition is not too constrained.

We have considered the composition of natural boron: 19.8% of '°B and 80.2% of
1B The B4C density is equal to 2.52016 (data used in SIMMER, given by KIT).

6 Other data
Table 6: Abundances of seven delayed neutron precursors for two uranium isotopes
Group 1 3 4 5 6 7

Precursor &gy 137 8y %Rb 139) slgy %Rp

Half-Life | 559s | 245s | 164s | 585s | 23s | 054s | 0.199s
Abundances

23y (fast) | 0.0788 | 0.1666 | 0.1153 | 0.1985 | 0.3522 | 0.0633 | 0.0253
23 (thermal)| 0.0787 | 0.1723 | 0.1355 | 0.1884 | 0.3435 | 0.0605 | 0.0211
25 (fast) | 0.0339 | 0.1458 | 0.0847 | 0.1665 | 0.4069 | 0.1278 | 0.0344
25 (thermal)| 0.0321 | 0.1616 | 0.0752 | 0.1815 | 0.3969 | 0.1257 | 0.0270
Mean Value | 0.0742 | 0.1679 | 0.1209 | 0.1915 | 0.3533 | 0.0684 | 0.0240

Mean values of abundances for the neutron precursors are considered here for
fissions that are due to U (90%) and ***U (10%) with a spectrum located between a
thermal and a fast one (50% of thermal spectrum and 50% of fast spectrum).




B. EVOL NEUTRONIC BENCHMARK RESULTS

B EVOL Neutronic Benchmark Results

Benchmark Calculations to perform for both the 233U-started and
the TRU-started MSFR

In order to collect the data of all the partners and compare them to each other, we divided
the template in 2 documents: where you have one Word-document and one Excel-file to be
completed. The word document, this one, contains small tables (example: quantities at BOL
and Steady State (100 years) or mean values), while the Excel-file contains bigger tables
with more details (example: evolution of the quantities or flux distribution). Please fill out
both documents with the calculation that your tool can perform. If you think that an
important quantity was forgotten, please let us know as soon as possible in order to update
the template and send it to all participants.

1) Static calculations
Critical Amount:

Since the delayed neutron fraction Berr is not yet compared, we compare the critical

amount with k.- =1 with the precision: Ak.

prompt’

Remark: Feel free to fill out the column with %mol or/and Q[kg]. The comparison will be
done for Q[kg]. This remark is valid for all the following tables with %mol and Q[kg]
columns.

U233-started MSFR

%mol Qlkg] Ak (pcm)
*2Th 19.886
3y 2.614

This concentration gives k_eff = 1.

1.1) Delayed neutrons fraction

Calculation of the delayed neutrons fraction, please indicate the data basis used, the neutron
spectrum used and for which time of the evolution the 3 fraction was calculated.

Fast/thermal/mixed/real
B (pcm) (precise how) neutron Data basis used
spectrum

233U-started (initial) 310 ENDEF/B-VII

TRU-started (initial)

Steady State (100 yrs) 322

M.Sc. Thesis

80



Please indicate a short description of the evaluation method used to calculate of the
effective delayed neutron fraction, while taking into account the fuel salt circulation out of
the core:

By (pem) Data basis/ Description of the

et (P spectrum evaluation method

233U-started (initial) 290 Difference between

TRU-started (initial) reactivities with and without
delayed neutron precursors*

Steady State (100 yrs) 307 (both without flow)

* Other computations can also be made. Below are given the reactivities for three different
situations for t=0:

- With flow, with delayed neutron precursors, rho = -0.33 pcm (critical)
- Without delayed neutron precursors, rtho = -124.60 pcm

- Without flow, with delayed neutron precursors, rho = 165.77 pcm

For t=100 years:
- With flow, with delayed neutron precursors, rho = -1.93 pcm (critical)
- Without delayed neutron precursors, rho = -133.64 pcm

- Without flow, with delayed neutron precursors, rho = 173.62 pcm

1.2) Generation time

EsigafonAne ) Short description of the evaluation

method
233U-started (initial) L15 Generation time = (1/v) * 1/nu
TRU-started (initial) sigma_f

Steady State (100 yrs) 1.04 1/v is spatially and flux averaged




1.3) Neutron Flux

Mean value of the neutron flux at different location.

