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Chapter 1

Present Situation Of Nuclear
Energy

The Fukushima accident which happened in Japan on the 11th of March 2011 was
a tragedy not only for the people affected, but also for the development of nuclear
technology, especially its application to nuclear power generation. After the accident
many countries utilizing nuclear power began to reconsider their nuclear policies
under the pressure of public opinion and political concerns. Some of these countries
decided to stop using nuclear power and, one of them, Germany, made this policy
into law.

Nevertheless, according to Fig. 1.1 regenerated with data from International Energy
Agency (IEA) [kwe08, kwe09, kwel0, kwell, kwel2, kwel3, kweld, kwel5| and the
International Atomic Energy Agency (IAEA) |nts07,nts08,nts09,nts10,nts11,nts12,
nts13, nts14| reports in the time frame 2006~2014 from a worldwide point of view
and taking into account the situation before the Fukushima accident, the descent of
the nuclear energy share in the total electricity production has been apparent even
from 2006. This is attributed to a stagnant development of the total capacity of
nuclear power and to the increase of total electricity production in the same period.
A precipitous decrease of the nuclear electricity share, as well as, of the new starts
of nuclear power plant construction was encountered in 2011 in the aftermath of the
accident. The countries, which examined the safety of their installations and faced
the conflict between the increasing need of electric power and the potential lack of
the capacity of the power generation, decided not to give up nuclear power. New
nuclear power plants began to be built in 2012 and the total capacity of the nuclear
power and share tended to recover and further rise.

At the same time, the pressure to significantly reduce the emission of greenhouse
gases to the atmosphere, mainly CO9, in order to prevent the onset of a potentially
catastrophic global climate change, continues to be strong in most countries. The
consideration of the available solutions for such a serious problem, factoring in the
risks and benefits of the technologies mature enough to contribute effectively to a
solution, has resulted in the fact that the reliance of many governments on nuclear
electricity production remains strong. For this reason, up to 01 Nov. 2015 [wna0§]
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Figure 1.1: Nuclear energy development before and after Fukushima Accident
Based on IEA data from references mentioned in the text © OECD/IEA, IEA Publishing
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there are 65 reactors with a total of 68GW, under construction, 165 reactors with
185G W, on order or planned, and even 324 reactors with 367G W, proposed. It is
predictable that, under actual technology standards, nuclear energy is playing and
will go on playing an important role in the world electricity generation structure for
years to come.

1.1 Generation IV

The Generation IV International Forum (GIF) was established in 2000 and obtained
its formal charter in 2001. Six new reactor concepts were proposed in the following
years to be considered as a technology road map for future nuclear energy system.
The Gen-1V reactor types are expected to fulfill the goals of sustainability, economics,
safety and reliability, as well as, proliferation resistance and physical protection.
|gen14]

Of the six Gen-IV nuclear reactor types, four designs are fast neutron reactors:
(Gas-cooled Fast Reactor (GFR), Sodium-cooled Fast Reactor (SFR), Molten Salt
Reactor (MSR) and Lead-cooled Fast Reactor (LFR)) and three designs are ther-
mal neutron reactors (Very High Temperature Reactor (VHTR), Super Critical
Water Reactor (SCWR) and Molten Salt Reactor (MSR)) [gen02, pp.20], where
the MSR is operated with thermal, epithermal or fast neutrons. Sustainability is
an important characteristic of all these reactor types, since their main tasks may
not only be electricity generation, but also the substantial reduction of the amount
minor actinides contained in the spent fuel produced by the older and newer thermal
reactors [gen02, pp.19]. Breeding of nuclear fuel from the large reserves of Th-232
and U-238 will also be a primary use of these reactors, thus extending the availability
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Figure 1.2: Molten Salt Reactor in Gen IV [gen02, pp.39]

of nuclear fuel for many centuries. These two last goals are specially important for
all the fast and epithermal reactor types. Of these reactors, the MSR can be con-
sidered as a "revolutionary” type as it abandons conventional solid fuel desing based
on fuel pellets, rods and assemblies, and makes the core a flowing molten mixture of
Uranium, Plutonium or Thorium salts.

The importance of this feature is self-evident when the details and consequences
of the Three Mile Island nuclear accident [nrcl3| in 1979 and of the Fukushima
nuclear accident [Kucll] in 2011 are considered. Both of them suffered massive
fuel rod damage and core melting caused by an uncontrollable temperature increase.
The fuel pellets melted destroying the rod clads and released to the coolant a large
amount of highly radioactive fission products. A considerable amount of them was
then released to the environment in the case of Fukushima reactors, and in both
cases seriously contaminated the reactor building.

In the MSR using liquid molten salts, the fuel is already molten and, therefore, the
destruction of the fuel and melting of the core is not contemplated as an accident,
while the reactor design takes already into consideration the protection against the
released of any radioactive product outside the confined flowing paths of the molten
core. The MSR has also a temperature-dependent passive safety system, which
precludes large uncontrolled increases of reactor power and the molten core can
be securely drained to holding tanks by gravity, which is clearly demonstrated in
Fig. 1.2. In addition to this unique passive-safety feature the MSR, provides many
other benefits compared to more conventional reactor types [LeB10a| |Els13]. Thus,
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the MSR can fulfill the goals set by the Gen-IV Forum regarding the priorities of
nuclear reactor designs [moil5|:

to reduce weapons usable material in storage,

e to reduce need for high level waste repository space,

e to increase the proliferation resistance of nuclear energy,
e to make beneficial used of spent fuel from LWRs,

e to increase the fuel resource utilization,

e to extend the limit and range of non-carbon based technology for electricity
and hydrogen production comparable with other alternatives economically.

From this unique feature start this work discusses the history and the nowadays of
the MSR, and presents a preliminary analysis of one of the new variants of the MSR.

1.2 Objective and Outline

This thesis deals with the dual fluid reactor (DFR) concept and aims to analyzing its
features under different circumstances. With this purpose, the steady-state charac-
teristics of the reactor, the depletion of the fuel salt, and the dynamics of the reactor
are investigated.

The thesis consists of five parts including 14 chapters. Part I focuses on the intro-
ductory facts, of which the first chapter is an introduction to the current general
situation of nuclear energy. This chapter is followed by a brief history of the MSR.
After that the basic description and parameters of the DFR concept are introduced
in Chapter 3. The methods and codes used for calculations are presented in Chapter
4. These chapters provide the basic background and supplemental information to
the thesis so that the calculations and analyses in subsequent chapters can be better
understood.

Neutron and reactor physics for the DFR are presented in Part 11, in which a model
used for the criticality calculation is established and introduced in Chapter 5. With
this model, a series of calculations to obtain important reactor parameters are carried
out, including kg, delayed neutron information, neutron spectrum, etc. Results
from different codes and code versions are produced. Sensitivity analysis for three
important DFR design parameters, namely the nuclide composition, the geometry
and the temperature conclude the analysis in this part.

In the Part III the depletion behavior of the DFR concept is examined. Initially
burn-up related variables are studied so that a basis for subsequent burn-up calcula-
tions regarding computation time, memory usage and precision of the results can be
established. Based on these results the depletion without and with online processing
is calculated. The results are compared between simplified scenarios.
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Thanks to the understanding of the DFR concept in gained the previous chapters,
a series of thermal-hydraulic analysis are performed in the Part IV. The analysis
makes use of a zero-dimensional model with point kinetics of the reactor core, one-
dimensional coupled model with heat transfer, two-dimensional coupled model with
fluid dynamics.

Finally, the conclusion chapter summarizes the most important results and conclu-
sions are provided. An outlook for future research completes the content of the
thesis.






Chapter 2

A Brief History of the MSR

2.1 Early stage

The molten salt reactor has gotten increased interest in the last few years, especially
thanks to the inclusion of this concept with other advanced nuclear power system
together in the Gen-IV forum, which it has expatiated in the last chapter. However
the idea, the concept and even the design is never new in the scientific community.

The earliest investigation of molten salt reactors can be traced back to the late 1940’s
in a project aimed to develop a nuclear powered airplane in the United States. In
the end this project did not result in the team developing an actual nuclear powered
bomber, but the accumulated knowledge and experience produced an energy gener-
ation system for civil utilization. Due to several advantages identified for a liquid
fuel, the experiments on molten salt fuels began in 1947 and became the “Aircraft
Nuclear Propulsion Program” or “Air Reactor Experiment”’(ARE) in the Oak Ridge
National Laboratory (ORNL). A small reactor (Fig. 2.1) was subsequently built and,
in 1954, was successfully operated for 9 days at a steady-state outlet temperature of
1133 K, with a power output of 2.5 MW, . The salt used at that time was the mixture
of NaF-ZrF, as the carrier salt and the highly enriched 23°U. The most astonishing
find was that the reactor coul run without mechanical or chemical problems, and the
reactor was even self-regulating [BCM 157, pp.841-pp.853.

Based on the studies on the diverse features of the molten salt reactor, MacPherson’s
group at ORNL proposed two types of graphite-moderated reactors: single-fluid
reactors in which the fuel salt contains both thorium and uranium, and two-fluid
reactors (Fig. 2.2 left) in which the fertile salt containing thorium and fissile salt
containing uranium are separated. It has to be mentioned that at this time the
“two-fluid” concept was limited to the “two salts”, as demonstrated in the figure: the
blanket salt containing ThF, flows outside of the fuel salt with a Th-233U mixture
and, therefore, this kind of reactor can be operated as a breeder. The main superiority
of a two-fluid system is the enormously simplified fuel processing with the method
known as “vacuum distillation” [Sco66].

Later on in the 1960s another design of the two-fluid system |Rob65] appeared, as
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Figure 2.1: System structure of ARE [BCM'57]

demonstrated on the right side of Fig. 2.2. The structure of the reactor has introduced
shell-pipes, by which hundreds of graphite fuel tubes separate the fuel salt and the
blanket salt. This design improved the heat transfer between the fuel salt and the
blanket salt, which also served as the coolant in the primary loop. However the large
number of tubes also increased the possibility of cracking in the tubes caused by
neutron radiation damage. Under these conditions, the replacement of the core or
the vessel as a consequence of the complexity of the structure led the project to a
standstill until late 1960s.

At the same time, since many features of a civilian reactor would vary from those
of the ARE, a new “Molten-Salt Reactor Experiments” (MSRE) project was then
launched in 1960. A single-fluid reactor with graphite moderator was finally selected
for the civil version of the MSR, but the fuel salt did not contain thorium and, thus,
it was similar to the fertile fuel of the two-fluid reactor.

The MSRE with 8 M Wy, began in 1962 and the reactor was operated at full power
from 1966 to 1968 as the first phase. The results were satisfactory, despite the
problems identified with corrosion and the chemical stability of the fuel. In a second
phase of the project, numerous additional investigations were carried out on the basic
chemistry of molten fluoride salts and even on the breeding features of the two-fluid

systems. In this second phase, from 1968, it became the first reactor to operate on
233U )

After the abandonment of the two-fluid molten salt breeder reactor concept at the



2.1. EARLY STAGE 11

BLANKET

f PUMP

CONTROL
ROD

I \
f - GRAPHITE
TUBES

__— FUEL SALT

— INNER CORE
WALL

— BLANKET SALT

—— QUTER VESSEL
k\ WALL

Figure 2.2: Flow diagram of two fluids molten salt reactor concepts (left: 1950s,
right: 1960s) |[LeB10b, Rob65|

end of 1960s, the final design in the “Golden Era” of the molten salt reactor was
proposed as the “Molten-Salt Breeder Reactor” (MSBR) [Rob65|, which maintained
its basic design characteristics for decades and now appears also as one of the Gen-1V
reactor concepts. The MSBR is designed with an electrical power of 1000 M W, with
proposals from M. Taube et al. for a molten plutonium chloride fast breeder reactor
cooled by molten uranium chloride [TL74, pp.277-pp.281|, for example.

The MSBR program was finally terminated by the Atomic Energy Commission,
for mainly political rather than technical reasons, at the time in the early 1970s.
At the same time a molten salt reactor program in Britain, which was based on
a 25GW, “Molten Salt Fast Reactor” (MSFR) [marl4, SSAT74, MS76] concept
using a plutonium-chloride mixture as the fuel salt and Helium gas as the coolant,
developed by Atomic Energy Research Establishment (AERE) from 1964, ended in
1974 due to the lack of founding.

The research and studies about the molten salt reactor concepts were driven into
a state of stagnation, with little progresses made by few researchers over the world
[For06, Fur90, FAE108, Gea92, Gea97|. During this period the researchers in the
US brought about a new conceptual design of a “Denatured Molten-Salt Reactor”
(DMSR) [EGB*80] with Once-Through Fueling and discussed the possibility of us-
ing denatured 235U as the fuel salt. In Russia a molten-salt reactor program [Nov94]
was started in the late 1970s concluding various theoretical and experimental in-
vestigations on the topic and verifying the feasibility of the MSRs, and was finally
terminated in the wake of the Chernobyl Nuclear Accident in 1986.
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A so called “resurgence of interest” [LeB10b| highlighted by the selection of this
concept as one of the Gen-1V reactor types has once again raised interest in MSR
research worldwide.

2.2 Renaissance

The reactor concepts proposed in the Gen-IV (Sec. 1.1) fostered other nuclear reac-
tor types by pointing out new guidelines or road-maps for their developments and
ultimate deployments, and helped significantly to bring back the molten salt reactor
concept. With this call researchers swarmed around the concept of the molten salt
reactors and found the forgotten reactor designs and ideas in the archives covered
with dust for decades. Because of the high interest in its advantages and flexibility,
the study of molten salt reactors is currently very active, and some representative
examples are introduced here.

2.2.1 FEurope

The Molten Salt Fast Reactor (MSFR, see Fig. 2.5 (a) concept is a 3G Wy, fast-
spectrum reactor using the Thorium fuel cycle. The concept was proposed [NHO05,
MHea06, MMLea09, For07, MLHO08, MLHea09| based on the investigations of the
MSBR at ORNL. The fuel salt used by the MSFR can be of various compositions
according to the characteristics of its online fuel reprocessing unit. Compared to
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previous MSR designs the MSFR abandons the graphite moderator so that a fast
neutron spectrum can be utilized for breeding.

The fuel salt flows inside of a central cavity, where the nuclear fission reactions take
place. The compact design of the heat exchangers as well as other components en-
sures a small reactor size and a high efficiency of the heat transfer. Due to its unique
potential in several fields, such as excellent safety neutronic coefficients, smaller fis-
sion inventories and others, the MSFR has been recognized as a long term alternative
to the conventional solid fuel reactors and, therefore, has been officially evaluated by
the Gen-IV as worthy of being further investigated since 2008 [BMLR113].

Based on the research performed in Russia in the 1970s, the intermediate/fast spec-
trum reactor design MOSART (Molten Salt Actinide Recycler and Transmuter, see
Fig. 2.5(b) [IF12] was given most of the resources in the last decade. From its name it
is expected to be capable of fissioning the transuranium elements (TRU) from LWR
spent fuel. Like the MSFR, the MOSART with a thermal power of 2400 M W has a
homogeneous cylindrical core in its center, but with the important difference that
the MOSART still contains graphite blocks for the reflector [Tea05].

2.2.2 North America

After the research pioneered by the ORNL and its decades-long stagnation, the new
concepts must always go straight back to the original ORNL investigations of the
60s and 70s. Thus, from the very basic definitions of the MSR, the molten salt can
be used either as the fuel, which leads to the salt-fueled reactors, or as the coolant,
which leads to the salt-cooled reactors.
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In the following, the Canadian IMSR (Integral Molten Salt Reactor, see Fig. 2.6 (a)
concept is a salt-fueled reactor while the American FHR (Fluoride Salt-Cooled High-
Temperature Reactor, see Fig. 2.6 (b), which absorbs the concept of SmAHTR(Small
Modular Advanced High-Temperature Reactor, see Fig. 2.6 (c), is a salt-cooled
reactor.

By combining the advantages from the molten salt reactor concept and the small
modular reactor concept, the IMSR was born in 2013 [LI14] but its design is based
on the DMSR [EGB*80]| design mentioned in the last section and the small modular
reactor, SmAHTR [GGH"10], both developed at the ORNL. Because of its relation
to the DMSR, it is expected to utilize low-enriched uranium (LEU) with diverse
options of carrier salts. The single control rod insertion is designed in the primary
loop with a passive buoyancy driven system and in the secondary loop a passive
temperature-induced negative reactivity injection is used. Thanks to an integrated
primary heat exchanger, a replaceable low-maintenance core unit with high power
density and a 7-year old operating cycle, the IMSR can be deployed in three different
sizes to satisfy various electricity demands: TMSR80 for 32.5M W, , IMSR300 for
141 MW, and IMSR600 for 291MW, . By the early 2020s the IMSR is supposed to
be licensed and ready for commercial construction.

The concept of the SmAHTR started in 2004 [IFOT04] and inherit directly from
AHTR (Advanced High-Temperature Reactor) [For04]. As a thermal-spectrum
nuclear reactor with use of liquid-fluoride-salt coolants. The tri-isotropic (TRISO)-
coated particle fuel was selected for the fuel in the original design of the SmMAHTR
design [GrelOa|, which was a quite unique combination at the time. However, after
3 months the fuel was changed to cylindrical annular compact fuel assemblies with
three variations under consideration [GrelOb]. Graphite was chosen as moderator,
similar to other gas-cooled high temperature reactors. The thermal output is ex-
pected to reach 125 MWy, . Like the IMSR, the main advantages of the SmAHTR
are its small size and its flexible deployment. The FHR inherits the reactor design,
the TRISO fuel type, and is rescaled to 100M Wy, . From 2004 to 2016 plenty of
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efforts have been directed to this subject, which can be found in the following ref-
erences, especially some works have summarized the diverse research done on the
FHR [SAB*"14|. A list of the original ORNL reports about the development of the
FHR can also be found in [FHRa].

2.2.3 Asia

The molten salt reactor concept proposed in China dates from 2011. Since the main
purpose of the development of the nuclear energy generation system in China is to
satisfy an enormous expected demand of the electricity, all established reactor types,
and amongst them the molten salt reactor, are being investigated.