®(neutrons/cm?s)

Mean value of the flux in the core 3.82E15
Mean value of the flux on the blanket wall 1.14E15
Mean value of the flux on the upper reflector (on the surface) 123 E15
Mean value of the flux on the lower reflector (on the surface) 1.28 E15
Mean value of the flux in the heat exchanger

(Fuel salt located behind the B,C protection) 677 EL2
Mean value of the flux in the fertile blanket 2.65 E14

Further it is important to compare the neutronic spectrum. Since each participant has its
own energy binning, in order to compare them easily we propose to converge into the same
binning. Additionally, we ask you to send us your original binning in attached file. So
please reevaluate or converge your results regarding the proposed binning A (Binning used
by TU Delft):

Energy Groups Binning A (eV) Flux (n/cm/s)
2.000E+07 - 1.400E+06 284E14
1.400E+06 - 5.730E+05 3775E14
5.730E+05 - 7.300E+04 738 El4
7.300E+04 - 2.290E+03 2.00 E15
2.290E+03 - 1.860E+02 395E14
1.860E+02 - 5.200E+01 237EI13
5.200E+01 - 3.325E+01 204EI12
3.325E+01 - 1.290E+01 105 E12
1.290E+01 - 1.000E-05 1.13Ell

For those who work with monte-carlo tool, we propose to send us in attached file, the flux
for the following binning B:

from le-9 MeV up to 20 MeV with 1031 bins

Find here attached the example file called “Spectrum_U233started.dat”, where you can
easily extract the proposed energy binning B.

Additionally you can fill in the following table the flux for the energy binning of your tool.

Your own Energy Binning Flux (n/em/s)



In order to compare the flux distribution in the core and the blanket, please fill out the
following table with the values at indicated points (Z = height, R = radius).

Flux Distribution in the core and fertile blanket [n cm™s™]

Core Fertile Blanket
R=112.75 | R=114.75 || R=137.75 | R=160.75
Y4 R=0cm R=22cm R=44cm R=66cm R=88cm cm cm cm cm
112.75cm | 2.23E15 |2.08E15 |1.80E15 |1.42E15 |9.56E14 |4.53E14 _
99cm  [[3.73E15 [3.59E15 |3.09E15 |2.44E15 |163E15 |7.17El14
88cm 4.87E15 |4.55E15 |3.92E15 |3.08E15 |2.05E15 |8.42E14 6.83E14 |1.62E14 |3.14E13
77cm 5.92E15 |5.60E15 |4.81E15 |[3.77E15 |2.49E15 [1.03E15 7.69E14 |156E14 | 2.54E13
66cm 6.88E15 |6.78E15 |5.80E15 |4.52 E15 |2.97E15 |1.20E15 8.89E14 |1.65E14 |2.37E13
55cm 7.71E15 |7.48E15 |6.39E15 |4.96E15 |3.25E15 [1.32E15 9.71E14 |1.76E14 |2.43E13
44cm 8.43E15 |8.14E15 |6.94E15 |[5.38E15 |[3.52E15 |1.42E15 1.05E15 |1.88E14 |2.55E13
33cm 9.00E15 |8.69E15 |7.40E15 |[5.73E15 |[3.74E15 |1.51E15 111E15 |1.99E14 | 2.68E13
22cm 9.43E15 |8.78E15 |7.47E15 |[5.79E15 |3.79E15 |1.53E15 1.13E15 |2.00E14 | 2.71E13
11cm 9.68E15 |9.13E15 |7.76E15 |6.00E15 |3.92E15 [1.59E15 1.17E15 |2.07E14 |2.80E13
Ocm 9.78 E15 |9.27E15 |7.87E15 |6.08E15 |3.96E15 |1.61E15 1.18E15 |2.10E14 | 2.83E13
-11cm 9.73E15 |9.19E15 |7.80E15 |[6.02E15 |3.92E15 |1.59E15 1.17E15 |2.08E14 |2.80E13
-22cm 9.53E15 |8.89E15 |7.55E15 |[5.82E15 |3.80E15 |1.54E15 1.13E15 |2.01E14 |2.72E13
-33cm 9.15E15 |8.81E15 |7.49E15 |[5.77E15 |3.75E15 |1.52E15 1.12E15 |2.00E14 |2.69E13
-44cm 8.60E15 |8.30E15 |7.06E15 |[5.44E15 |3.54E15 |1.43E15 1.06E15 |1.89E14 |2.57E13
-55cm 7.66E15 |7.66E15 |6.53E15 |[5.04E15 |3.27E15 [1.33E15 9.81E14 |1.77E14 |245E13
-66cm 7.09E15 |6.98E15 |5.95E15 |[4.60E15 |2.99E15 |1.22E15 9.01E14 |1.67E14 |2.40E13
-77cm 6.12E15 |579E15 |4.96E15 |[3.86E15 |2.53E15 |1.05E15 7.84E14 |158E14 | 256E13
-88cm 5.04E15 |4.71E15 |4.06E15 |[3.17E15 |2.10E15 |9.03E14 7.00E14 |1.65E14 |3.14E13
-99cm | 3.87E15 |3.72E15 |3.21E15 |2.52E15 |1.67E15 |7.35E14
-112.75cm || 2.33E15 |2.18E15 |1.88E15 |1.48E15 |9.89El4 |4.67El4

1.4) Feedback coefficient

Please fill out the following table with the feedback coefficient and its 2 contributions: the
total value and the uncertainty of the total value due to your evaluation. Calculations should
be done for AT of 100K (calculations performed at 650°C and 750°C). If you did it
differently please precise the temperatures used. Concerning the uncertainty on the do/dT
calculation, please precise how you evaluate it.

Density/Void
(pem/K)

-2.58

233U-started
TRU-started

Steady State (100 yrs)

Doppler
(pen/K)

-4.39

Total +/- A(do /dT)
(pem/K) (pen/K)

-6.97

-5.27



3) Preliminary Thermohyydraulic and coupled comparison: Velocity, Temperature
and Precursor distributions

Since no thermohydraulic design was defined until yet, we propose to compare the
thermohydraulic results considering the simple initial core geometry (see Benchmark).

Temperature Distribution in the core and fertile blanket [K]

Core Fertile Blanket
R=112.75 R=137.75 R=160.75
z R=0cm R=22cm R=44cm R=66cm R=88cm cm R=114.75 cm cm cm
112.75¢m 1025 1014 1010 1006 1004 1003
99cm 1021 1013 999 991 1002 1037
88cm 1015 1003 987 992 1041 1036 1002 1002 1002
77cm 1012 996 981 1005 1076 1041 1002 1002 1002
66cm 1009 990 977 1023 1100 1045 1002 1002 1002
55cm 1006 985 973 1041 1116 1049 1002 1002 1002
44cm 1003 980 969 1053 1127 1053 1002 1002 1002
33cm 1000 976 966 1059 1135 1056 1002 1002 1002
22cm 998 971 962 1063 1144 1061 1002 1002 1002
11cm 995 967 960 1063 1151 1065 1002 1002 1002
0Ocm 993 963 955 1060 1159 1069 1002 1002 1002
-11cm 990 959 952 1054 1166 1073 1002 1002 1002
-22cm 988 956 948 1045 1172 1077 1002 1002 1002
-33cm 986 952 943 1029 1180 1082 1002 1002 1002
-44cm 985 949 940 1013 1185 1085 1002 1002 1002
-55cm 985 946 936 989 1189 1089 1002 1002 1002
-66cm 986 944 933 958 1189 1092 1002 1002 1002
-77cm 988 944 931 933 1152 1096 1002 1002 1002
-88cm 995 947 930 925 954 1100 1002 1002 1002
-99cm 1007 964 930 925 922 919
-112.75cm 1031 1012 976 964 963 955