The interest in the molten salt reactor was raised by the Chinese Academy of Science
in order to find a replacement for the current uranium-based nuclear reactors due to
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concerns about the shortage of the economically fabricated uranium based fuel, and
the realization of the sustainable development of the nuclear energy by introducing
breeder reactors. The production of the hydrogen as an important future energy
carriers utilization is also being considered in the context of the MSR because of
its very large outlet temperature. Therefore the “Thorium Molten Salt Reactor
Nuclear Energy System (TMSR, see Fig. 2.7 (a)” [JXD12| has been proposed. The
detailed design of the TMSR system is, however, still unknown at the time of this
thesis.

The project has been upgraded to one of the major national energy application-
technology R&D projects of the Chinese Energy Administration and been further
split into two sub-projects, namely the TMSR-LF and the TMSR-SF with solid and
liquid fuel, respectively. The test reactors of 2M W, to these two sub-projects are be-
lieved to start construction in 2017 and the 10 M W, version will be start construction
in 2025 [TMS14].

In Asia Japan has also conducted the research and development of the molten salt
reactor over 30 years after ORNL has stopped its project in 1970s. In this period
Furukawa and his group started the conceptual design of the FUJI reactor series in
the late 1980s based on their former project “Thorium Molten Salt Nuclear Energy
Synergetic System (THORIMS-NES)” and on the ORNL achievements in the late
1980s.

The FUJI reactor (see Fig. 2.7(b) is not only one reactor, but a conceptual series of
reactors belonging to THORIMS-NES, a expected global Thorium breeding fuel-cycle
system, that the reactor can be flexible in the size and in the power from 150 MW, (for
FUJI-II [FMO™87]) to 200M W, (for FUJI-U3 [MYY05|) to satisfy different local
demands. The design of the FUJI reactor is based on the design of the MSBR,
where the fuel salt flows through the duct formed by the graphite block inside of a
simple tank. Its graphite block however doesn’t need to be changed during its lifetime
like MSBR for its lower neutron flux and a higher graphite volume ratio, which is
almost 90%. The analysis for the FUJI has proven the conversion ratio is very
high [FAE108, pp.1836|, and because of the Fukushima nuclear accident, the safety
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issue is proven secured that the severe accidents are essentially impossible [VHPT12].

The complete FUJI project is expected to have three stages. Firstly the pilot-plant
will be built as the “miniFUJI” with a power output from 7 to 10MW,. After
that a larger version called “FUJI-Pu” will be built as the small power reactor in
the commercial power plants with a power output from 100 to 300M W, . Finally
the AMSB (Accelerator Molten-Salt Reactor) will be developed as a fissile isotope
producer to provide fuel to other project reactors until the final stage the THORIMS-
NES network is completed [FAET08, pp.1833].






Chapter 3

The Dual Fluid Reactor

3.1 Concept Overview

The design of the Dual Fluid Reactor (DFR) combines the molten salt reactor con-
cept with that of a liquid-metal cooled reactor (SFR, LFR [Fan07]). In comparison
to the molten salt reactor concept (MSR [Hro06, pp.270-286]) of the Gen-IV [gen02]
reactors the molten fuel salt of the DFR is cooled with a separated liquid lead
loop, which, in principle, allows for higher power densities and better breeding per-
formance. It is also different from the MacPherson’s or the Robertson’s two-fluid
reactor designs, which separate the salt into fissile (fuel salt) and fertile (blanket
salt) separated flows. The DFR and Taube’s concept [TL74]| both use a chloride
based molten fuel salt in order to harden the neutron spectrum. Yet, the DFR does
not combine heat removal and breeding into one single circuit, but separates the two
functions into two independent circuits. Using lead as the primary means of heat
removal has the advantage that the fuel and breeding inventory can be kept to a
minimum.

3.2 System Description

The DFR is a 3000 M Wy, reactor working on the fast neutron spectrum and based on
the diverse fuel cycles. The liquid fuel processing is an important part in the DFR
energy system, where a small amount of fuel is processed for the fission product
removal, while the other fuel flows back with the processed fuel together back to
the reactor core. Because of this real-time fuel online-processing feature and flexi-
ble fuel processing schedule, the DFR can be operated with a wide variety of fuel
compositions.

In the DFR concept the nuclear fission reactions take place within the numerous
fuel salt tubes, through which the molten fuel salts flow with a sufficient amount of
fission material and, therefore, a critical mass in the core region is attained. The
heat generated by the reactions is transferred to the coolant lead, which, thanks to
its large thermal conductivity, removes the heat very rapidly and efficiently. Also the

19
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coolant lead serves as a reflector, which hardens the neutron spectrum and prevents
a large quantity of neutrons from escaping.

For the purpose of initiating the thesis work and the analysis of the reactor, some
fundamental drawings of the reactor are developed from a preliminary conceptual
design. One of the possible configurations is depicted in Fig. 3.1.

The working principle of the fluids related to the nuclear reactor during the normal
operation consists of two loops. In the primary loop, the fuel salt flows from across the
outer surface of the core region through several cold legs meeting in the inlet plenum
(Sec. 3.2.3). In the inlet plenum the fuel salt is distributed in the fuel channels of
the core region (Sec. 3.2.1) opening at the top of the inlet plenum. Through the
fuel tubes the fuel salt flows upwards reaching the top of the core region into the
outlet plenum (Sec. 3.2.3). Again the fuel salt is re-distributed again flowing into the
several hot legs. Through the primary pipes the fuel salt can be sent to processing
units or to eventual storage tanks is needed. When the processed fuel salt satisfies
the composition requirements, it will be pumped again into the cold legs to continue
its way to the core region.

The loop containing coolant, considered as the secondary loop, flows in another
separate circuit. The cold coolant enters the bottom of the reactor through the inlet
legs of the coolant. The stream is distributed through the coolant tubes located in
the inlet plenum and flow through the core region. The liquid lead flows upwards
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between the fuel tube arrays and takes the fission energy within it. At the top of the
core region, the coolant is distributed once more and flows through the coolant tubes
into the outlet plenum. Finally, the coolant reaches the coolant outlet nozzles and
is directed to the heat exchange equipment, e.g. steam generator, cooling down in
the process by transferring energy to the tertiary working medium. The cold coolant
flows then back through the cold leg into the core region.

The circulation times of the fuel salt and the coolant depend mainly on the length
of the external pipelines to the online-processing unit or to the heat exchanger. In
addition to the mentioned components, the other important systems, which have a
significant impact on the reactor performance, are discussed in the following pages.

3.2.1 Core

The core of the DFR is an active region inside cylindrical container located in the
center of the reactor. It contains almost all the fission materials in the fuel salt tubes.
The core is mainly composed with more than 13000 fuel salt tubes, which connect
the outlet plenum over the top of the core and the inlet plenum under the bottom
of the core.

3.2.2 Fuel Salt

The final choice of fuel composition is based on the results of parametric studies
including neutronic and physical reactor features. Two basic fuel salt compositions
are based on chloride or fluoride salts with several possible fissile and fissionable
nuclides. They maintain the DFR reactor criticality during operation and ensure
a neutron flux spectrum in the fast neutron region. In the design of the DFR a
chloride U-Pu mixture is adopted for the fuel salt. The physico-chemical properties
of the fuel are introduced later in Sec. 3.3.4 and the most appropriate composition
is determined in Sec. 5.2.

The fuel salt flows from the inlet pipe and is distributed in the inlet plenum. It enters
into the fuel salt tubes in the core region with the fuel salt inlet temperature and
leaves the core into the outlet plenum with a higher outlet temperature. Fissions
as well as other kinds of nuclear reactions take place in the core releasing energy
and yielding fission products. They must be removed from the fuel salt in order to
maintain the criticality of the reactor and the physico-chemical properties of the fuel
salt itself in the processing units outside the reactor.

The control of the fission reaction in fuel salt is basically realized by the large negative
temperature feedback of the fuel salt under operation conditions. The drain of the
core in a specially prepared tank under the reactor is also used for emergency control
of the reactivity. The temperature of the fuel salt depends also strongly on the
pumpAfs power and on the cooling capability of the heat exchanger. This topic,
however, lays beyond the scope of this thesis. Further control measurements of the
DFR energy system are left as a topic of future research.



22 CHAPTER 3. THE DUAL FLUID REACTOR

73
(]
Qo
=
=1
=
[
n

Inlet —™

region

-

Figure 3.2: Demonstration of the inlet plenum [HRW15]

3.2.3 In-/Outlet Plenums

The in-/outlet plena are regions adjoin to both axial ends of the core. The inlet
plenum (Fig. 3.2) is under the bottom of the core and the outlet plenum is over the
top of it. The in-/outlet plena are so constructed that the tubes in these two regions
are arranged interlaced compared to the tubes in the core. The axis of a tube in
the two plena is located on the middle point of a triangular area constructed by the
projections of the centers of three neighboring fuel tubes. In this way the fuel salt
and the coolant both can be equally distributed.

The fuel salt flows into the inlet plenum through entrances equally located on the
outer cylindrical boundary of the reactor into the gap between hexagonally arranged
coolant tubes containing the liquid lead. On a plate with holes between the inlet
plenum and the core, the fuel salt flows through these holes into the fuel salt tubes
of the core. In contrast the coolant lead flows inside of the tubes in the inlet plenum,
and through holes on the interval plate into the gap between the fuel salt tubes in
the core region. This flow pattern is reversed in the outlet plenum [HRWT15].

3.2.4 Reflector

The reflector is an annular, columnar-form container sharing the same axis with the
core which encloses the core. The reflector of the DFR uses liquid lead as material,
which serves not only as reflector, but also as the shield of the radiation. The reflector
and the coolant have the same source of liquid lead in order to simplify the overall
structure and to make sure that all the important materials in the reactor are liquid.
Inside of the reactor the separating wall between the coolant and the reflector is
designed to enable a material exchange between these two fluids. In this manner the
temperature of the reflector is expected to rise faster than with a normal, separated
heat transfer process. The details of such an arrangement is out of the scope of this
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Parameter  Value ‘ ‘ Parameter Value
Liwe 24 Reflector thickness  0.15

dtube,inner 0.0145 Hin/outletplenum 0.2
dtube,outer ~ 0.019 Fission zone wall thickness  0.01
Fuel tube distance  0.003 Fission zone outer wall thickness  0.01
Pin pitch  0.022 Reactor outer wall thickness  0.04

dcore 3.0 dreactor 9.5

Table 3.1: Geometry parameter of DFR (Unit: m)

thesis and will be not discussed further. A simplified model for this configuration is,
nevertheless, simulated in Sec. 7.3.

3.2.5 Fertile Blanket

The fertile blanket is a larger annular, columnar-form container sharing the same axis
with the core and encloses the reflector. This structure is not part of the standard
structure of the reactor, but it can be adopted depending on the actual needs.

The breeder materials depend on the specific fuel salt option utilized. Thus, for the
U-Pu fuel salt 238U Cl3 is used for the fertile material. The detailed composition will
be introduced in Sec. 5.3.

3.3 Data Used for the Simulation

3.3.1 Geometric Data

The geometric data of the DFR is listed in the following Table 3.1. The term “tube”
in the subscripts refers to the fuel salt tube in the core. The fuel tube distance
means the distance between the outer walls of neighboring fuel tubes. The wall
thicknesses are only assumed values needed to complete the model, but not obtained
from detailed mechanical calculations. In a future refinement of the structural model
of the reactor (not included in this thesis), such thicknesses will be established more
accurately.

3.3.2 Structural Materials

Fuel tubes have direct contact to the fuel salt and are located in the center of the
reactor. For these reasons the material of the fuel tube must meet the most strict
criteria on several aspects: (i) the resistance against corrosion by the fuel salt and
the corrosion caused by the cooling lead on the other side; (ii) extremely high does
radiation effect due to high neutron flux; (iii) mechanical strength for the momentum
impacts due to the large amount of circulating mass and the pressure. The fuel tubes
have to withstand these effects for a long time while keeping their mechanical and
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Isotope‘ Fe C Mn 3P S Si Ni Mo
Weight%‘97.150 0.250 1.500 0.035 0.035 0.030 0.500 0.500

Table 3.2: Proportions of nuclides in the structural material

Tin,f Tmean,f Tout,f T%n,c Tmean,c Tout,c Tmeam,b Tmean,s
1200 1300 1400 977 1088 1200 1050 1250

Table 3.3: Temperature parameter of DFR (Unit: K)

material stability during operation. Moreover, such a material has to be reasonably
easy to manufacture industrially with an acceptable price.

In the DFR design the fuel tube material is a ceramic fabricated with SiC suitable for
its low neutron capture cross section [HRW115]. Based on the current experimental
data SiC is very resistant against molten lead caused corrosion at more than 1200K
[PMTO05|. Especially the chemically vapor-infiltrated SiC matrix (CVI SiC/SiC) is
recommended as the primary alternative for the high temperature, high neutron
flux environment expected in the fuel container structure among various industrially
available forms of SiC. The thermal properties of SiC, however, can be vary much due
to difference crystal structure and to the process of fabrication [Mun97], e.g. thermal
conductivity in SiC is a non-anisotropic property depending strongly on material
structure [KWF07]. In this thesis the default value of the thermal conductivity
from the original design [HRW™15] is used for general calculations. Nonetheless, the
influence of some other values is also evaluated and compared with the default value.

Structural components of the reactor such as outer shells and walls are assumed
to be made of SA 533 Gr. B nickel alloy steel with the compositions shown in
Table 3.2 [HRW™15]. Depending on the radiation and corrosion damage expected,
other high-performance alloys are also possible alternatives, i.e. Hastelloy N [Kog72]
or Hastelloy X, etc.

3.3.3 Temperatures

The desing temperatures are listed in Table 3.3. The subscripts “in” and “out” stand
for inlet and outlet, “f” for fuel salt, “c” for coolant, “b” for breeder blanket and “s”
for structure. The temperatures at the inlet and outlet mean averaged values on the
surface. The temperatures with subscripts are considered from the middle point of
the flow channel between inlet and outlet.

3.3.4 Physico-chemical Properties

The properties of the U-Pu fuel salt: the density p, the kinetic viscosity v, the
dynamic viscosity u, the thermal conductivity A and the heat capacity at constant
pressure (), are listed in the Table 3.4. Since there is no current research data for
the fuel salt composition, the formula of the density is approximated based on the
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Value Validity
at Tpean  Range (K)

p(g/cm®) 14.493-7.943E-3xT  3.5316  [1219-1303]*

Formula

v(m?/s) w/p 1.27E-7

w(Pa - s) 4.50E-4
K(W/(m - ) >
Cy(J/ (kg K)) 100

Table 3.4: Physico-chemical properties used for the U-Pu fuel

density function proposed for UCls by [Jan75, pp.896]:

p=13.652 — 7.943 x 1073 x T(g/cm?)

by assuming a linear function through a reference point p(1380) = 3.5g/cm?, the
density formula for the fuel salt can be achieved. Furthermore T},eq, of the U-Pu
fuel salt is also set to 1380K. The validity range of the fuel density is take from the
validity range of UCl3 since the expression of the density is derived from that of
UCl3 [JanT75, pp.896].

For the lead coolant, the properties are listed in Table 3.5 based on the existed
experimental values [Sob11]. The Tyean is set to 1200K.

Formula Value Validity

at Tpean Range (K)

plg/em?) 11.441-1.2795E-3x T 9.860  [600-2000]
v(m?/s) w/p 1.32E-4  [600-1470]
1(Pa - s) 4.55E-4x 1069/ 0.0013  [600-1470]
kE(W/(m - K)) 9.240.011xT 22.4 [600-1300]

176.2-4.923E-2x T+1.544E-5x T?
Cp(J/ (kg - K)) | EUEGX T2 138 [600-1500]

Table 3.5: Physico-chemical properties used for the coolant lead

Finally, the properties of the fuel tube wall with the material SiC are listed in Ta-
ble 3.6 from the existed researches [NMH™197|. Tean is set to 1250K.

Formula Value Validity
at Tpean Range (K)
p(g/em?) 3.210
k(W/(m-K)) | 6.11E4/(T-115)  53.8  [100-2300]
Cy(J/ (kg - K) 690

Table 3.6: Physico-chemical properties used for SiC






Chapter 4

Calculation Tools

4.1 Introduction

Since the DFR system is a relative new concept, diverse calculations and analyses
need to be carried out to verify the validity of the system. Also, because of the
originality of the work, the results between different codes have to be compared to
make the conclusion reliable. For this purpose, based on the available resources and
computer capabilities, two kinds of calculation tools have been selected for the work
and for utilized various purpose. The first kind is the neutronic or reactor physics
related codes, namely SCALE and SERPENT. They are both Monte-Carlo codes
for neutron physics problems. The second kind consists of the general simulation
tool SIMULINK®7 the multi-physics package COMSOL®, and multi-physics and
thermal-hydraulic software FLUENT ®,

4.2 SCALE

SCALE (Standardized Computer Analyses for Licensing Evaluation) developed at
Oak Ridge National Laboratory [Bowll] is a set of nuclear safety analysis codes.
In this work the version SCALE 6.1.3 is used. The module KENO-VI, one of the
components of SCALE, is a further improved version of a previous Monte-Carlo crit-
icality program used in the SCALE system, which carries forward all the features in
its ancestors and contains a more flexible geometry package. Its capability for both
a continuous neutron energy mode and a multi-group approach enables the assess-
ment of its criticality results with other codes [Oakll, pp.2018-pp.2548|. For the
sensitivity analysis of the nuclides in the fuel composition during reactor operation,
the module TSUNAMI has been used [Oak11, pp.4249-pp.4354|. Finally, the module
TRITON is utilized for the burn-up calculations.
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4.3 SERPENT

SERPENT is a 3D continuous-energy Monte-Carlo code specialized in reactor physics
and burn-up calculations, which is currently developed by the VTT Technical Re-
search Center of Finland since 2004 [Lep12]. In this thesis the calculations are carried
out with two versions: 1.1.19 of SERPENT 1 and 2.1.23 of SERPENT 2.

4.4 SIMULINK

SIMULINK® is a common used module of the integrated calculation software Matlab®.
This software provides different models and computational blocks for real-time com-
prehensive simulations of complex systems. Compare to the typical m-files used
by Matlab for modelling and calculation purposes, SIMULINK is capable to deal
with more sophisticated problems, such as the mathematical modelling of the DFR
system.

For more accurate simulation results a Realtime® Desktop Kernel is linked to the
model in order to provide real clock signals and ensure the timing of the model is
the same as the one expected during actual reactor operations.

4.5 Fluent

Fluent® is a calculation module of the ANSYS® Workbench® which specializes in
the fluid flow simulations, including laminar and turbulence conditions, heat transfer
and chemical reactions. Fluent is used in this work to perform thermal-hydraulic
calculation in 2D and 3D configurations. In oreder to model the turbulent flow of
the desired fluids, user defined functions (UDF) are implemented for the velocity
profile and the heat source distribution.

4.6 COMSOL

COMSOL® Multi-physics is a comprehensive physical calculation package. It was
originally named FEMLAB®, a simulation module of MATLAB®. After further
development, COMSOL is capable of carrying out diverse analyses based on multi-
physics coupling. The “Heat Transfer” and “Turbulence Flow” modules are used in
this work to perform thermal-hydraulic calculation in 2D and 3D geometries, similar
to those done with Fluent, and the results of both codes are then compared for
reliability check.
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Neutronic Calculation






Chapter 5

Neutronic Modelling of the DFR

This chapter presents the neutronic analysis of the DFR reactor concept. The DFR
simplified model developed for the calculations is introduced and used with SER-
PENT, SCALE and other codes.

The analysis of the reactor is carried out at the full core scale. The DFR reactor core
contains a large amount of fuel salt tubes, in which fission occurs. In the analysis
the fuel tubes are not distinguished. First, the state of the reactor under stationary
conditions is investigated with the calculation of several important parameters, such
as the effective neutron multiplication factor, the delayed neutron data, including the
delayed neutron fraction and the delay constants, the generation time of the neutrons,
the in-hour equation of the system, the neutron spectra, the reaction rate density
for various reactions in the fuel salt and other materials, and the power distribution
in the core. Different codes and versions of codes, as well as different nuclear data
libraries are used for this purpose, so that a cross-comparison for consistency can be
made.

The general information of the single fuel salt tube including reaction rates, power
generation and neutron flux are approximately obtained by the average of the whole
core results.

5.1 Geometry

According to the basic information of the DFR discussed in previous chapters, a
computational model used for the neutronic analysis is developed in this section.

Generally, the DFR model consists of several concentric cylindrical zones, namely the
fission zomne, the reflector, and the breeder blanket. Figure 5.1 [WSM15]| shows this
arrangement from the center to the periphery of the core region, for one quarter of
the DFR core taking advantage of its symmetry. Based on the result of a sensitivity
calculation done with coolant tubes in the breeding blanket, this component is ig-
nored in the calculations, because of its irrelevant effect on the stationary calculation
of the DFR reactor. This sensitivity calculation can be found later in Sec. 7.
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Figure 5.1: Horizontal section

The radius of the fission zone 7 f;550n is
set to 135¢m, the thickness of the re-
flector dyefiector is set to 20cm, and the
thickness of the breeder blanket dp,ceder
is set to 125¢m. The breeder blanket’s
coolant tubes have a radius of 6em for
the outer surface of the tube wall and a
radius of 5em for the inner surface.

In the axial direction, the fission zone
is located in the central region of the
DFR core and its lower and upper parts
are limited by the inlet and outlet plena
respectively. The radial reflector sur-
rounds the fission zone and spans be-
tween the top of the outlet plenum and

the bottom of the inlet plenum. Beyond these two surfaces are the flow channels
of the coolant, which act as axial top and bottom reflectors. The breeder blanket
surrounds radially all of the internal cylindrical structures as the outermost core

region.

hcoolam
Breeder
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Figure 5.2: Longitudinal section
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Coolant
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Figure 5.3: Hexagonal array and fuel tube

The total height of the fission zone
hfission 1s equal to 240cm and the in-
let and outlet plena have each a height
Rintet jouttet ©f 20cm.  The part of the
coolant flow channels located inside the
reactor (above and below the fission
zone) each has a height heoolane of
140cm, and the breeder blanket has a
total height hpreeder (0T heore) Of 560cm.
The longitudinal view of the reactor in
Fig. 5.2 shows also only one quarter of
the reactor due to the symmetry along
the central symmetry axis overlapped
with the axis of the cylinder and the
symmetry axis at half height.

In the center of the model, inside of the
fission zone, the treatment is slightly dif-
ferent depends on the different codes.
The main idea aim is to generate a
hexagonal array of the fuel salt tubes.
The inner radius of the fuel salt tube
Ttube,in 15 set as 0.725c¢cm and the outer
radius riupe,out 0.95cm. Each fuel tube
can be considered in its own hexagonal
cell as shown in Fig. 5.3. The pin pitch
between the fuel tubes from center to

center, which is also the size of the cell, is 2.2cm. Between the outer wall of the fuel
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Isotope Mole% in the fuel ~Atomic density(10%*/cm?)

37C1 75.000 1.820E-02
238y 19.586 4.734E-03
238py 0.113 2.749E-05
2¥9pu 3.154 7.664E-04
240py 1.346 3.271E-04
241py 0.467 1.629E-04
242py 0.334 8.109E-05

Table 5.1: Proportions of U-Pu fuel

U-Pu fuel Mole%

37 75.0
238y 25.0

Table 5.2: Breeder fertile material configuration

tube and the boundary of the lattice the coolant flows. The fuel salt flows inside of
the inner wall and the wall material between the inner and the outer wall holds the
flow.

The total number of the fuel salt tubes has been calculated by dividing the horizontal
cross section of the fission zone by the horizontal cross section of a hexagonal cell.
A theoretical total number of 13659 fuel tubes for the model is, thus, obtained.
The total number of complete fuel tubes is 13406, obtained considering only the
complete fuel tubes (but the hexagonal cell might not be complete).

5.2 Fuel Salt Composition

As mentioned in the previous chapters, the original design of the DFR reactor concept
has selected a mixture of UClg and PuCls as the fuel salt (U-Pu fuel). From the
chemical formula 37Cl takes 75 mole% and the rest of heavy nuclides share 25 mole%.
The detailed composition of the heavy nuclides mixture in both mole percentage and
atomic density (at 1380K) is listed in Tab. 5.1:

5.3 Breeder Blanket Composition

The composition of the breeder blanket is shown below in Tab. 5.2:
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Code/Version/ SCALE SERPENT
Calculations 6.1.3 6.2b4 | 1.1.19 2.1x
Single Fuel Tube

-Reaction rates O O

-Power distribution
-Neutron distribution

Static Calculation
'keﬁ O O
-Delayed neutron data
-Generation time
-Neutron spectrum
-Reaction rates
-Power distribution

OO

OO
OOO0O00O |OO0O
OOO0O00OO |OO0O

Sensitivity Analysis
-Nuclide importance O O
-Thermal feedback O O O O
-Geometry feedback O O O O

Table 5.3: Correspondence of Codes to Calculations

5.4 Calculations Performed

In order to get a more complete basis for comparison, several codes and versions have
been employed. Because of the variety of the codes used in this work, not all the
codes are used for every calculation. The following Tab. 5.3 clarifies this approach.

In the following sections, SERPENT 1 is specified for SERPENT 1.1.19 and SER-
PENT 2 is for SERPENT 2.1.23. Other versions for the occasional situation will be
individual remarked.



Chapter 6

Static Calculation

6.1 Introduction

In the static calculation the theory of the basic reactor and neutron physics is firstly
introduced as the fundamental background, which can be used for the deterministic
theoretical approaches in the future. Now in this work the basic physics is calculated
for a steady-state reactor configuration using Monte Carlo approaches. Based on
the geometry described in Sec. 5.1, the U-Pu fuel type is investigated. The results
are grouped under subjects and the details corresponding to this fuel type are then
discussed.

6.2 Criticality

6.2.1 Theoretical Analysis

The effective multiplication factor k.gis defined as the quotient of the number of
fissions in one generation divided by the number of fission in preceding generation
[LBO1, pp.117]. A graphic demonstration can be found in Fig. 6.1, in which compared
to the conventional nuclear reactors such as Light Water Reactors, where thermal
fission mainly occurs, the DFR, a fast reactor, has a simpler process in the life cycle
of the neutrons and, therefore, a different definition of the multiplication factor.

For the thermal reactors in the figure N means the neutron population in the ith
or (i + 1)th generation, € is known as the fast fission factor, Ppyy, is the fast non-
leakage probability, p is the resonance escape probability, Pryg is the thermal non-
leakage probability, f is the thermal utilization factor, and 7 is the thermal fission
factor [LBO1, pp.286]. The whole process describes the neutron life from its birth
in the fission reaction to its induction of the next fission reaction. The six-factor
formula [DH75] is then used to determine the multiplication factor of a nuclear chain
reaction:

ke = nfpePrni Prg (6.1)
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Figure 6.1: Graphic demonstration of the multiplication factor kg

For the fast reactor, however, no moderator is available inside the core. Thus, the
neutrons are rarely moderated into the lower energy regions. In the right figure it
can be seen that almost all the process is carried out in the fast neutron region
and limited to the fuel salt and the coolant. The number of neutrons from the V;
generation is firstly scaled by € to get the total neutron number, though in the fast
reactor almost all the neutrons come from fast fission. Inside of a reactor with limited
boundaries, if the fast neutrons do not escape from the core to the outside of the
boundary (probability Pryz), they have to undergo collisions and scatterings inside
the core. In the DFR, there is lead as the coolant/reflector and light elements in
the structures. These light elements will slow down the neutrons, though only a
few of them will be truly “moderated”. Therefore, Pryy, is replaced by Pryg, which
indicates the probability that the the neutrons are not scattered into the lower energy
regions. Even though in a fast reactor there is no moderator, the coolant and the
structure materials, nevertheless, scatter neutrons. The utilization factor fr differs
from f in that it represents the utilization factor of the fast neutrons, describing how
many fast neutrons are absorbed by the fuel salt. These neutrons are then capable of
inducing fast fission reaction and producing the V;;1th generation multiplied by the
fast fission factor. The expression of the multiplication factor can be consequently
written as

ke = nr fre Ppnp PLnE (6.2)



6.2. CRITICALITY 37

From the definition it is easy to see that if k.gis larger than 1, the number of fissions
increases and the reactor is “supercritical”, while conversely it is called “subcritical”
if k£ is smaller than 1. Only in the special case where k is equal to 1, the fission
generations proceed unchanged in their amount of neutrons and the reactor is said
to be “critical”.

In order to establish the model for the further calculation, the time-dependent Boltz-

mann neutron transport equation for the angular flux is introduced:

10y(7, E,Q,t)
v ot

Time dept. change

=—O-VJ(F E,Qt)

Diffusion

- 2(777 E>¢(Fa E> Q? t)

Absorption

+ / dE’ / RS (F E — B, Q- Q)7 EY(7F, E Y t)
0 47

Scattering from higher energy region

+ x(E) /OOO dE'v(E)S(F, E’)A 2y (7, E', ) (6.3)

™

Neutron from fission
+ s(7, B, Q,t)
—_——

External source

where 7 is the space vector, E, E’ are the energy group of the neutrons, Q.Y are
unit vector of the neutron velocity. ¥ stands for the angular neutron flux, v is the
neutron velocity, v is the neutron number produced per fission, and x(F) is the energy
distribution of the fission neutrons. This equation is very difficult and computer
resource intensive to solve for a full reactor. For this reason a simplified form of
this equation called the Neutron Diffusion Equation is derived from it by applying
a series of assumptions and simplification that eliminate the energy dependency
(energy integration) or reduce it to a few energy groups, and the transformation of
the angular flux into the scalar flux independent of the neutron movement direction
Q by using the Fick’s Law.

The simple form of the diffusion equation over all neutron energies (one single neutron
energy group) and over all of the angular space for a bare reactor with a homogeneous
mixed core and without reflector and the breeding blanket, can be written as

100

S = DV2¢ — St + D5 +v51h + s (6.4)

by introducing the “diffusion coefficient” D in the Fick’s Law:

VJ=-DV?% (6.5)
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The simplest case should be first of all considered. In the one energy group approx-
imation for a homogeneous reactor core without reflector or the external source in
the steady-state, the Eqn. 6.3 can be simplified in the following form by setting the
term on the left-hand side as well as the third and the last term on the right-hand
side to zero:

DV?¢ —Yad + i =0 (6.6)

which describes a steady-state of neutrons in the reactor core with the consideration
of the neutron loss, which includes the diffusion term and the absorption term, and
the neutron gain, which is the fission term. The Laplacian term can be re-arranged
as:

2, 1 _ 22
V= — <za k@ﬁ) (6.7)

where kg is the multiplication factor and for the static state it should be the value
of 1. Let B? equals to the right hand term,

1 /vE
B2=— < f_ 2a> (6.8)
D \ keg
then the Eqn. 6.6 becomes:
V2o +B*p=0 (6.9)

while the constant kg is presented for:

vy

o= ——d
DBy y,

(6.10)

with B? the geometry buckling for the finite cylindrical reactor:
2.405 > 2
B% = < ~05> + <7i> (6.11)
R H

where R and H are extrapolated radius and extrapolated height of the reactor, sep-
arately. With Eqn. 6.10 and Eqn. 6.11 ke and B? can be calculated and compared.

6.2.2 General Assessment

The assessment of the consistency between SERPENT 1.x, SERPENT 2.x and
SCALE 6.x is given here by the effective multiplication factor calculation of the
DFR reactor with U-Pu fuel salt in the full reactor scale, whose results are reported
in the following Tab. 6.1. Meanwhile a graphical presentation of all the results is
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ENDF/B-VII JEFF-3.1 JEFF-3.1.1
keg rel.err. keg rel.err. keg rel.err.

SERPENT 1.1.19 1.02678 3.1E-4 | 1.02688 3.2E-4 | 1.02714 1.9E-4
SERPENT 2.1.19 1.02668 1.3E-4 | 1.02709 1.3E-4 | 1.02738 1.9E-4
SERPENT 2.1.23 1.02664 1.1E-4 | 1.02724 1.2E-4 | 1.02711 1.6E-4
SCALE 6.1.3 mg 1.02784 1.8E-4
SCALE 6.1.3 ce 1.02987 2.5E-4
SCALE 6.2b4 mg 1.02715 1.9E-4
SCALE 6.2b4 ce  1.03708 2.0E-4

Code

Table 6.1: Assessment of U-Pu fuel salt kg
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1.1.19 2.1.19 2123 613mg  6.13ce 62bdmg  6.2bdce

Figure 6.2: Assessment of U-Pu fuel salt kg

plotted in Fig. 6.2. “ce” is short for the continuous energy and “mg” is short for
multi-group.

In this kg calculation, the results from SERPENT are based on 50 active cycles
and 50 inactive cycles of 1 million neutrons for different versions. The nuclear data
library selected is the ENDF /B-VII nuclear data library initially and then JEFF 3.1
as well as JEFF 3.1.1 nuclear data library later for the comparison. The reason for
the decision of these three nuclear data libraries is that they are the newest libraries
that are implemented in the SERPENT code and ENDF /B-VII is also the main data
library in the SCALE code. The nuclear libraries ENDF/B-VIL.8 and JEFF 2.2 are
also available in the SERPENT, however they are out of date and some important
isotopes for the DFR are missing in the library.

The results from KENO-VI are based on 1000 generations of 10000 neutrons per
generation, for a total 108 histories. In the case ENDF/B-VII, continuous energy
cross section data files and multi-group mode are both used.

In the comparisons the results from SERPENT 2 with ENDF /B-VII library are taken
as reference. First of all, the results with the library ENDF/B-VII with different
codes are examined. The results of SERPENT 1.1.19, 2.1.19 have a difference of
14pcm and 4pem , which is very small and they can be considered identical within
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Figure 6.3: Comparison of ¥ between SCALE CE and MG

the range of uncertainty. At the same time the difference between the reference
result and that from KENO-VI in multi-group mode in SCALE 6.1.3 (120pcm ) and
in SCALE 6.2b4 (51pcm ), can also be considered consistent or even identical in some
cases.

Secondly, for the results of SCALE code system, the difference between the results
from KENO-VI in continuous energy and in multi-group mode is more significant
than that between SERPENT and KENO-VT in multi-group mode. For SCALE 6.1.3
in continuous energy mode the difference reaches 323pem and for SCALE 6.2b4 it
reaches even 1044pcm . Since SCALE 6.2b4 is provided as a beta version that the
calculation data can not be retraced, the relevant data used by SCALE 6.1.3 in
continuous energy mode and in multi-group mode is compared, including the fission
cross section, capture cross section, absorption cross section and 7, which are directly
related to the value of the k.g. More specifically, the data files “ce_v7_endf” and
“scale.rev07.xn238v7” in the “data” folder on the installation path of SCALE 6.1.3
are compared, which contains the information of the neutronics processed from the
original ENDF nuclear data library. Each data file corresponds to each mode.

It turns out that there is no noticeable difference found between the cross section of
both data files. Meanwhile ¥ is compared and plotted in Fig. 6.3. In order to better
interpret the figure with value comparisons, it has to be reminded that the points
corresponds to the v value provided in the data files of the continuous energy mode.
For the demonstrated four nuclides 223U, 240Pu, 24'Pu and 242Pu the 7 given in
the data file of the continuous energy mode is formed with only some points, while
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in the data file of the multi-group mode the ¥ is always given with 238 data points.

Therefore, in order to compare the data of two energy modes of the calculations,
the points in the plot of the ce mode are fitted with polynomials. The dashed
curves shown in the figure are the corresponding fitted curves. The fitting process
starts from a lower degree polynomial, during which the corresponding R? as well
as the shape of the curve are observed and estimated. After the fitting, the relative
difference of the fitted v ce expression to the mg data as the reference is presented
in the lower figure of Fig. 6.3.

Now it is obvious that the © value in the continuous energy mode is distinctly larger
than that in the multi-group mode. The points in the upper figure can also be
matched with the points in the lower figure. This difference is significant in the
energy range above 1MeV . In the lower energy range, the relative differences are
small and reduce to 0 in the thermal energy region. This means that these differences
may not cause discrepancies for a thermal spectrum reactor, but they may become
important for a fast spectrum reactor such as the DFR, especially for reactors with
the elements mentioned above, this influence should be taken into account. Even
though the reason for a higher kg calculated by SCALE 6.2b4 ce is still not clear,
this could explain why k.g calculated by SCALE 6.1.3 ce is higher than that by
SCALE 6.1.3 mg.