Axial Component of Velocity in the core [m/s]

Y4 R=0cm R=22cm R=44cm R=66cm R=88cm R=112.75cm
112.75cm__ |0 0 0 0 0 0
99cm 6.35 E-1 8.19 E-1 1.01 9.88 E-1 7.65 E-1 1.01
88cm 1.21 1.47 1.71 1.59 9.28 E-1 2.02 E1
77cm 1.70 2.04 2.26 1.92 7.82 E-1 -5.47 EA1
66cm 2.15 2.53 2.69 2.05 5.71 E1 -7.81 E1




55cm 2.56 2.94 3.02 2.04 3.82 E-1 -8.17 E-1

44cm 2.87 3.22 3.22 1.98 2.54 E-1 -7.78 E-1

33cm 3.06 3.38 3.33 1.93 1.77 EA1 -7.29 EA1

22cm 3.24 3.53 3.43 1.88 9.45 E-2 -6.66 E-1

11cm 3.32 3.60 3.47 1.87 4.66 E-2 -6.20 E-1

Ocm 3.35 3.62 3.50 1.89 7.94 E-3 -5.80 E-1

-11cm 3.33 3.60 3.50 1.93 -2.25E-2 -5.43 E-1

-22cm 3.26 3.54 3.49 1.99 -4.57 E-2 -5.07 E-1

-33cm 3.08 3.37 3.42 2.13 -6.65 E-2 -4.60 E-1

-44cm 2.84 3.17 3.33 2.25 -7.38 E-2 -4.17 EA1

-55cm 2.45 2.83 3.13 242 -7.13 E-2 -3.60 E-1

-66cm 1.88 2.31 2.78 2.54 -3.03 E-2 -2.90 E-1

-77cm 1.19 1.69 2.32 2.38 3.96 E-1 -2.12 E1

-88cm 4.64 E-1 1.01 1.76 1.90 1.46 -1.28 E-1

-99cm -4.72 E-2 2.57 E-1 9.78 E-1 1.16 9.37 E-1 242 E-1
-112.75cm 0 0 0 0 0 0

Radial Component of Velocity in the core [m/s]
Y4 R=0cm R=22cm R=44cm R=66cm R=88cm R=112.75cm

112.75cm 0.00 4.17 EA1 1.06 1.71 2.10 2.57

99cm 0.00 6.00 E-1 1.35 2.16 2.63 3.12

88cm 0.00 5.76 E-1 1.22 1.79 1.76 0

77cm 0.00 5.13 E-1 1.03 1.38 1.04 0

66cm 0.00 4.24 EA1 8.11 E-1 9.41E-1 5.41E-1 0

55cm 0.00 3.24 E-1 5.92 E-1 6.17 E-1 242 E-1 0

44cm 0.00 2.37 E-1 4.18 E-1 3.93 E-1 1.02 E-1 0

33cm 0.00 1.74 EA1 3.00 E-1 2.70 E1 4.54 E-2 0

22cm 0.00 1.01 E1 1.76 E-1 1.67 E-1 1.39 E-2 0

11cm 0.00 5.15 E-2 9.80 E-2 1.12 EA1 3.64 E-3 0

Ocm 0.00 4.15E-3 2.65E-2 6.59 E-2 -4.26 E-3 0

-11cm 0.00 -4.63 E-1 -4.81 E-2 -1.64 E-2 -1.43 E-2 0

-22cm 0.00 -1.05 E-1 -1.37 E-1 -4.68 E-2 -2.76 E-2 0

-33cm 0.00 -2.01 E1 -2.86 E-1 -1.65 E-1 -5.00 E-2 0

-44cm 0.00 -2.91 E1 -4.38 E-1 -3.07 E-1 -7.16 E-2 0

-55cm 0.00 -4.22E 1 -6.71 E1 -5.80 E-1 -1.03 E-1 0

-66cm 0.00 -5.81 E-1 -9.74 EA1 -1.06 -1.53 E-1 0

-77cm 0.00 -7.08 E-1 -1.26 -1.65 -4.76 E-1 0

-88cm 0.00 -7.21 EA1 -1.47 -2.10 -2.40 0

-99cm 0.00 -4.27 EA1 -1.43 -2.32 -3.08 -3.30
-112.75cm 0.00 1.22 E1 5.44 E-2 -3.61 E-1 -1.07 -1.57