Thirdly the results from different libraries are compared. The results with the ENDF
library are smaller as those from the JEFF libraries. For SERPENT 2, the differences
with JEFF-3.1 and JEFF-3.1.1 can be as much as 60pcm and 47pcm respectively.
These two differences for SERPENT 1.1.19 and 2.1.19 are separately 10pcm , 36pem and
41pem , T0pem . On the order of magnitude these can be considered as identical, how-
ever the trend that the results calculated with JEFF libraries are larger than that
with ENDF library is clear. From the comparison of the fission to capture ratio
(generated with data from JANIS 4.0 [SBD14]), which is the ratio calculated with
the fission microscopic cross section divided by capture microscopic cross section, of
the nuclides in the fuel composition shown in Fig. 6.4 this result can be qualitatively
proved. For different nuclides in the fuel composition, most of the curves are consis-
tent over most of the energy range of interest. Obvious discrepancies can be observed
over 1MeV or below 10eV . In the energy range over 1MeV for 233U and 23°Pu the
ratio in the ENDF libraries is higher than that in the JEFF libraries by about one
order of magnitude, while the ratios of ?*?Pu are almost the same. The nuclides
28py and ?4'Pu have a considerable high ratio which is 2~4 orders of magnitude
larger in the JEFF libraries compared to the value given in the ENDF libraries. Al-
though according to the composition the DFR fuel contains little 23*Pu and ?4!Pu
compared to the amount of the other nuclides, this overwhelming difference in the
ratio still results the the discrepancy observed in the kg assessment.

6.2.3 Group Constants

From the theoretical analysis to the actual calculation, models with different as-
sumptions and details are used in this section. In this section the group constants
are calculated for successive changes in the reactor structure from “Only fuel” through
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Figure 6.4: Fission-capture ratio of U-Pu fuel
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Only With With With .
Constants fuel coolant reflector breeder Units
Yot 9.14310E-2  1.89890E-1  2.04703E-1 2.22776E-1 em™!
Yeap 8.22609E-4 1.03319E-3  1.08101E-3  1.34802E-3 cem ™!
Ya 1.52088E-3  1.74547E-3  1.81158E-3  2.08976E-3 c¢m™!
Xy 6.98268E-4  7.12282E-4  7.30565E-4  7.41741E-4  em~!
hIve 7.79896E-2  1.63560E-1  1.77921E-1  1.93537E-1 cem™!
v 2.93151 2.92235 2.92149 2.92040
D 4.27407 2.03799 1.87349 1.72232 cm
Etission 2.08243E+2 2.07975E+2 2.08315E+2 2.08312E+2 MeV

Table 6.2: Evolution of one-group constants with U-Pu fuel

Constants 1st Group 2nd Group Unit
ot 2.22634E-1  3.14944E-1 cm™!
Seap 1.34709E-3  1.95548E-3  cem™!
Y 2.08973E-3  2.10926E-3 cm~!
P 7.42643E-4  1.53785E-4 cem™!
T 1.93423E-1  3.13873E-1 em™!
v 2.92041 2.87187

D 1.72334 1.06200 cm
Etission 2.08312E+2 2.07975E+2 MeV

Table 6.3: Two group constants of the whole reactor with U-Pu fuel
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“Adding up coolant” and “Adding up reflector” to the final complete reactor. Group
constants are calculated with SERPENT 2 and compared in Tab. 6.2 for one group
and Tab. 6.3 for two groups, where 6.25x1077 MeV is the boundary between two
groups, among which the 1st group has a higher energy than the 2nd group.

With more structures being added progressively, the reaction rates of various types
of reactions in the DFR varies, not only capture reactions, but also absorption and
fission reactions. Nonetheless, because of the different characteristics of the materials,
the changes in the reaction rates show differences. These differences are reflects in
the changes calculated in the macroscopic cross sections. For a given material in the
DFR reactor and the U-Pu fuel composition, the change (increase) of the absorption
macroscopic cross section is the most significant.

Compare to the one-group constants, they are almost the same as those of the 1st
group in the two-group configuration. This is because the 1st group represents the
fast or more specifically, the higher energy range above 6.25x10~7 MeV | which covers
most of the neutron energies in the DFR core.
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Precursors group | SERPENT 1 relerr. | SERPENT 2 rel.err.

Total 3.44321E-3  7.33E-3 | 3.40194E-3  2.54E-3
1st 7.55608E-5  4.89E-2 | 7.51718E-5  1.92E-2
2nd 7.51583E-4 1.94E-2 | 7.41027E-4 5.87E-3
3rd 5.37744E-4  1.83E-2 | 5.30534E-4  8.34E-3
4th 1.34666E-3  1.33E-2 | 1.32089E-3  4.25E-3
5th 5.70659E-4 1.83E-2 | 5.75974E-4  6.58E-3
6th 1.60993E-4  3.50E-2 | 1.58350E-4 1.29E-2

(a) DNP effective fraction (-)

Precursors group | SERPENT 1 rel.err. | SERPENT 2 relerr.

Total 6.26892E-1 1.80E-2 | 6.34962E-1  6.52E-3
1st 1.28891E-2  1.78E-3 | 1.28291E-2  8.90E-4
2nd 3.00274E-2  8.80E-5 | 3.00226E-2  3.00E-5
3rd 1.12083E-1  7.50E-4 | 1.12050E-1  3.50E-4
4th 3.20103E-1 4.60E-4 | 3.20087E-1  2.10E-4
5th 1.13384E+0 3.12E-3 | 1.13120E+0 1.33E-3
6th 6.18308E+0 1.86E-2 | 6.33237E+4+0  6.53E-3

(b) DNP decay constants (s~!)
Table 6.4: Constants of DNPs of U-Pu fuel

6.3 Delayed Neutron Data

The group constants of the delayed neutron precursors of the reactor with U-Pu
fuel option are calculated by both SERPENT 1 and SERPENT 2 based on the
Nauchi [NK06, NK05] method. The delayed neutron precursors are divided into 6
groups depending on their radioactive decay constant. The effective fraction of the
delayed neutron precursors and the decay constants of the delayed neutron are listed
in Tab. 6.4 a) and b). It has to be noted that these results are only valid for the fuel
salt in the limit of zero flow velocity.

For the values in Tab. 6.4 (a), 8 = .0 8 = 0.00344 with SERPENT 1 and
0.00340 with SERPENT 2, so the delayed precursors account for around 0.34% of
all the neutrons.

6.4 Generation Time

6.4.1 Introduction

The “generation time” with the commonly used meaning of “the time between the
birth of a neutron and subsequent absorption-inducing fission” [LB01, pp.333] was
firstly defined in 1960 by Lewins |[Lew60]| as the reciprocal of the product of v, the
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total mean number of neutrons from fission, by the macroscopic fission cross-section:

1
20

In the following decades, however, the term “generation time” was widely discussed
because it had been defined earlier by Hurwitz [Hur49| with another meaning, and
because of its vague definition. In 1980 “generation time” was finally replaced as the
“reproduction time”, which means the mean time for one neutron to be replaced by
another neutron on fissioning media [Lew81]:

A = prompt neutron reproduction time
1
vodis

and the original “generation time” by Hurwitz [Hur49]| is defined as:

T = prompt generation time
1
N (O

which represents a time for one neutron to produce a “family” of v neutrons. The
“prompt” mentioned here is special for the neutrons immediately taking part in fission
after the production and the ones produced through delayed neutron precursors but
without delay time.

In order to clarify similar concepts, neutron lifetime defined as “the mean time for
one neutron to be removed from the reactor”, is also given here

1
l=———— 6.12
(X4 + DB?)v (6.12)

The SERPENT code calculates the neutron reproduction time. The “generation time”
[Oakll, F11.3.14| calculated by SCALE also has the meaning of the “reproduction
time” [Lew81].

For the generation time the following results are provided in Tab. 6.5. The “IFP”
is referred to the adjoint-weighted generation time [LAFT14] by using the iterated
fission probability method.

Moreover, the generation times in two-energy groups are also provided in Tab. 6.6.
It can be seen that the SERPENT results are quite close to the result of the 1st
group in the two-group energy structure, which is also reasonable since the DFR
is indeed a fast reactor in which the reactor generation time is mainly contributed
by the neutrons with energies over 6.25x1077 MeV . SCALE mg results have also
shown the same conclusion, while the results calculated by SCALE ce seem to be
much closer to the result of the 2nd group.
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Code Nauchi rel.err. IFP rel.err. | Perturbation rel.err

SERPENT 2.1.19 2.62449 2.6E-3 | 2.38930 5.6E-3 2.50775 6.5E-4
SERPENT 2.1.23 2.54412 1.7E-3 | 2.31276 3.5E-3 2.42932 7.7E-4
SCALE 6.1.3 mg  2.58907 3.3E-3
SCALE 6.1.3 ce 2.85865 3.3E-3
SCALE 6.2b4 mg 2.57778 3.2E-3
SCALE 6.2b4 ce  2.83391 3.1E-3

Table 6.5: Generation time of U-Pu fuel (107%5s)

Energy Groups ‘ Nauchi rel.err. ‘ IFP rel.err.

over 6.25E-TMeV | 2.54255 1.7TE-3 | 2.31147 3.6E-3
below 6.25E-7TMeV | 3.00442 2.0E-2 | 2.70707 2.7E-2

Table 6.6: Generation time of U-Pu fuel in two energy groups (107%s)

This result, however, should be considered as a coincidence, but not has anything to
do with the 2nd group (thermal energy region). The reason should be the same as
the reason for the larger kg value observed in the criticality calculation. A lower ©
means fewer neutrons will be produced in the fission reactions, which will reduce the
neutron density, as well as, the collision probability with fissile nuclides to induce
the next fission reaction. This process will increase the generation time, as shown
by Eqn. 6.12.

6.5 The In-hour Equation

Based on the delayed neutron data and generation time obtained in the previous
sections, the time-dependent response of the DFR can be approached by the so-called
“Nordheim Equation” in France or “Inhour Equation” in English-speaking countries
[Reu08, pp. 124], whose name comes from the fact that the value of w were quoted
as “inverse hours” in the early days of reactor technology.

—wA+Zw+)\ (6.13)

where N is the number of delayed neutron groups, normally 6. The graphical solution
of this equation as applied to the DFR is plotted in Fig. 6.5. The horizontal axis
used for w is logarithmically scaled, while the vertical linear axis stands for reactivity.
The asymptotic lines between the curves represent the value of A;.

From the plot it is not difficult to find out that for a certain reactivity, a horizontal
line can be drawn intersecting the solution of the In-hour equation. For a positive
reactivity, among all seven w values corresponding to the intersections there is only
one w which can be positive in Quadrant I and this positive value indicates the time
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Figure 6.5: Graphical solution of the In-hour equation of the DFR (U-Pu fuel salt)

the DFR requires to rise the reactor power, defined as:
T=— (6.14)

Similarly, for a negative reactivity, all the values of w are negative in Quadrant III.

The least negative one corresponds to the decay of the longest-lived precursor group
(1st).

6.6 Neutron Spectrum

6.6.1 Introduction

In a fission reaction most of the neutrons are emitted immediately when the reac-
tion happens and are referred to as prompt neutrons, while those being emitted by
the decay of fission products are called delayed neutrons. In this work the energy
spectrum of the prompt fission neutrons of the DFR is mainly considered. Neutron
interactions depend strongly on the range of the neutron energy involved and, there-
fore, the final reactor spectrum is also a function of the reactions taking place in
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Figure 6.6: Various interactions of neutrons at different energy ranges [LBO1]

the core, as can be referred in Fig. 6.6. This section discusses the neutron energy
spectrum characterizing fast neutrons as generated in the DFR.

Initially, an assessment between the theoretical results, as well as, between different
points of views is carried out. The assessment is performed to discuss the differences
in the results given by different codes regarding the energy group structure used
and the nuclear databanks. The in-core characteristics of the neutron spectrum
depending on the materials used in the reactor is also investigated. Finally, the most
significant reactions which shape the neutron spectrum are discussed.

6.6.2 Neutron Energy Distribution

The neutron spectrum of DFR reactor using U-Pu fuel composition is plotted in
Fig. 6.7 in both linear and logarithmic scales in the form of activity per unit lethargy
[DH75, pp.322|. In this calculation the spectrum has been averaged over all of the
space in the reactor. All the results in this figure were generated with 238-energy-
group structure.

It can be observed that, since the DFR is expected to be a fast reactor, the main
neutron spectrum is shifted the fast neutron region. The core averaged spectrum is
represented in the energy range from 1072 MeV to 20MeV . The peak area extends
from ca. 100eV to ca. 10MeV , with its center at about 0.1MeV .

6.6.2.1 Evaluation of different Codes and Versions

Comparisons have been made between the spectra as calculated by SCALE continu-
ous energy (ce) and multi-group (mg), and SERPENT 1 and 2 by setting the results
calculated by SCALE(ce) as the reference values; see the lower chart in Fig. 6.7.
In this comparison all the results were calculated with ENDF /B-VII nuclear data
library.
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Figure 6.7: Total neutron spectrum of U-Pu fuel
The relative difference, which is defined as
) ) Actual Difference
Relative Difference = (6.15)

Reference Value

between SCALE(mg) and SCALE(ce) is constrained to a small energy range from
10~* MeV to 20MeV , mostly around 5%, and in the energy region below 10~% MeV the
spectrum of the results from SCALE(mg) is higher than that from SCALE(ce). This
discrepancy can be interpreted as the statistic error of the results due to the small
amount of neutrons in this energy range. The larger relative differences appear
between the spectrum of SERPENT, both versions, and SCALE(ce).

The relative differences in the results from SERPENT and SCALE(ce) indicate a
spectral shift between the two codes. Overall the SCALE(ce) spectrum is a bit
harder than the one calculated with SERPENT (especially harder than that with
SERPENT 1). Taking the curve from SCALE(ce) as reference, it can be observed
that from 20MeV down to 0.2MeV the relative differences between SERPENT 1 and
the reference stay around -60% and between SERPENT 2.1.19 are around -40%, while
SERPENT 2.1.23 shows a good consistency (around 0%) with the reference. From
0.2MeV down to 1072 MeV the relative differences between all SERPENT results
and the reference results reduce to around -20%. Below 1073 MeV the discrepancies
of the results between SERPENT 1.1.19 as well as 2.1.19 and the reference increase
rapidly. This can be easily observed in the upper figure, where there is a small shift
between the curves. For the curve from SERPENT 2.1.23 the discrepancies remain



50 CHAPTER 6. STATIC CALCULATION

Internal Total Groups Groups Groups Description
Name | Groups <leV  1leV ~100keV  >100keV
scale44 44 20 13 11 SCALE 44-group
cas70 70 31 30 9| CASMO 70-group
scale238 238 49 145 44 | SCALE 238-group
nj2 239 6 79 154 | CSEWG 239-group
nj21 315 38 175 102 | TRIPOLI 315-group
nj20 1968 70 1263 635 | ECCO 1968-group

Table 6.7: Different energy group structures

smaller than -20% from 0.2MeV till 107 MeV . For all practical purposes, however,
these results can be still considered consistent.

6.6.2.2 Different Energy Group Structures

The neutron spectrum can vary because of different energy group structures due to
their non-homogenous distribution of energy groups. Especially for different reactor
types, for example, light water reactor as thermal reactor and molten salt reactor as
fast reactor, their spectrum will differ and have peaks over different energy ranges.
For fast reactors, more energy groups must be considered in the energy region where
the peak of the spectrum is located.

The energy group structures that are been considered in this work are provided
by SERPENT itself and the following Tab. 6.7 shows the internal names and the
energy group distribution of these structures. In the Table all the energy groups
are classified into three categories corresponding to the neutron energy ranges. The
thermal neutrons are in the energy groups below le V' [Mot70, pp.7], the intermediate
neutrons are in the energy range between leV to 100keV [Mot70, pp.77|, and the
fast neutrons have energies over 100keV [Mot70, pp.141].

It can be seen that the percentage of the energy groups over leV varies from 54.5%
to 97.5%. Especially for the last four energy group structures, they have over 79%
energy groups specified for neutrons within the intermediate and fast energy range.
Considering that the DFR reactor is a fast reactor, then most of the neutrons have
a relative high energy from leV to 10MeV . The high percentages of the energy
groups ensures that the fast neutron spectrum can be well described by these energy
group structures. The cas70 energy group has even fewer groups in the fast energy
range than scale44, which is more suitable for the representation of the thermal or
intermediate (epithermal) energy neutron spectra.

Figure 6.8 depicts the neutron spectrum calculated with different energy group struc-
tures by SERPENT 2.1.23 with the ENDF-B/VII data library. Generally, the results
with different energy group structures are well consistent in most of the energy re-
gions.

The 44-group structure shows a lack of energy points necessary to produce a detailed
shape of the DFR neutron spectrum. The 70-group and 238-group structures describe
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Figure 6.8: Neutron spectrum in different energy groups

well the basic shape and trends of the spectrum, but, as can be observed in the
upper plot of Fig. 6.7, the roughness of the spectrum is portrayed without any
details. The 239-group structure has only 1 group more than the 238-group one,
but there are many more energy groups located in the high energy region than in
the case of the 238-group structure. Therefore, the 239-group, the 315-group and
the 1968-group structures are more capable of describing the particulars on the DFR
spectrum, especially the crests and troughs on the spectrum, which will be discussed
later. Meanwhile in the low energy region the 239-group structure has only 1 group
over 1071 MeV to 4.14x10~7 MeV , which is why its curve behaves so differently
compared to other group structures. The 44-group, 70-group, 315-group structures
and even 1968-group structure also have this problem, but the energy span is two
orders of magnitude smaller than that of the 319-group structure.

6.6.2.3 Different Nuclear Data Libraries

In this section the results that calculated by SERPENT but with two different nuclear
data libraries are compared. The selected nuclear data libraries are ENDF /B-VII and
JEFF-3.1.1, and combined with various energy groups that listed earlier in Tab. 6.7.