Precursors Density Distribution group 1 [E11 atlcmz] (see explanation)

Y4 R=0cm R=22cm R=44cm R=66cm R=88cm R=112.75cm
112.75cm 2.31 1.37 1.37 1.36 1.36 1.60
99cm 2.74 2.72 2.71 2.71 2.71 2.72
88cm 2.73 2.72 2.71 2.71 2.72 1.37
77cm 2.73 2.71 2.71 2.71 2.74 1.37
66cm 2.73 2.71 2.70 2.71 2.77 1.37
55cm 2.72 2.70 2.70 2.72 2.78 1.36
44cm 2.72 2.70 2.70 2.72 2.79 1.36
33cm 2.71 2.70 2.69 2.72 2.80 1.36
22cm 2.71 2.70 2.70 2.72 2.80 1.36
11cm 2.71 2.69 2.69 2.72 2.81 1.36
Ocm 2.70 2.69 2.68 2.72 2.81 1.36
-11cm 2.70 2.68 2.68 2.71 2.81 1.36
-22cm 2.69 2.69 2.68 2.70 2.81 1.36
-33cm 2.69 2.68 2.68 2.70 2.81 1.36
-44cm 2.68 2.67 2.67 2.69 2.81 1.36
-55cm 2.68 2.67 2.67 2.69 2.81 1.36
-66cm 2.68 2.67 2.66 2.68 2.80 1.36
-77cm 2.67 2.66 2.66 2.66 2.74 1.36
-88cm 2.67 2.66 2.66 2.65 2.66 1.36
-99cm 2.68 2.65 2.65 2.65 2.65 2.65
-112.75cm 2.32 1.36 1.28 1.22 1.26 1.54
Precursors Density Distribution group 6 [at/cm®] (see explanation)
Y4 R=0cm R=22cm R=44cm R=66cm R=88cm R=112.75cm
112.75cm 4.50 E8 2.72 E8 2.73 E8 2.63 E8 2.46 E8 2.63 E8
99cm 9.86 E8 9.64 E8 9.00 E8 8.14 E8 7.08 E8 5.44 E8
88cm 1.13 E9 1.06 E9 9.52 E8 8.38 E8 6.97 E8 1.68 E8
77cm 1.19 E9 1.10 E9 9.63 E8 8.40 E8 6.67 E8 1.39 E8
66cm 1.22 E9 1.11 E9 9.54 E8 8.35E8 6.27 E8 1.28 E8
55cm 1.24 E9 1.10 E9 9.38 E8 8.30 E8 6.05 E8 1.26 E8
44cm 1.23 E9 1.08 E9 9.12 E8 8.21 E8 5.98 E8 1.27 E8
33cm 1.22 E9 1.05 E9 8.75E8 8.05 E8 6.04 E8 1.31 E8
22cm 1.19E9 1.04 E9 8.67 E8 8.00 E8 6.06 E8 1.32 E8
11cm 1.16 E9 9.90 E8 8.15E8 7.68 E8 6.13 E8 1.37 E8
Ocm 1.11E9 9.27 E8 7.53 E8 7.21E8 6.14 E8 1.40 E8
-11cm 1.06 E9 8.55 E8 6.81 E8 6.58 E8 6.03 E8 1.42 E8
-22cm 1.00 E9 7.76 E8 6.04 E8 5.81 E8 5.80 E8 1.41E8