The plots in Fig. 6.9 show the relative differences for the JEFF 3.1 and 3.1.1 nuclear
data bases taking the results from ENDF library as a reference. They show results
of spectrum calculations for a series of energy group structures as given in the plots.
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Figure 6.9: Difference of neutron spectrum in libraries

It can be seen that, in almost all the energy groups, the two JEFF libraries have a
satisfactory consistency in the energy range over 107> MeV , the relative difference
is smaller than 5%. In the low energy range, most of the energy group structures
cut off at 1078 MeV or even 1077 MeV , so in the energy range lower than this limit,
no data or deviations between the results can be observed. Between 10~7 MeV and
1075 MeV fluctuations can be observed in all the charts. These fluctuations are
caused by the statistical errors due to the low neutron counts of the calculations in
these energy ranges for a DFR type of spectrum. Therefore, the nuclear libraries with
the investigated energy groups structures analyzed can be considered consistent.

6.6.2.4 Neutron Energy Shift

The system of the DFR consists of different materials such as the fuel salt, the fuel
tube wall (SiC), the coolant (lead), the reflector (lead) and the breeder material in
the breeder blanket, as well as, other structural materials. Some of these materials
contribute to inducing fission and generating power, while others cause an energy
shift in the neutron spectrum due to other kinds of reactions occurring between these
materials and the neutrons. This effect is discussed in this subsection by adding up
new materials gradually, from an initial basic reactor model.
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Figure 6.10: Neutron spectrum in U-Pu fuel salt vs. theoretical spectra

A fission spectrum is the energy distribution of prompt neutrons emitted from the
fission process [Mot70, pp.142|. Together with the Maxwell fission neutron spectrum,
the Watt spectrum is also in use today. The complete expression of the Watt fission
spectrum is represented by the equation [Mad90, pp.202]:

—E; /Ty 0.5 E.E)0-5
H(E) = irEiT e E/Tw sinh (z(fT)) (6.16)
ftw w

where E is the laboratory neutron energy, Ey is the average fission-fragment kinetic
energy per nucleon, T;, is the effective Watt temperature, which can be calculated
or obtained from the experiments [Mad82] [Mad90] [Mad06]. The Eqn. 6.16 can be
therefore reduced to [Mot70, pp.142]:

¢(F) = 0.484sinh(V2E)e™F (6.17)

Therefore, the theoretical fission spectrum and the emitted neutron energy distri-
bution (generated with data from JANIS 4.0 [SBD14|) are then compared with the
calculated neutron spectrum in the fuel salt of the DFR reactor, which is shown in
Fig. 6.10.

The “Neutron Flux per Unit Lethargy”-axis does not represent absolute values of the
neutron spectrum, but only the normalized values converted with a z-score normal-
ization:

Original Value — Mean Value

N lized Value =
ormalized V alue Standard Deviation

After the normalization the minimum value is subtracted from all the values to make
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Figure 6.12: Dependency of neutron spectrum on neutron data libraries
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them positive. The figure shows the neutron spectrum in the fuel salt, since fission
occurs mainly there. The neutron energy axis is scaled to 107> MeV ~20MeV in
order to check the spectra with more details in the regions of interest. The light blue
and red curves describe the neutron spectrum of the fuel salt under the circumstance
that in the reactor there is only this material: fuel salt, while all the other materials
are replaced with simple air. The difference between these two curves is that the
light blue one is generated by SERPENT with the ENDF/B-VII library with a
1968-energy-group structure and the red one is by SCALE also with the ENDF/B-
VII library but in the multi-group mode (mg) with 238 energy groups. The orange
curve, which almost overlaps with the other two curves, shows the Watt fission
spectrum described above as applied to the DFR reactor in Sec. 6.16.

The rest of the curves are the emitted neutron energy distribution of the different
fissionable materials present in the composition of the fuel salt, which are also nor-
malized and plotted as reference. The emitted neutrons from the listed fissionable
nuclides (238U, from 23°Pu to 242Pu ) have their peak in the distribution at around
1MeV .

It can be seen that over 1MeV all the spectra overlap perfectly each other. From
1MeV downwards, the calculated neutron spectra are perturbed, no matter whether
it is calculated by SERPENT or by SCALE. In this energy range some signifi-
cant troughs and crests can be observed around 1072 MeV . These are caused by
elastic scatterings and the phenomena are interpreted later in Sec. 6.6.2.6. From
0.1MeV downwards, the spectra decrease rapidly compared to the theoretical spec-
tra of the fissionable nuclides. The reason for this can be traced to the stark neutron
absorption of the heavy nuclides in the fuel salt. Since only fuel salt is present in
this calculation, moderation or scattering by other components in the reactor is not
possible. The neutrons either escape the reactor or are absorbed.

Further results on the relationship between other materials and the neuron spectrum
in the DFR are presented in Fig. 6.11. Figures 6.11(a) and (b) show, in both linear
and logarithmic scales, how the DFR neutron spectrum evolves from the sole mate-
rial fuel salt to the complete reactor by adding up different materials. The plotted
data are results calculated by SERPENT 2 with the ENDF/B-VII library with a
1968-energy-group structure. In order to show the most interesting details, plot (a)
depicts the neutron energy from 107> MeV to 10MeV , while plot (b) utilizes an en-
ergy scale from 1072 MeV to 10MeV . During this process of progressively adding
materials to the reactor core, the neutrons are increasingly moderated. The maxi-
mum values of the spectral shift occur from 1MeV to around 0.1MeV . In the new
spectra, which means here the spectra in the fuel salt with new adding materials,
besides the troughs and crests mentioned in the last section between 5x1073 MeV to
0.1MeV , more characteristic shape deformations can be observed, especially the one
at about 0.2MeV . This behaviour will also be explained in Sec. 6.6.2.6.

It is obvious that the existence of the fuel tube wall changes the neutron spectrum
the most and forms the basic shape for the following spectra. The following spectra,
that is, the spectra in the neutron spectrum after adding up the coolant, the reflector
and the breeder, have only a slight influence on the neutron spectrum in the fuel salt.
This can be better explained with the help of the two plots labelled as Fig. 6.11(c).
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These two plot show details of the spectra that cannot be clearly distinguished in
Fig. 6.11(a) and (b), for two different energy group structures.

The data in these two figures are shown as the relative difference of each spectrum
(from “With Coolant” to “With breeder”) with respect to the reference spectrum
“With Tube Wall”, because the spectrum “Only Salt” is far more different to these
spectra and there is no need to do the comparison. Since the results span several
orders of magnitude, each figure is divided at 107> MeV into two parts, left and right,
for the low energy range and high energy range respectively. For this reason, each
figure also has two y-axis presenting the percentage of the relative difference.

From higher energy to lower energy, that is to say, from 20MeV to 0.1 MeV |, the neu-
tron counts decrease by assembling new materials, while the counts increase from
0.1MeV to 107° MeV . This means that with more materials in the reactor, the neu-
trons become scattered in greater numbers and, in consequence, losing their energy,
they drop from the higher energy region to the lower energy region. In the energy
range lower than 107° MeV | however, where resonance and absorption dominate,
more neutrons disappear when more materials, especially the breeder material is
added, which is full of 238U .

Figure 6.12 presents this phenomenon from another perspective. All the horizontal
axes stand for neutron energy from 10~ MeV to 20MeV . The vertical axis on the
left side is for the neutron spectrum and the right side shows the relative differences
with respect to the reference values, for which the results calculated by SERPENT
2 with the ENDF/B-VII library (SERPENT(ENDF)) have been chosen. In each
chart the results calculated by SCALE 6.1 in (ce) and (mg) modes, SERPENT 2
with ENDF, JEFF-3.1 and JEFF-3.1.1, as well as, the relative differences of the
last two series are included. It can be seen that in most cases, which means in the
energy range from 1MeV to the tail part (downwards ~2x1073 MeV , ~1072 MeV |
1074 MeV , 1074 MeV , 107* MeV , 107* MeV ), the different plots have shown a
good consistency. Outside of the mentioned energy range, however, especially from
the lower energy limit mentioned above till the end of the available neutron energy,
the relative differences show a distribution with large values. This is mainly because
of the statistical error due to low counts of neutrons, as has been indicated already
several times before.

In the fourth (“with Coolant”) and fifth (“with Reflector”) plots more discrepancies
can be observed in the energy range lower than 107° MeV . the neutron spectra
calculated by SERPENT are obviously higher than that by SCALE, though they
have similar shapes.

There is another notable region in the figures. It can be noticed that in the first
two plots (“Only Heavy Nuclides” and “Only Fuel Salt”) the relative differences show
fluctuations in the energy range near 10MeV . However, in the next four charts,
these fluctuations relocate in the energy range where the neutron spectra is mostly
present, namely from 0.1MeV to 1 MeV . Since the curves show the relative difference
between the results calculated with the ENDF and the JEFF libraries, this could
reveal that due to the added materials, the additional reactions are the causes for
these discrepancies coming from the nuclear data for these materials contained in each
library. Considering only the JEFF-3.1 and JEFF-3.1.1 libraries, a better consistency
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Figure 6.13: Neutron spectra in materials

between JEFF-3.1.1 and ENDF /B-VII can be concluded.

6.6.2.5 Different Materials

The previous section has introduced the neutron spectrum in the fuel salt as influ-
enced by different materials, and this section is about the neutron spectrum calcu-
lated in the different materials. In Fig. 6.13 the neutron spectra in the fuel salt, in
the liquid lead coolant, and in the breeder blanket are shown for comparison. Since
the reflector lead and the coolant lead have the same properties and their thermo-
dynamic conditions are close to each other, the spectrum in the reflector does not
appear in the figure. All the neutron spectra in the figure are shown for a complete
reactor with all the materials in each zone added, not separately calculated as in the
previous section.

The spectra in the fuel salt and in the coolant lead overlap because of the spectrum
homogenization effect in the central fission zone. It is noteworthy that the spectra
in the breeder are shifted towrads lower energies, which is a manifestation of ther-
malization as the neutrons leak out of the fission zone. The troughs on the neutron
spectra of the breeder are caused by their absorption, which is explained with details
in Sec. 6.6.2.6.
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6.6.2.6 Nuclear Reactions

The neutron spectrum of the DFR is not smooth at all compared to an ideal neutron
spectrum due to the interactions between the nuclides in the reactor and the mostly
fast neutrons. There are some significant crests and troughs that should be con-
sidered. Figure 6.14 shows 5 most significant troughs in the neutron spectrum and
their corresponding characteristic peaks in the energy range from 10~ MeV to 20
MeV (upper figure) and 6 in the energy range from 10~ MeV to 1073 MeV (lower fig-
ure). The emitted neutrons from fission reactions encounter first light nuclides inside
the fuel salt composition, 37Cl, and suffer elastic scatterings losing certain amount
of energy. They then encounter the nuclides in the fuel salt tube material,®Si, and
undergo elastic scattering again losing once more energy in the process. The smaller
crests next to the troughs with lower energy indicate the neutrons after elastic scat-
tering and subsequent energy loss. The troughs marked with numbers in the upper
figure have the following characteristic energies:

1 8.32x1073 MeV : by 37Cl;
2 2.55%x1072 MeV : by 37Cl;
8 4.67x1072 MeV : by 37Cl;
4 5.56x1072 MeV : by both ?8Si and 37Cl;

5 1.89x107t MeV : by 28Si.

By analyzing the neutron spectrum in view of the the elastic scattering cross section
of other important nuclides in the DFR reactor, one can reach the conclusion that
the roughness of the spectrum observed in energies lower than 107> MeV is mainly
caused by heavy metals like 23%U and from 23°Pu to ?*?Pu, which exist in the fuel
salt and breeder blanket. The roughness at higher energies is caused by isotopes of
Pb, such as 294Pb , 206Ph | 207Ph | and 2°8Pb present in the coolant and the reflector.

The troughs in the lower energy region of the neutron spectrum shown in Fig. 6.14
(lower plot) are very significant and a consequence of the resonant absorption of
neutrons by 2**U and other heavy nuclides, among which the most important ones
are 239Pu to 2*2Pu. The most interesting difference between the absorption troughs
and elastic scattering ones is the small crests next to the troughs at lower energies,
which exist only for elastic scattering reactions.

For the spectrum in the lower energy region there are also some recognizable troughs,
namely:

1 ~0.2eV to ~0.4eV : troughs packet by 23Pu and ?*'Pu;
2 1.05eV : by 240Puy;
3 2.66eV : by 242Pu;

4 6.75eV : by 238U ;
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Figure 6.14: Characteristic peaks

5 20.0eV : troughs packet mainly by 238U and ?4Pu;

6 38.4eV : troughs packet mainly by 238U and ?4°Pu.

A less significant roughness, with smaller troughs and crests, can also be recognized
in other energy regions and explained by the cross section values of certain nuclides
at these energies, but they are not as important for the DFR as the ones discussed
above, and will not be analyzed here.

The conclusions presented in this subsection have considered the presence of certain
nuclides as the main influence on the shape of the neutron spectra analyzed caused
by the magnitude of their macroscopic cross sections and the type of reactions they
mainly have with the neutrons in the DFR. Since the conclusions reached have been
only qualitative, that is, without data on reaction rates, the values of these macro-
scopic cross sections are not provided in the thesis.

6.6.3 Spatial Distribution of the Neutron Flux

The neutron flux is defined as the product of the neutron density n(FE,r) and its
velocity v(E):

o(E,r)=n(E,r) v(E)
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Figure 6.15: Spatial neutron flux distribution for U-Pu fuel in the reactor

Therefore the neutron flux in the core describes the spatial distribution () and energy
distribution (E) of the neutrons inside of the core. The spatial flux distribution is
important for a neutron physics analysis, because is determines the distribution of
the reaction rates and, ultimately, of the power density generated.

The neutron flux distribution integrated over the entire neutron spectrum ¢(r) is
shown in Fig. 6.15 for the symmetric DFR model. The results are shown in both
axial and radial directions. The flux is normalized over the volume and has units
of 1/(em?s). Though each figure is divided into three regions, the meaning of the
regions are different. In the “Axial Flux Profile” region I stands for the fission zone
(0~120¢m), region 1T is for the top outlet plenum (121~140c¢m) while the remaining
region III means the top liquid lead plenum (141~280cm). In the “Radial Flux
Profile” region I starts from the center of the fission zone to its boundary (0~135cm),
region II is marked for the reflector (136~155c¢m), and finally region III is for the
breeding blanket (156~280cm). Since the plots show the flux distribution inside the
reactor, it is not surprising to find flux in some certain materials existing in all the
regions where the materials involved are located, e.g. breeding material.

The boundaries of the reactor zones, such as both sides of the reflector or both sides of
the in-/outlet plenum, show flux discontinuities of the flux in the different materials,
but the total flux, is obviously continuous across these boundaries. In the “Axial
Flux Profile” the descending neutron flux in the fuel salt material towards to the
outlet of the reactor is, therefore, expected. A higher neutron flux observed in the
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outlet plenum and also in the liquid lead plenum means that the neutrons accumulate
and reflect inside of the coolant lead without being absorbed or escaping. Compared
to the axial distribution, the flux in the fuel salt and in the coolant diminishes at
the boundary of the inner surface of the reflector, while the flux in the reflector rises
inside of the reflector and the flux in breeder rises at the outer surface of the reflector,
because of their ring-form geometry.

6.7 Reaction Rates

The general definition of the reaction rate density as a function of energy E and
location r is given in reference |LBO1, pp.61] as the product of the macroscopic cross
section for the certain reaction and the neutron flux:

R(E,r) = X(E,r) ¢(E,r)

Both spatial and energy dependent reaction rate are calculated by SERPENT 2 and
SCALE 6. In order to reflect the different reaction rates in various materials and
volumes, the volume and energy integrated reaction rate density is calculated. The
calculation uses the collision estimate of the neutron flux by averaging the integration
of the mentioned product over all the volume and energy groups of interest [Lepl3,

pp.95]:

= l = T T 37’
R= V/V/o S(r, E)p(r, E)d*rdE (6.18)

where R is the reaction rate density, V is the volume for each reaction in the reactor
and X(r, F) represents here for different macroscopic cross sections to the corre-
sponding reactions. The most important reaction rate densities calculated in the
DFR are listed in Tab. 6.8.

All the plots in Fig. 6.16 show the over volume normalized reaction rate density in the
entire reactor’s volume perpendicular to the plotted axis. The axial coordinate of the
plots extends from the center of the fission zone (0~120cm) through the top of the
outlet plenum (121~140cm) until the top of the liquid lead plenum (141~280cm),
while the radial coordinate starts from the center of the fission zone (0~135cm),
through the reflector (136~155¢m), the breeding blanket (156~280cm), and reaches
the reactor vessel wall (281~285¢m). Since each direction covers three structural
parts of the reactor, these parts are separated with vertical lines in the plots.

In the Fig. 6.16 (c) it is possible to see that the neutron capture reaction density in
the fuel salt along the axial direction is concentrated in the fission zone and extends
into the outlet plenum. At the boundary between the outlet plenum and the liquid
lead plenum a slight rise of reaction rate density can be observed. This can be
attributed to the reflection of neutrons from the liquid lead plenum because this
part is full of liquid lead and has a thickness about ca. 140cm.

The neutron capture reaction rate density in the breeder is smaller than that in the
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Figure 6.16: Reaction rate density
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Reaction SERPENT 2
ENDF-B/7 JEF-3.1 JEFF-3.1.1
Total flux 1.21065E23 1.21205E23 1.21195E23
Ry 28y 5.47027E18 5.41947E18 5.41835E18
Ry 230 py 5.93034E19 5.88782E19 5.88464E19
Ry 210py, 3.70056E:18 3.69071E18 3.68786E18
Ry2ap, 1.96906E19 1.97925E19 1.97863E19
Rin,y),2380 1.03884E20 1.03547E20 1.03629E20
Rinqy),20py | 2.81673E19  2.83051E19  2.82804E19
Rinqy)290p, | 1.09305E19  1.07358E19 1.07428E19
(ny), 21 py | 428807E18  4.52118E18  4.53306E18
Ry total 8.98866E19 8.97723E19 8.97723E19
Rn ) total 1.62823E20 1.62504E20 1.62520E20
rel.err. <0.00127 <0.00113 <0.00151

Table 6.8: Reaction rates (1/s) of selected nuclides of U-Pu fuel

coolant because fewer neutrons are able to pass through the lead coolant and reach
the breeder blanket.

The elastic scattering reaction (Fig. 6.16 (e)) is highest in the coolant. This causes
also the highest count for the coolant in the total reaction rate density (Fig. 6.16 (a)).
In fact, because the elastic reaction rate density is so high, it dominates the shape
and the trend of the total reaction rate density. Different reaction rate densities
fluctuate in the outlet plenum, this is because, compared to the fission zone, the flow
direction in this region of the fuel salt is reversed with respect to the coolant lead
flow.

The fission reaction density (Fig. 6.16 (g)) is highest in the fuel salt, while that in
the breeder is about four orders of magnitude lower. The reaction rate density of
the fuel salt and the breeder calculated by SERPENT and SCALE are consistent
both in the fission zone and in the outlet plenum. But in the coolant plenum region,
because the counts for the fission reaction are already very low, larger statistic errors
appear and, therefore, the results obtained with these two codes have discrepancies.
A more intuitive view of the fission reaction rate is shown in Fig. 6.17.

For the plots (Fig. 6.16 (b), (d), (f), (h)) along the radial direction, all the values are
taken only between the altitude of A§120¢m and averaged over this volume, which is
exactly the fission zone and excludes the in-/outlet plenum or the liquid lead plenum.
The boundaries of the materials can be observed by the sudden change of the reaction
rate densities. The periodic variation of the reaction rates in the fuel salt and the
coolant is due to the periodic lattice of the fuel salt tubes in the fission zone.

For the capture reaction the reaction rate density (Fig. 6.16 (d)) of the fuel salt is
much higher than the other material in the fission zone. The number of the capture
reaction in the breeder is less than that in the fuel salt and it decreases faster than
any other materials, because in the breeder the neutron density is already quite low.
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Figure 6.17: Visualization of fission reaction rate

The coolant and the reflector hang together smoothly at the boundary of the fission
zone and the reflector zone, since they are actually the same material.

The elastic scattering reaction rate density (Fig. 6.16 (f)) in the radial direction acts
similarly to that in the axial direction, and still dominates the total reaction rate
density (Fig. 6.16 (b)).

The fission reaction rate density (Fig. 6.16 (h)) stops at the boundary of the fission
zone and also has a satisfied consistency between the results from SERPENT and
SCALE. The reaction starts again in th breeder and decreases fast towards the outer
boundary of the reactor. The short of counts in the breeder bucket is again the
reason for the difference between codes and for the larger error. This can also be
seen in Fig. 6.17

6.8 Power Distribution

The power distribution of the DFR reactor is obtained from the Monte-carlo calcu-
lated counts of the deposited power generated by fission reactions in the materials.
The fission power distribution is, therefore, shown in Fig. 6.18. The the power dis-
tributions in the coolant, reflector and the structures of the reactor are zero, while
the distributions in the fuel in the core, in the fuel in the in-/outlet plenum regions,
and in the breeder blanket are represented in both radial and axial directions. Fig-
ure 6.18(a) presents the radial and axial distribution of the fission power, as well as
a color-coded plot of the fission power distribution in the whole reactor in plot (b).
The longitudinal power distribution can be fitted as

TZ
P(z)=C-|2.22 3.16 6.19
() =0 222 cos (7550 ) 4 3.10] (6.19)
where ' is a constant containing the average reactor Fg,, that multiplies a shape
expression. The term H represents the half height of the reactor core and § is its
extrapolated length.
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6.9 Conclusions

In the kg calculation the first parameter to be defined should be the total number
of fuel tubes. Although the number is calculated in Sec. 5, it only covers complete
fuel tubes. At the boundary of the core, however, there must be incomplete fuel
salt tubes between the complete fuel tubes and the boundary. Even though these
incomplete fuel salt tubes do not exist in the actual DFR core, the fuel salt in them
assumed in the model can make a difference in the value of the calculated kg This
is especially important when the model for criticality calculations with the neutronic
codes is developed by setting the lattice of the fuel salt tubes with an infinite 3D
x- or y-type hexagonal prismatic lattice, or by setting up a finite array of fuel tubes
larger than the horizontal geometric cross section of the reactor in order to leave no
blank spaces. For this reason, the differences observed in the comparisons between
code results may not be significant, but the results of the calculated kg may over
estimate its vale compared to an actual DFR.

The neutronic analysis of the DFR reactor covered the entire geometry including the
fission zone, reflector and breeder blanket. In the static calculation performed at the
beginning of this chapter, the criticality of the DFR design was firstly verified and
assessed with the codes SERPENT and SCALE. The results of this study show that
the criticality of the DFR design can be ensured, the relative differences between the
results calculated by different codes or with different nuclear data libraries are small
enough so that the results can be considered as consistent.

The group constants as well as other information related to the neutronics character-
istics of the DFR were then obtained from the Monte-Carlo based calculation results.
With this information, a theoretical neutronic analysis of the reactor can be carried
out and detailed models of the DFR, can be developed.

The next step entailed the verification of the neutron spectrum, which, according to
the design, is located in the high neutron energy region. This chapter concentrated
on discussing the reasons for the shape of the calculated spectra and attempted to
explain the differences caused by codes, energy group structures, reactor materi-
als, and nuclear data libraries. The final spectrum is proven to have a satisfactory
consistency in every energy region.

Since the DFR structure has several well-defined zones and each zone consists of a
specific combination of materials, each zone has a different impact on the neutron
spectrum as a result of the reaction rates between the neutrons and these materials.
This impact was studied in the energy shift of the DFR spectrum, and the results
allowed to identify those materials with the highest impact on the neutron spectrum
in the different zones of the DFR.






Chapter 7

Sensitivity Analysis

7.1 Nuclide Importance

For a fuel mixture containing various nuclides, it is interesting to find out which
nuclides are the most important ones, or have the largest influence on the k.p for a
certain fuel salt composition. The macroscopic cross sections are the most important
nuclide’s property that determines its importance in the criticality of the reactor. The
macroscopic cross sections are a function of the temperature and material density
and, therefore, depend strongly on the core’s conditions.

In this section the importance of the nuclides is investigated based on the assessment
of the effect of relative changes of the nuclides’ cross sections on the relative changes
in the system’s multiplication factor k.. The investigation is carried out by using
the Sensitivity Analysis Module for SCALE (SAMS) module called TSUNAMI-
3D [RHE 03] embedded in SCALE, which uses, for this purpose, linear perturbation
theory [RPJW11]. The SAMS module is specialized in providing an evaluation of
the sensitivity of the key to the nuclear cross section data used in the calculation.
The complete sensitivity coefficient [RPJW11, F22.2.8| is defined for a given nuclide
i, reaction x and energy group g as

Si,) = (Sexe,) o+ (Sems,)
< kX% 4 complete kg explicit k5. implicit

that is, the total sensitivity coefficient is the sum of an explicit and an implicit
sensitivity coefficient. The original complete expressions can be found in the original
references and will not be cited here.

The explicit part of the sensitivity coefficient shows the relationship between the
sensitivity of the keg to the “problem-dependent resonance self-shielded multi-group
cross section data used in the critical analysis” while the implicit part is “the sensi-
tivity of the resonance self-shielded multi-group cross section data to the data input
to the resonance self-shielded calculation” [RPJW11, F22.2.1]. This means that for
a fast reactor the explicit part is sufficient, for the resonance self-shielding of the nu-
clides in the fuel salt has no significant impact, and the implicit part is not strictly

69
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Figure 7.1: Sensitivity of keg with regard to the most important nuclides in U-Pu
fuel

necessary.

Next the sensitivity analysis is carried out for the two fuel salt options of the DFR.
The total sensitivity of each actinide will be determined and the values of the explicit
and implicit parts will also be given.

Based on an analysis carried out previously [WSM15], Fig. 7.1 shows the total sen-
sitivity coefficient for the U-Pu fuel salt. The left plot in the Figure for the fission
reaction shows that in the energy range from 107> MeV to 20MeV the value of ke is
most sensitive to the fission cross section of 2»?Pu and ?4'Pu, while 238U is only
significant in the energy range above 1MeV . The fourth significant nuclide is 24°Pu,
which becomes influential in the energy range from 0.1MeV to 20MeV .

On the right plot the sensitivity to the macroscopic capture cross sections of 238U
9Py and 2%%Pu clearly shows that they are the most important for the determi-
nation of k.. The sensitivities are negative because a reduction in the macroscopic
neutron capture cross sections will, as expected, increase the value of kg Other
nuclides in the fuel show a smaller impact on the k.y for neutron capture, at least
in the energy range of interest.

Since the value of S reflects the relationship between the macroscopic cross sections
(see Fig. 7.2 left) and the value of kg, for the fission reaction, the calculated sensitiv-
ities, on one hand, mirror the differences in the magnitude in the microscopic fission
cross sections of 2?Pu and ?'Pu, which both have a larger fission cross section over
the DFR energy spectrum compared to the other fissionable nuclides. On the other
hand according to Tab. 5.1, the number density of 22?Pu is much larger than that of
any other Pu nuclide, so, again, 23°Pu is destined to dominate the sensitivity chart.
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Figure 7.2: Macroscopic cross section of fissionable nuclides in U-Pu salt fuel

The macroscopic fission cross section of 238U becomes comparable to that of 239Pu
only above 1MeV , which explains the late, noticeable contribution of 23¥U in the
plot.

For the neutron capture reaction, it can be observed that in the energy range till
about 10™* MeV the curves are mixed together and cannot be clearly distinguished.
In the higher energy region the order and magnitude of the curves have the same
trend as the macroscopic cross sections of the nuclides (see Fig. 7.2 right), analog to
the analysis for the fission reaction above.

The implicit sensitivity coefficient calculated in this analysis is about a hundred times
smaller than the explicit sensitivity coefficient for both fission and capture reactions
for the fuel salt actinide, which means that for the U-Pu fuel salt composition in the
DFR, the explicit sensitivity is accurate enough to describe the relationship between
the cross section data and the k.

7.2 Geometry Feedback Coefficient

7.2.1 Description

This part of the sensitivity analysis is mainly based on the results presented in a
previously published work part of this thesis [WSM15|. As mentioned in section 5.1,
names and definitions of the components in the DFR reactor are already given based
on Fig. 5.2, 5.1 and 5.3. The aim of this series of calculations is to find out how
consistent the geometric parameters of the DFR are.
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1. Radius of fuel tube

e Inner radius of fuel tube: 5mm-8.5mm, ref: 7mm, outer radius remains
e Outer radius of fuel tube: 7.5mm-10.5mm, ref: 9mm, inner radius remains

e Inner radius of fuel tube: Tmm-11mm, ref: Tmm, thickness remains
2. Pin pitch: 18mm-30mm, ref: 22mm

3. Radius of fission zone: 1300mm-1700mm, ref: 1500mm, divided in two cases:
the size of breeder zone changes together and the size of breeder zone remains
conscent as buffer

4. Thickness of reflector: 0mm-300mm, ref: 150mm
5. Thickness of breeder: 240mm-1500mm, ref: 1030mm
6. Other Parameters of the Breeder Zone

e Number of breeder coolant tubes: 0-10, ref: 6

e Radius of breeder coolant tube: 5mm-35mm, ref: 12mm, thickness of
tube wall remains

e Radius of breeder coolant tube ring: 1850mm-2550mm, ref: 2210mm

All the Monte-Carlo based calculations were carried out with 500k neutrons in 100
active cycles and 100 inactive cycles.

7.2.2 Results

Since the DFR is still in its conception stage, geometric dimensions can still vary in
future design refinements. This series of calculations for the geometry is aimed to
understand the design of the DFR better. And with these calculations, it is better
to evaluate other results in this chapter, since the information on the sensitivity of
the geometric parameters is obtained. In the upcoming section the serial numbers
in the description are referred.

Figure 7.3(a) shows the relationship between three geometric parameters of the fuel
salt tube and the kg, which corresponds the cases in the legend. It has to be
mentioned that the first blue line “d inw. increases”(Nr. 1) refers the case in which
the fuel tube inner radius is changed, while the outer radius remains unchanged; the
case on the second line “d outw. increases”(Nr. 2) with red lines means the opposite
process, and the last case “outer r increases”(Nr. 3), with a green line, means that
both radii change together, while the thickness of the tube wall remains unchanged.
The statistical errors of the result are around 2x 1074 ; hence they are too small to be
displayed in the chart. It can be seen that a fuel salt tube with a larger inner radius
(Nr. 1) can contain more fuel salt in it (without considering limits to its structural
strength, of course), which enhances the core’s reactivity and increases the value
of keg. In contrast, when the inner radius remains constant, a fuel salt tube (Nr.
2) with a larger outer radius increases the thickness of the tube, which could not
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Figure 7.3: Geometry coeflicients (top: a, b; middle: ¢, d; bottom: e,f)

only hinder the transport of neutrons through it, but also the neutrons emitted from
fission have to travel a longer distance to interact with other fissile material and the
average dengity of fissile material in the reactor decreases.

When the volume of the fuel tube increases but the wall thickness remains unchanged
(Nr. 3), the increase of k.p is smaller compared to (Nr. 1), because the tube wall
in (Nr. 3) is thicker than that in (Nr. 1) in this case.

Figure 7.3 (b) shows how the kg changes as a function of the pin “pitch”. The errors
of the results are smaller than 2x10*; hence they are too small to be displayed.
The reason for the behavior of the curve is also related to the fuel-to-coolant ratio in
the volume of the fission zone. With a larger pin pitch there will be less fissionable
material in the fission zone and neutrons will need more time to travel to interact
with fissionable material in the neighboring fuel salt tubes.

The effect due to the thickness of the reflector on the kqg is shown in Fig. 7.3(c).
The statistical errors of the result are around 2x107%; hence, they are too small
to be displayed. Though the geometry sensitivity coefficient of the thickness of the
reflector over the whole investigated thickness range (0~500mm) is changing from
7.280pcm /mm (0~50mm) to 2.360pcm /mm (450mm~500mm), this value is still
about ten times larger than the joint temperature coefficient caused by the density
change of both coolant and reflector, as shown in Section 7.3.

Therefore, for reactivity fine tuning it may be possible to have a flexible reflector
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with changing effective thickness by dividing it into concentric layers and permitting
or stopping the liquid lead from flowing into some of the layers.

From Fig. 7.3 (e) and (f) it can be seen how the thickness of the breeder blanket
influences the breeding efficiency. Since the 238U of the breeder should absorb or
reflect most of the incoming neutrons, the non-leakage probability is one of the most
important variables for the investigation. The thermal and the fast non-leakage prob-
ability rise for thicker breeder blankets, as expected. Beyond about 40cm of breeder
thickness the marginal gain in the fast non-leakage probability becomes progressively
less attractive.

7.3 Thermal Feedback Coefficient

7.3.1 Description

This part of the analysis of the thermal feedback coefficient is based mainly on the
previously published approach as part of this thesis [WSM15]. In order to reduce
the error caused by statistical fluctuations, each calculation in this section performed
with SERPENT 1.x and 2.x counsists of 5 separate runs with different random num-
bers, which are then averaged. Each run was carried out with 5x10° neutrons in
100 active and 100 inactive cycles. The data library ENDF-VII was selected with a
238 energy group structure. The calculation parameters for KENO were the same
as those used for the k.g calculation.

Independent temperature effect calculations of different materials in the reactor are
compared to the standard design temperature reference from Tab. 3.3 in order to
investigate, in particular, the behavior and feedback of the individual reactor zones
and components due to a change of the material density and temperature. The total
temperature coefficient (including Doppler and Density) is provided. The results
are then combined to determine the joint temperature response of the lead in both
coolant and reflector. For this purpose two cases are considered, one with the lead
in both coolant and reflector at identical temperature, while the second one allows
for a temperature difference of 300K between the lead in these two different zones.

7.3.2 Results

The results of the combined temperature reactivity feedback (i.e. density plus
Doppler Effect) of the individual reactor components are reported in Tab. 7.2 and the
plots for the different materials are shown in Fig. 7.4. The temperature coefficient is
defined as

dk.
ay = Pess

dp
= 1
dTx 5 dTx (7.1)

where the X signifies the property of a certain material, such as the fuel salt, the
coolant lead or the reflector lead and p stands for the reactivity. The plots of the
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Region Temperature range

Independent temperature effect

Fuel 1300K-1700K

Coolant 1100K-1400K

Reflector 1100K-1400K

Breeder 1100K-1300K

Joint temperature effect (identical temperature)
Coolant/Reflector 1100K-1400K

(coupled) 1100K-1400K

Joint temperature effect (with temperature difference)
Coolant/Reflector 1100K-1400K

(coupled) 800K-1100K

Table 7.1: Calculation design for temperature effect of U-Pu fuel

SERPENT 1 SERPENT 2 KENO-VI

Fuel —40.30 —40.26 —-31.74

Coolant 0.3609 0.2603 0.2447
Reflector —0.1269 —0.068 83 —0.1009
Breeder —0.1885 —0.2224 —0.1231

Table 7.2: Independent temperature effect results (pem /AK)

results from SERPENT and KENO refer each to its own k.g-axis, because only in
this way the detailed value points can be clearly delineated. All the data points are
plotted with error bars, however, for some data points, the error bar is too small to
be recognized.

It needs to be mentioned that in these calculations average, estimated reference tem-
peratures of the reactor components were used. In the future, when more elaborate
thermal analyses become available, these calculations can be repeated with a more
realistic temperature profile. Furthermore, it has to be noted that Doppler broad-
ening for these calculations were done on-the-fly with the code’s built-in modules
instead of with a rigorous cross section generation procedure for the appropriate
temperatures.

The negative temperature coefficient of the k. for the fuel salt is a direct consequence
of a decreased number density of fissionable nuclides in the fission zone due to the
density decrease and, hence, the decreased macroscopic cross section of fissionable
materials. Increased resonance absorption due to the Doppler-Effect also contributes
its part.

More attention should be given to the temperature reactivity feedback for the coolant
and the reflector. Both materials have the same composition, but the behavior
is opposite to each other. The coolant produces a positive temperature reactivity
feedback, while the reflector has a negative one. The reason can be explained as
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Figure 7.4: Temperature coefficient of the different DFR zones

follows: since the DFR is a fast reactor, neutrons generated from fission do not need
to be moderated into a much lower energy region to induce new fission events, but
directly contribute to the fast fission chain reaction. For the normal operation, the
fuel is not only cooled by the coolant, the neutrons are also reflected /scattered by the
high density lead. With a dense coolant the newly produced neutrons will stay more
likely inside the fuel tube where they are born, as they encounter a reflecting coolant
with many scattering atoms per cm?® when they try to escape, though there may
still be a lot neutrons that escape into other fuel tubes. Consequently, a decrease of
coolant density can enhance the probability that neutrons pass through the coolant
area and re-enter the next fuel salt tube taking part in the reaction. Compared to
the normal case, the neutrons have more “options” on where they take part in the
fission reaction. The neutron economy inside of the core is improved.