-33cm 9.43 E8 7.62 E8 5.90 E8 5.64 E8 5.73 E8 140 E8
-44cm 8.77 E8 6.83 E8 5.11E8 4.78 E8 5.38 E8 1.35E8
-55cm 8.10 E8 6.09 E8 4.38 E8 3.93E8 4.96 E8 1.28 E8
-66cm 743 E8 5.44 E8 3.74 E8 3.15E8 4.46 E8 1.20 E8
-77cm 6.78 E8 4.57 E8 2.88 E8 2.09E8 2.93E8 1.05E8
-88cm 6.22 E8 4.06 E8 2.32E8 1.42 E8 1.04 E8 8.85 E7
-99cm 5.88 E8 3.99 E8 2.05E8 1.16 E8 6.05 E7 2.28 E7
-112.75cm 3.85E8 2.12E8 1.56 E8 6.58 E7 290 E7 1.14 E7




Fissile salt Composition: 233U-started MSFR

BOL 6 months 1 year 2 years 5 years
mol% Q [kg] mol% Q [kg] mol% Q [kg] mol% Q [kg] mol% Q [k
Li 4,49E+03 4,49E+03 4,49E+03 4,49E+03 4,49E+03
F 2,63E+04| 2,63E+04| 2,63E+04] 2,63E+04 2,63E+04
Nb 9,09E-05| 9,34E-05| 9,35E-05| 9,36E-05|
Xe 2,73E-04] 2,73E-04 2,73E-04 2,72E-04
tot FP 2,37E+02 4,07E+02 5,33E+02) 6,24E+02
232Th 3,79E+04 3,78E+04] 3,77E+04 3,72E+04
231Pa ,86E+00) 3,58E+00) 6,60E+00) ,31E+01
233Pa ,34E+02 1,34E+02 1,32E+02 ,29E+02
tot Pa ,36E+02 1,38E+02 1,39E+02 JA43E
2U 1,27E-01 3,79E-01 1,15E+00| 4,44
3U 5,16E+03| 5,19E+03| 5,23E+03) 52
4U 9,50E+01 1,88E+02 3,63E+02) 8,13E
235U 1,44E+00 5,44E+00 1,94E+01 8,78E+01
236U 1,567E-02 1,19E-01 8,55E-01 9,74E+00
tot U 5,28E+03| 5,44E+03| 5,67E+03) 6,18E+03
tot Np ,00E 1,41E-04] 3,44E-03 3,25E-02 6,56E-01
238Pu 0,00E+00| 1,45E-0§| 4,95E-05| 1,48E-03 9,62E-02|
239Pu 0,00E+00 1,10E-08| 7,15E-07 4,17E-05) 6,29E-03|
240Pu 0,00E+00 5,98E-1 1_|| 7,54E-09 8,81 E-OZ" 3,28E-04
241Pu 0,00E+00 2,92E-13] 6,22E-11 1,42E-08 1,21E-05|
242Pu 0,00E+00 E E 1,66 E-1Q|| 3,563E-07|
tot Pu E 2,74E-03] 1,2 1
241Am 1,55E-10| 3,20E-07|
242Am 7,35E- {I 1,50E-10
242mAm 5,53E-13] 2,55E-09)
243Am 1,82E-12] 9,18E-09
Tot Am 4,49E-10) 5,03E-07|
42Cm 3,69E-12 1,41E-08
43Cm 5,85E-14 3, 0
44Cm 00E E 4, 70E-14| 1,05E-13 7 18E-10)
245Cm 0,00E+00 3,96E-14] 3,58E-1{|| 3,07E-14 2,32E-11
tot Cm 0,00E+00 1,58E-13] 1,71E-13] 1,20E-11 2,36E-08|
total Heavy Nuclei * 4,31E+04] 4,33E+04 4,34E+04| 4,35E+04 4,35E+04

* Heavy Nuclei = (88<Z<99)