However for very large density changes of the coolant test calculations up to 1800K
have shown that the reactivity contribution will turn negative. The reason for the
ultimate decrease is thought to be that without the scattering of the lead, neutrons
will have a higher escape probability from the fission zone, leading to a fictitious
absorption term.

The negative temperature coefficient of the reflector reveals that the higher temper-
ature causes decrease of the density, which leads to the enhanced leakage of neutrons
and less effective reflection.

The negative temperature coefficient for the breeder blanket is similar to that of
the reflector, which is also caused by the enhanced leakage of neutrons due to the
decreased number density of nuclides in the breeder blanket. It needs to be noted
that with the above mentioned neutron statistics this coefficient still has a significant
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Condition/Codes SERPENT 1 SERPENT 2
identical temperature 0.1661 0.1306
with 300K difference 0.1249 0.1226

Table 7.3: Joint temperature effect results (pem /AK)
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Figure 7.5: Joint Temperature coefficient of Coolant/Reflector

statistical fluctuation for the 5 different runs (£20pcm ).

As mentioned before in Sec. 3.2.4 the coolant in the fission zone and in the reflector
can be exchanged. This leads to an acceleration of the temperature rise of the lead
in the reflector. The results for the two cases: that the lead in the coolant and in
the reflector have an identical temperature, and a 300K temperature difference are
shown in the second line of Tab. 7.3. They are also plotted in Fig. 7.5.

Compared with previous temperature coefficients it has been found that the joint
temperature coefficient of the lead in both coolant and reflector is smaller than the
summation of the temperature coefficients of the coolant and the reflector separately.
Although slightly positive it is still very much smaller in magnitude than the negative
feedback of the fuel salt and, therefore, it does not pose an operational problem for
the DFR.

7.4 Conclusions

Based on the studied design, the DFR has shown a sufficient neutronic stability facing
possible changes in the fuel salt composition, in the geometry or in the temperature
of the reactor’s materials.

The importance of the nuclides in the fuel salt has been also investigated, which will
be helpful for the replacement of the nuclides in new fuel salt compositions. The
geometrical design has been verified by the geometry sensitivity calculation and by
studying the influence of changing the geometric reactor parameters on the criticality
state of the reactor through the value of keg.

The geometry sensitivity analysis reveals that the selection of the dimensions and
the size of the reactor are quite suitable for the design power level. In addition,
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the influence of the geometry was also examined and showed that the fluctuation of
ke with the changes of geometry considered is acceptable.

The most noticeable is the thermal feedback coefficient, which is almost the only
way to control the reactor during operation. The negative temperature feedback
coefficient is significant compared to other molten salt reactor designs. The MSFR
has a thermal feedback coefficient of -6~-7pem /K for 233U -started case or -3~-
7pem /K for TRU-started case [BMLR 13, pp.34-35], or in the case of the MSRE it
has a salt temperature feedback coefficient smaller than -10pem /K [RSBB70, pp.21].
It is not difficult to conclude that during the operation, the DF will be very stable,
and its safe response to increases in temperature very fast.

Unfortunately it has to be mentioned that, because of its large negative temperature
coefficient, it may be difficult to shut the reactor down without a large reserve of
negative reactivity, e.g. control rods, or to reduce its power rapidly in other transient
situations in which the reactor temperature decreases significantly. This will be
detailed discussed in later chapters.
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Chapter 8

Introduction

One of the important differences between the DFR and conventional, thermal LWRs
is its fast neutron spectrum. This spectrum allows the FR to efficiently breed fuel
and fission minor actinides. Therefore, the study of the burn-up process in the DFR
will focus on the online fuel processing capability, the development of the specific
nuclide inventory during the burn-up, and the determination of its breeding gain and
breeding ratio. In this thesis fuel re-processing is only mentioned in specific contexts,
but no detailed study is offered.

Prior to performing the burn-up calculations, the discretization of the fission zone
into different depletion sections, not only in the radial but also in the axial direction,
was considered. In the end, such a refined nodalization it was not adopted, because,
for a reactor with a liquid fuel salt core, as is the case of the DFR, the fuel salt
is distributed from a common well mixed source into the fuel tubes into the fission
zone and, in a few seconds, the fuel salt flows out of the zone and is mixed in the
outlet plenum. Therefore, inside of the fission zone there are no regions with different
burn-ups.

Burn-up with and without online processing involving various nuclear fuel types is
studied in this Chapter, without regard to the details on how the fission products and
other nuclides are extracted from the flowing salt. In each case general information
about the fuel salt composition and the reactor configuration are given, and the
results obtained for the evolution of k.z and the salt inventory are presented and
analyzed. Finally, the breeding characteristics of each case are discussed.

The following section offers a complete discussion on the topic of the calculation
options. Since a burn-up calculation involves many nuclides and materials, it needs
important calculation resources. Based on the resources available at the time of this
thesis work, adequate parameters for the calculations should be carefully selected, so
that they are performed as accurate and efficiently as possible. The study presented
in Sec. 8.1 assesses different combinations and obtains the proper parameters for
an efficient burn-up calculation of the DFR reactor. The results reported in sub-
sequent sections are based on calculations following the conclusions reached in this
first section.
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CHAPTER 8. INTRODUCTION

Mode Description To be used for

2D lattice physics applications similar to Serpent 1 — group
constant generation and assembly burnup [calculations
involving less than 100 depletion zones

Maximum performance at the
cost of memory usage

Similar to mode 4, but to be used when memory size is a
limitation, not well suited for large burnup calculation
problems due to long processing time per material

Fast transport cycle with
lower memory demand

Good performance in larger |Burnup calculations involving hundreds of depletion zones,
burnup calculation problems |poor performance for group constant generation

Minimized memory demand |Very large burnup calculation problems involving
at the cost of performance  |thousands of depletion zones

Burnup calculation problems that are too large for mode 1,

No optimization reference for other modes

8.1

Figure 8.1: Optimization mode

Calculation options

The code SERPENT provides various calculation and optimization modes for specific
needs. Because the burn-up calculation always consumes a large amount of time and
computer memory, first, an assessment of the results generated by different calcula-
tion options is carried out, in order to achieve a balance between time, calculation
resources and precision of the results.

8.1.1 Parameters

The assessment has investigated the effect of the following parameters depletion
calculation:

. bumode gives the probability to choose the method for solving the Bateman

equations from Transmutation Trajectory Analysis [Isol3] (TTA), Chebyshev
Rational Approximation Method [PL12] (CRAM) or the variation TTA.

. egrid defines the energy grid used for the reconstruction of the continuous-

energy cross sections to accelerate the calculation. By changing the fractional
reconstruction tolerance, the total allocated memory is changed. Because of
some loss of data, the consequence due to the reduction of the grid on the results
is not significant until the tolerance is raised above x1072 [Lepl3, pp.25].

. dix means double-indexing mode, which is not available in SERPENT 2, but

only functional in SERPENT 1.

. opti provides 4 different modes to balance the memory usage and the calcula-

tion time, while maintaining the quality of the results. A detailed optimization
description can also be found in Fig. 8.1 [LI12].

. pcc balances the calculation time and the accuracy of the estimation of iso-

topic changes during each burn-up step by activating the predictor-corrector
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bumode | .. egrid opti xscalc

ref | i | T gy e T
bumodel | x | O X X | X X X | x X X X | X X
bumode2 | + | x x | + |+ + + [+ + + + | + +
bumoded | x | x (O | x | X X X | x X X X | X X
dix X | x x | O|x x x|x x Xx X X X
egridb + 14+ + |+ | x x x|+ 4+ + + |+ +
egrid4 X | X X x | O x x| x X xX X X X
egrid3 X | X X x | x O x| x x x x| x X
egrid2 X | X X x | x x O] x x x X X X
optil X | X X x | x x x|0O x x x| x X
opti2 X | X X X | x x x| x O x x X X
opti3 X | X X X | x x x| x x (O x X X
opti4 + 1+ 4+ |+ |+ + +|x x x Of + +
pcc X | X X X | x x x| x x x x|0O X
xscalcl X | X X X | X X X | X X X X | X O
xscalc2 +/+ + |+ ]+ + +]+ + + + | + X

Table 8.1: Optimization Options

calculation |DKSL13|. Although this is not really an optimization mode, the
activation of the option will double the number of transport runs and, therefore,
increase the running time and the desired precision.

6. xscalc provides two modes to deal with the one-group transmutation cross
sections during the transport cycle. The default value in the reference is ex-
pected to reduce the time by a factor up to 4, but affect the statistical accuracy
compared to a direct calculation of the cross section [Lepl3, pp.113].

All the calculations were carried out with 10 threads on Intel® Xeon® L7555
1.87 GHz processors. Moreover, it is worthy to note that the results depend sig-
nificantly on the number of burnable materials considered, which is set in the cut-off
option.

8.1.2 Results

A burn-up case with U-Pu fuel salt was selected to be used in the test calculations.
This case has 23 burn-up steps and a neutron population of 100,000 in 50 active
and 50 inactive cycles. A total of 292 nuclides were considered in each step of the
burn-up calculation.

The reference calculation adopted the default optimization options, which are listed
and compared with other test calculations in Table 8.1. In the table the symbol “()”
means that this parameter was assigned the corresponding value or that this option
was activated, while “ x” means there was not such a parameter or option in this case
or it was deactivated, and “+” means default parameter values or values assigned by
the program automatically, if they are not specified.
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It has to be mentioned that for the parameter “egrid”, in the table the number behind
the name means the power of 10 of the tolerance. For example, “egrid3” means a
tolerance of 1075 and so on. In the optimization mode “opi 3" overrides the energy
grid thinning with the thinning tolerance set to 0.

It needs to be remarked that the results shown are exclusively valid for the case,
for which the calculation was performed. For other different cases the results may
vary. The results are classified into parameter groups: referenced with parameter
“bumode™; referenced with parameter “egrid”; referenced with parameter “opti” and
referenced with other parameters.

8.1.2.1 Balance of Time and Memory

1. Time

The time comparison between parameters is shown in Fig. 8.2. For the burn-
up calculation the total time, following the calculation sequence, can be di-
vided into “Initial time (INIT TIME)”, “Process time (PROCESS_TIME)”,
“Transport time (TRANSPORT CYCLE TIME)” and “Burn-up time (BUR-
NUP_CYCLE TIME)”.

The top figure shows the comparison of the “Total CPU Time”, which uses
TOT CPU_TIME to calculate the average CPU time used for each burn-
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up step. Since each calculation is OMP [ompl5]| parallelized with 10 threads,
TOT_CPU_TIME is the product of the real running clock time (RUNNING _TIME)
and the real CPU usage (CPU_USAGE). The middle figure reveals the “The
Transport Time”, the time used for the transport cycle. The bottom one sum-
marizes four other time terms. The time used for solving the Bateman equa-
tions, displayed as red dots, refers to the right axis, and the other three terms

as columns refers to the left axis.

It can be clearly observed that, even though the change of the “egrid” value
has an obvious trend in the other time terms, the most important “Iransport
Time” only affects the calculation time when the tolerance is set to 1072 . The
time used between the “opti’s depends on the corresponding purposes as shown
in Fig. 8.1. Setting “pcc” to 0 causes a time reduction of almost half of the
total time for the calculation compared to other parameters. And the default
“xscalc” setting reduces the total CPU time, as well as, the transport cycle
time. Nonetheless, for other time terms the difference is not significant.

2. Memory Requirements

The memory usage in SERPENT consists of several terms: memory used for
material (MAT MEMSIZE), memory used for cross section (XS MEMSIZE),
other memory consumption (MISC _MEMSIZE) and terms that not be grouped
(REST MEMSIZE).

Figure 8.3 (upper plot) shows that in this case only some parameters (“egrid”
and “opti”) have effect on the memory usage of the SERPENT depletion cal-
culation. The amount of memory needed for other parameters almost does not
change. Since in the reference (ref) calculation the “egrid” adopts the frac-
tional reconstruction tolerance of 107°, the tolerance level on 10~* reduces
the memory usage dramatically from nearly 30GB to around 15GB, while the
tolerance level on 1073 and on 10~2 reduces this usage less, which result in
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a memory usage of 10 GB and 9 GB respectively. The parameter “egrid” de-
scribes the minimum relative difference between two grid points, below which
both points are combined into a single one. THus, the higher the tolerance,
the less memory is needed to store the energy grids.

The optimization mode “opti” has also a noticeable impact on memory usage.
The option “opti 1” requires a minimum of memory, around 3GB, whereas the
other options consumes increasingly more, until the option “opti 4” stabilizes
the memory requirements.

On the other memory terms, the comparison of which are showed in the lower
figure, “egrid” series also have significant impacts on the memory usage. The
memory usage of the cross section generation of “optil” and “opti2” are nearly
none.

8.1.2.2 Evolution of kg

In this subsection, the kg calculated with different combinations of computational
parameters are compared and discussed. Figure 8.4 shows the relative differences
with respect to the reference settings. The depletion calculated in this evaluation is
expected to be as long as possible in order to investigate the accumulated differences
caused by the options used. Therefore, a total depletion of 630 GWd was chosen.

With the “ref” results (red line and first column in Table 8.1) are taken as a reference,
most of the kg values spread in a range between -200pcm and 150pcem, which can be
considered acceptable for general evaluations. The kg for the case “pcc(”, however,
begins to diverge at about 200G Wd/MTHMf,e;. The Akeg of this case reaches
the boundary of the variations of the other cases at about 520G Wd/MTHM f,,¢; and
exceeds it at 550G Wd/MTHM yy.e; -

8.1.2.3 Material Inventory

In order to evaluate the differences introduced by the material inventory, the nuclides
B8U, 299Pu and *'Pu were selected for comparison. Figure 8.5 shows that the
material inventories in the burn-up region of interest are consistent except for the
combination of parameters labeled “dix” with the double indexing mode.
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Figure 8.5: Inventory comparison between parameters
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Isotope U-Pu Fuel

Cell Core  Reactor Breeder
STC1 | 04391 5885.96  7300.99 121277.52
238U | 07347  9849.27 12217.11 260036.48
238py | 0.0043 57.19 70.94
239Py | 0.1194  1601.30  1986.26
240py | 0.0512 686.27 851.26
241py | 0.0256 343.14 425.63
22py | 0.0128 171.57 212.81
Total | 1.3870 18594.76 23064.99 381314.00

Table 8.2: Initial loading of the fuel salt (kg)

8.2 Initial Load of Fuel Salt

The initial load of the fuel salt listed in Table 8.2 shows not only the total weights
of the fuel salt loaded at the beginning of the depletion for both kinds of fuel salts,
but also the detailed masses of the nuclides in the composition of the fuel salt. The
weight under “Core” includes only the fuel salt inside of the core region, while the
values under “Reactor” contain also the fuel salt in the inlet and outlet plena.

The masses of heavy metal (HM), as used for the depletion calculation for the U-
Pu fuel, are 0.9480kg HM in one single fuel tube, 12,708.74kg HM in the core, and
15,764.01kg HM in the reactor. In the breeder the mass of the heavy metal reaches

about 260tonHM.



Chapter 9

Depletion without
online-Processing

9.1 Single Fuel Tube Approach

9.1.1 Burnup Chain

Based on the composition of the fuel salts, the burn-up calculations aim to under-
stand the physics and behavior of the nuclide population during the burn-up process.
Therefore, before an study for the entire reactor, a simplified burn-up chain has been
established, which describes the fundamental physical phenomena, of importance to
follow the change of the nuclide population during burn-up. The chain makes use of
the depletion equations with the appropriate source and sink terms for each nuclide
of importance for a simplified model of the DFR with a one single fuel tube.

The geometry of the model is an hexagonal single fuel cell including a cylindrical
fuel tube and the coolant between the fuel tube and the hexagonal cell boundary. It
has reflective boundaries, so that no leakage is considered. The details related to the
geometry of the single fuel tube are described in Sec. 5.1. The total initial fuel salt
inventory of the DFR core is divided by the total number of fuel tubes, in order to
determne the initial inventory for a single fuel tube.

The model considers only main nuclide branches with basic reactions including neu-
tron capture (n, v), (n, 2n) as well as (n, 8n) and fission reactions (n, f), and
basic radioactive decay chains, including «-, 8~ -decay, electron capture and internal
conversion.

Considering both fuel salt composition options, it can be noticed that most burn-
up chains are common. For simplicity, only actinides are taken into account in the
calculation. Hence, the burn-up chains of each fuel salt composition can be merged
into a single one, as shown in Fig. 9.1. Generally, the solid violet arrows indicate
the direction of (n, 7) reactions, the green arrows point out the EC/8™-decay by
different directions, the red arrows show (n, 2n) reactions, the blue curve arrows
show (n, 3n) reactions, and the orange arrows stand for the a-decay.

89
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Figure 9.1: Burnup chain of the fuel salts (modified and reproduced from [wim16])

Since the model is simplified, some decay and formation processes that are not rele-
vant or some nuclides that have a short half-life, whose names are marked with square
brackets and its half-life in grey color, were not individually considered and their in-
ventories were not calculated separately. The burn-up processes and the nuclides
considered are discussed below.

o 229Am (5.) decays about 17.3% via 8 to 2#2Pu and 82.7% via 5~ to 242Cm
[MPDS15].

e 21 Am (6.)’s neutron capture product can be 2429Am (5.) and 242 Am (7.) that
222Am is ground state and 242" Am is the excited state. The braching ratio
is approximated as 12% for the branch from ?*'!Am to ?**"Am and 79% for
that to 22Am [wim16].

e 23 Am (8.)’s neutron capture product 2**Am with a half-life of 10.1h is assumed
to decay instantly into 2#4Cm (3.) [MPDS15].

e 22Pyu (13.)’s neutron capture product 24*Pu with a half-life of 4.956h is as-
sumed to decay instantly into 243Am (8.) [MPDS15].

e 2%"Np (14.)’s neutron capture product 2**Np with a half-life of 2.117d is as-
sumed to decay instantly into 23*Pu (9.). The further neuron capture to pro-
duce 2°Np is not considered [MPDS15].

e 239Np (15.)’s neutron capture product 2*Np with a half-life of 1.032h is as-
sumed to decay instantly into *°Pu (11.) [MPDS15].
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e 287 (16.)’s neutron capture product *U with a half-life of 23.45min is as-
sumed to decay instantly into 23°Np (15.). Its decay product ?**Th with

a half-life of 24.1h is assumed to decay instantly into 23*U and then into
B4U [MPDS15].

e 2317 (23.)’s neutron capture product 232U with a half-life of 1.32d is assumed
to decay instantly into 232U (22.) [MPDS15].

e 233U (21.)’s neutron capture product 234U with a half-life of 6.7h is assumed
to decay instantly into 224U (20.) [MPDS15].

e 232Th (25.)’s neutron capture product of 233Th with a half-life of 22.3min is
assumed to decay instantly into 233U (24.) [MPDS15].