Fissile salt Composition: 233U-started MSFR

10 years 20 years 50 years 100 years 200 years
mol% Q [kg] mol% Q [kg] mol% Q [kg] mol% Q [kg] mol% Q [kg:
Li 4,49E+03 4,49E+03 4,49E+03 4,49E+03 4,49E+03
F 2,62E+04] 2,62E+04] 2,61E+04] 2,59E+04] 2,55E+04]
Nb 9,39E-05| 9,42E-05)| 9,43E-05| 9,42E-05| 9,42E-05)
Xe 2,72E-04 2,71E-04 2,70E-04 2,70E-04] 2,70E-04
tot FP 6,33E+02) 6,33E+02) 6,32E+02) 6,33E+02) 6,37E+02)
232Th 3,66E+04] 3,58E+04] 3,46E+04] 3,42E+04] 3,41E+04
231Pa ,88E+01 2,24E+01 2,33E+01 2,35E+01 2,37E+01
233Pa ,26E+02 1,21E+02 E 1,14E+02 E
tot Pa 45E+02 1,43E+02 1,37E+02
2U 1,49E+01 1,68E+01
1] 5,05E+03] 4,86E+03
4U 2,01E+03] 2,59E+03
235U 4 15E+02 6,05E+02)
236U 1,84E+02 6,72E+02)
tot U 7,79E+03] 8,74E+03
tot Np ,08E 3,59E+01 22E 1,63E+02 66E:
238Pu 1,65E+00 1,69E+01 1 11E+02] 1,75E+02 1,82E+02
239Pu 1,99E-01 3,50E+00) 3,74E+01 6,70E+01 7,07E+01
240Pu 2,10E-02 7,51E-01 1,92E+01 5,20E+01 5,98E+01
241Pu 1,38E-03 8,00E-02 3,13E+00) 9,63E+00) 1,13E+01
242Pu 8,44E-05 1,05E-02] 1,17E+00 6,80E+00) 9,76E+00)
tot Pu 2,42E+00) 2,82E+01 1,81E+02 3,12E+02] 3,33E+02)
241Am 7,11E-05] 7,71E-03 5,81E-01 2,28E+00) 2,80E+00)
242Am 3,29E-08 3,50E-06) 1,01E-03| 1,23E-03|
242mAm 1,05E-06)] 1,95E-04] 1,17E-01 1,48E-01
243Am 4,27E-06| 1,00E-03] 1,81E+00 2,84E+00)
Tot Am 1 ,26E—0{|| 1,59E-02 4,31E+00) 5,79E+00)
42Cm 4,34E-06| 5,71E-04 1,95E-01 2,40E-01
43Cm 1,79E-07]| 4,02E-05)| 2,67E-02) 3,39E-02
44Cm 6,63E-07, 3,01 5-01" 1,82E+00 3,27E+00)
245Cm 4,01E-08 3,21E-05| 2,86E-02) 4,54E-01 8,77E-01
tot Cm 8,95E-06 1,82E-03] 2,90E-01 2,90E+00) 5,31E+00)
total Heavy Nuclei * 4,36E+04]| 4,36E+04]] 4,36E+04] 4,35E+04] 4,35E+04]

* Heavy Nuclei = (88<Z<99)



Neutronic Characteristics of the 233U-started MSFR

BOL

6 months

1 year

2 years

5 years

10 years

Breeding Ratio (as
defined in benchmark
word template)**

0.95

0.95

0.95

0.94

0.94

20 years

0.95

50 years

0.94

100 years

0.944

200 years

0.945

233U production in
the core [kg/an]

-142.0

-109.8

-89.0

-69.8

-63.4

-58.5

-61.7

-61.7

-60.6

233U production
extracted out of
blanket [kg/an]

Breeding Gain [kg/an]

Thorium supply core
[kglyear]

1205.1

1234.7

1228.4

1099.6

1115.7

1097.5

1097.8

1098.3

1099.5

Thorium supply core
and blanket [kg/year]
Balance of HN [kg] («
total HN inventory at
time t »- « Init.
inventory »- « supply
uptot»+
« extracted »)

dk/dT (Doppler)
[pcm/K]

dk/dT (density)
[pcm/K]

dk/dT (total) [pcm/K]

-6,97

-6,68

-6,57

-6.43

-6,22

-6,04

-5,73

-5,39

-5,27

-5,23

Fraction of delayed
neutrons [pcm] *

310

322

* without taking in account recirculation
** Only takes into account the core (burnup in fertile blanket is not modeled).
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