By combining the burn-up branches and the balance of production and depletion of
each considered nuclide n, from the decay and reactions of nuclides ¢, j that yield
n, the ODE set of depletion equations for the U-Pu fuel salt can be written in the
following form

AN, (t)
dt

{ J

where )\ is the decay constant, n is corresponding branch ratio of the formation reac-
tions or decay paths that lead to the formation of nuclide n, o is the corresponding
total microscopic cross section for the reactions involved, which includes fission!,
neutron capture?, (n,2n)? and (n,3n)*, and ¢ is the neutron flux. This system of

differential equations can be expressed in the form of a vector matrix
— = AN (9.2)

where N is the vector of nuclide number densities:

NUPu = [N2450m, Nosacrpyy oeey N234U]T (9.3)

and A represents the matrix of coefficients. Among all the coefficients, the decay
constants A are calculated from half-life data compiled in the JANIS 4.0 data base
[SBD14]) with the following expression

JNLC) (9.4)
12

!corresponds to the “total fission” which is numbered as MT=18 in the ENDF neutron reactions.
However for the nuclides that do not have MT=18, the 1st-chance fission (n,f) MT=19 is used.

2corresponds to the (n, ) reaction MT=102

3corresponds to the (n,2n) reaction MT=16

“corresponds to the (n,3n) reaction MY=17
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Figure 9.2: kg of the single fuel tube burnup

The neutron flux, as well as, the one group cross sections for the considered reac-
tions of the given nuclides are obtained from SERPENT calculation results by using
appropriate detector settings.

9.1.2 Results

The results of the calculation without online processing are presented in this section.
Since the total design thermal power of the reactor is 3G Wy, and there are 13406 fuel
tubes, for each fuel tube the power output is calculated as 223.78kW. Considering
the fuel salt inventory loaded in a single fuel cell, the power of one single fuel cell
is 0.1613GW/MTHM¢ye. A fuel burn-up of 80GWd/MTHM¢,e corresponds to
about 500 days in the calculation. The total calculation was extended to 4000 days,
in order to show the difference between the simplified analytical and Monte Carlo
calculations.

Figure 9.2 shows the assessment of the k.g for the U-Pu fuel option in a single fuel
tube burn-up calculation. The large plot shows the total development of 4000 burn-
up days, while the zoomed plot on the right side shows the first 500 burn-up days.
Since the single fuel tube model with reflective boundary conditions does not consider
neutron leakage, at the beginning of the burn-up the kg is well over 1. It can be
observed that ke decreases to k.g—1 at about 500 burn-up days. Few differences
can also be found when the plot is zoomed to 500 burn-up days. Considering the
different nuclear data libraries that were used, the results show a good comparison
for the U-Pu fuel salt, since for most of the data points the relative difference referred
to the ENDF/B-VII results remains less than +1% and only at 4000 days rises up
to 1.45% for the JEFF-3.1 and for JEFF-3.1.1 2.10%.

The change of the inventories of the fuel salt during the burn-up is plotted in Fig. 9.3.
As mentioned in the analysis and demonstrated in Fig. 9.1, 25 nuclides were con-
sidered in the calculation. Ten of them have been selected to be presented in this
figure, because they contribute with larger masses and are the most important in
determining the neutronic characteristics of the reactor compared to others. Gener-
ally speaking for all the nuclides considered there is a consistency of the inventory
change within 80GWd/MTHMf,e (500 days). Except **'!Am, whose neutron cap-
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ture product was approximated and simplified, for other nuclides, like 233U, 238Py
to 242Pu, 243Am , ?**Cm and ?*Cm , the consistency till 2000 burn-up days is still
acceptable, though, due to accumulated errors and the simplifications of the model,
at the end of the calculation the inventories start to diverge. For 2'Pu, 242Pu and
244Cm the consistency of the results lasts up to 3000 burn-up days, since they are
located in the center of the burn-up chain. For ?°Cm , the differences between the
results with difference nuclear data libraries slightly exceeds 10%. The differences
between the theoretical calculation and the simulations can be, therefore, accepted.
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Figure 9.3: Interested nuclide inventories of the fuel in single fuel tube burnup
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Figure 9.4: Evolution of keg in depletion of U-Pu fuel

9.2 Full Core Approach

9.2.1 Description

The burn-up calculation for the entire core was carried out with the TRITON 6
module in the SCALE code system, versions 6.1.3 and 6.2b4, in multi-group mode
and with SERPENT 2.1.23 with both ENDF/B-VII and JEFF-3.1.1 nuclear data
libraries. As mentioned in Sec. 8.2, the DFR with U-Pu fuel salt has 15764kg of heavy
metal in the fuel salt inside of the complete reactor and about 260 tons in the breeder
material in the breeder blanket. Considering that the thermal power is expected to
be 3G Wy, , this means that the burn-up power is around 0.2GW/MTHMj,;, which
is slightly higher than the burn-up power in the single fuel cell, because the fuel
salt in the inlet and outlet distribution zones is also included. For the purpose of
the burn-up calculation, a target of 45GWd/MTHMy, was set, which means a
total burn-up time of 225 days. Some results of this analysis were already presented
in [WSM15].

9.2.2 Evolution of k.g

The evolution of the k. and the neutron yield during the depletion are shown in
Fig. 9.4. A continuous reduction of the keg can be observed from 1.02482 to 0.99342
(3121pcm ) for a total burn-up of 206G Wd/MTHMpye; . Until 15GWd/MTHM g1 (75
days) the kg is still larger than 1, which satisfies the requirement of an initial design
burn-up duration of a minimum of 14 days. Further on, till the 225th day the kg has
dropped to around 0.952 according to the SCALE results and to 0.945 in the case of
the SERPENT results.

9.2.3 Evolution of Inventory

During the depletion, the fission material is consumed and fission products are pro-
duced in the fuel salt. Figure 9.5 provides an overview of the most important nuclides
in the fuel composition. The figure shows the differences between the nuclide inven-
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tory at the beginning and at the end of the depletion, which represents the absolute

change of the inventory for the burn-up time considered.
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Figure 9.5: Evolution of selected inventories in the depletion of U-Pu fuel

‘Weight Change in Breeder (kg)

The results shown in Fig. 9.5 prove that, in the fuel salt, fissionable nuclides, such

as 2%9Pu and **'Pu are consumed and take part in the fission reactions.

238U

as a fissionable nuclide in the fast neutron region also contributes to the fission
reaction. Additionally, **U is consumed because of the neutron capture reaction
which converts 233U into 2*Pu, and newly produced 23°Pu can then contribute to

the chain reaction or it can capture neutrons to yield further conversions.

In the depletion calculation of the entire core, it is important to take into consider-
ation the breeding blanket. As can be seen in Fig. 6.13 in Sec. 6.6.2.5, the neutron
spectrum in the breeder blanket is much flatter than that in the fuel salt, which



96 CHAPTER 9. DEPLETION WITHOUT ONLINE-PROCESSING

reduces significantly the influence of the neutron population in the energy range
around 1MeV on the fission reaction as compared to the fuel salt. This can be in-
ferred from Fig. 6.4 in Sec. 6.2.2. In the energy range over 0.1MeV , the fission to
capture ratio is much higher than 1. In the breeder blanket, with a flat neutron
spectrum, however, the capture reaction becomes much more significant compared
to the fission reaction and the importance of neutron capture is much higher than
in the core fission zone. As a result, in the breeder blanket, *Pu and ?*'Pu are
produced in a larger amount from ?*3U neutron absorptions than consumed in the
fission reaction. They are “bred” in large quantities in the breeder blanket.

By observing Fig. 9.5 discrepancies can also be found between the different codes
used. The calculated inventories of 2*°Pu from SERPENT 2.1.23 with two nu-
clear data libraries and from two SCALE versions show a good consistency, espe-
cially in the fuel salt, in which the change in inventory calculated by both codes is
similar. The results in the breeder blanket present, however, discrepancies during
the depletion and disappear at the end of the burn-up period. After a burn-up of
15GWd/MTHM f, the results from SERPENT and SCALE seem to approach grad-
ually, ultimately converging to a final common value at 45GWd/MTHM e . The
results of 238U in the breeder blanket show a similar behavior, as well as, the results
of 24'Pu in the fuel salt. But the relative differences of the results of 238U in the fuel
salt reach up to 7% with respect to the results from SCALE. The most significant
difference can be observed between in the evolution of the ?*'Pu inventory in the
breeder blanket, in which the relative difference reaches a maximum of 30% with
respect to the results from SCALE at the end of the depletion time. Fortunately,
because the increment of ?'Pu in the breeder is very small, the 30% relative differ-
ence represents only 0.002kg/d, which might not be significant in the calculation of
the breeding ratio.

9.2.4 Breeding Ratio

The breeding ratio has specific definitions depending on the reactor characteristics
INKLvdH10|. In this thesis, for the DFR concept, the entire burn-up duration is
considered as a complete closed fuel cycle.

Based on a generalized formulation the conversion ratio can be defined as [Von76,
p.5],

Rate of fuel generation

Conversion ratio =
Rate of fuel destruction

For a given operation time the the total amount produced or consumed can be
obtained by the multiplication of the rates by this time. Because the breeding of
fissile nuclides in the core is the main reason for calculating the Conversion Ratio,
we can then turn this ratio into the Breeding Ratio as
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Production of fissile nuclides

Breeding ratio =
g Consumption of fissile nuclides

The production and the consumption of fissile nuclides in both the fuel salt and the
breeder blanket are taken into consideration for this determination. The consumption
of 228U in both fuel salt and breeder blanket is shown in Fig. 9.5 (upper). The
consumption ratio of 23¥U in the fuel is 2720g/d and in the breeder is 1140g/d.
During the depletion, 3°Pu is not only consumed by taking part in the fission chain
reaction, but is also bred from #*¥U by neutron capture (Fig. 9.5 (middle)). In the
fuel salt, due to the high neutron flux, the change of 2*Pu inventory is -446g/d, while
in the breeder blanket is +933g/d. For changes of ?4!Pu (see Fig. 9.5 (bottom)) in
the fuel salt and breeder blanket, the gain and loss are, respectively, -437¢/d and
+4.48x1073 g/d from SERPENT and 6.50x1073 g/d in the breeder blanket from
SCALE (practically the same value as SERPENT for the fuel salt).

In the breeder blanket of the DFR, the following reactions dominate the production
of fissile nuclides:

n+280 529U S29Np 4 4~
2BNp 239 Py + 4~
n4+239Pu —2490pPu 4 g~
n +29Pu -2 pu4 g

In order to determine the breeding ratio of the DFR with U-Pu fuel composition,
the nuclides 23°Pu and 24'Pu are selected, since other fissile nuclides such as 23°U
and 233U are present in much smaller quantities. Based on the linear characteris-
tic of their depletion-breeding process, the breeding ratio can be expressed as the
Conversion Ratio and obtained as

933¢g/d +4.48 x 1073g/d
446g/d + 437g/d

Breeding ratio = = 1.0566

If the amount of 24'Pu in the breeder blanket predicted by SCALE is used for the
calculation, the difference is so small compared with the SERPENT values, that it
can not be reflected in the result of the breeding ratio given above. For this reason
it has not been taken into account.

9.3 Conclusion

The analysis of the burn-up without online-processing allows to examine the change
in inventory of the DFR as a conventional, solid-fuel based reactor. In the single
tube approach the consistency between the theoretical analysis and the calculation
results using Monte-Carlo based codes (SERPENT and SCALE) can be considered
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as acceptable. Better performance can be achieved when more detail and nuclides
are included in the theoretical model. In this thesis, 25 nuclides, considered the
most important ones for the DFR charateristics, were taken into account for the
calculation. It turns out that for a depletion of about 50 GWd/MTHMj,e a good
consistency can be achieved for most of the nuclides included. This result points to
the possibility of developing more detailed theoretical models in future that can yield
fast predictions of nuclide inventories during the DFR depletion with an acceptable
accuracy. By using such models, it should be possible a real-time prediction of the
concentration of nuclides in the DFR core and breeding blanket in order to plan on-
line reprocessing and the addition or removal of fissile isotopes to maintain critical
operation.

The single tube approach has been followed by the full core approach. The full
core approach considers the burn-up of the entire core with the power and neutron
flux spectrum and distribution calculated in the previous chapters. SCALE and
SERPENT were used for the calculations with a full core inventory. The value
of kep shows good consistency between the results from different codes and with
different nuclear data libraries: relative differences are around +1%. The change
of the inventory has also been assessed and it has been found that the differences
between the results of different verions of SCALE is much smaller than that between
the results of SCALE and SERPENT. For a preliminary DFR analysis, without a
final detailed design fixed, this level of difference can be accepted.

In the future both approaches can be greatly improved. For the single tube approach,
more nuclides and more reactions can be included to create a more accurate, fast-
running theoretical model. For the full core approach, the results discussed in this
work still rest on the assumption that the core is homogeneous and not divided
in smaller zones. A core model with more zones which can take into account the
three-dimensional neutron flux distribution should be considered for a more accurate
depletion calculation in future DFR design and safety calculations.



Chapter 10

Depletion with Online-Processing

10.1 Description

10.1.1 Reprocessing Techniques

Just as the origin of the nuclear science can be traced to military applications, the
reprocessing techniques of spent nuclear fuel (SNF) were also used for the extrac-
tion of plutonium for nuclear weapons. Some early methods, such as the “Bismuth
Phosphate Process” [BNGT01, p.1241-p.1256], were widely used for this purpose.
Nonetheless, these methods could not recover the uranium in the SNF and increased
the volume of the waste by adding significant, unnecessary amount of material to the
final radioactive waste. Such a characteristic precluded the use of those technologies
for civilian applications.

The development of reprocessing techniques for civilian applications accompanied
the commercialization of the nuclear power with the following goals:

e Recovery of the valuable fissile nuclides for further reuse as nuclear fuel;
e Reduction of the total amount/volume of the radioactive wastes;

e Extraction of specially valuable or needed nuclides.

The extracted plutonium and uranium were recovered and put back into the fuel
cycle for the thermal reactors as Mixed Oxide Fuel (MOX), so that the plutonium
would not be diverted for the development of nuclear weapons, thus contributing to
the non-proliferation goals set by the International Atomic Energy Agency (IAEA).

The PUREX (Plutorium and Uuranium Recovery by EXtraction) reprocessing tech-
nology was first developed in 1949 at ORNL and is still in practice today. As an
aqueous organic reprocessing technique, PUREX is similar to other processes in the
class of hydro-metallurgy. It is, however, not suitable for online reprocessing, because
it must let the fuel cool for not less than 5 years and then it converts the fuel into a
highly acidic solution for further processing (see Fig. 10.1).

99
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Figure 10.1: Standard PUREX flowsheet [NEA67]

Compared to the PUREX method, which operates at low temperature, pyroprocess-
ing technology [1iz01] [WWO06] is a method suitable for high temperature situations,
such as on-line reprocessing. The method was developed at the Argonne National
Laboratory in the Integral Fast Reactor (IFR) [IFR] project. It dissolves the spent
nuclear fuel in molten salts and molten metals, and then uses electro-refining or
distillation to separate the fission products. The most obvious difference between
hydro-metallurgy and pyro-metallurgy is that the former one uses a water-based sol-
vent, while the latter uses a molten salt or metal as solvent. The use of a molten
salt solvent confers this method with a higher compatibility than aqueous methods,
which avoids the transportation of spent fuel and its related security issues. The
spent fuel can just be stored on-site instead. Yet, this possesses also the disadvan-
tage that the processed salt is less suitable for conversion into glass form if needed
by the waste management strategy. In Russia, for instance, the pyro- and hydro-
processing techniques are combined to profit from both advantages and to avoid their
disadvantages [SVDT13].

In the IFR project a reprocessing unit using the pyro-metallurgical method was
established on-site, which was already the embryonic form of the online processing
envisioned for the DFR. Its succeeding project, the S-PRISM, has also used this
processing technique, but abandoned the on-site design, by relocated the reprocessing
facility to an off-site place [FLCT89].

With on-line reprocessing in the molten salt reactor it is possible to realize its unique
advantage, that the reactor can keep normal operation while undergoing on-site,
continuous removal of the fission products generated from the liquid fuel by chemical
and physical methods. Nevertheless, pyro-processing is just one possible option.
Since on-line reprocessing improves the performance of the reactor and the neutron
economy, as well as, the breeding ratio by reducing the inventory of absorbers, it has
been investigated from the very beginning as an integral part of the development
of the molten salt reactor concept. Already in the course of the ARE project in
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1959 [CC5Y|, a coupled liquid HF dissolution procedure with fluorination for the
recovery of the uranium and the solvent salt was developed.

Another example is the fuel processing facility integrated in the MSRE reactor build-
ing in order to remove any accumulated oxides in the fuel or flush salt by chemical
reactions with Ho-HF and to recover the original fissionable nuclides for further reac-
tor operation [Lin69, p.1|. Based on the successful experience of the MSRE project,
the MSBR [McW70| project was designed with an on-line processing unit from the
start, which was an improved processing method to separate thorium from the rare
earth fission products. It required a single molten salt mixture LiF-BeFo-ThFy-
UF4 [Nee71]. Unfortunately, this idea was not to be realized because of the eventual
cancellation of the MSBR project [CN72].

In the optimization of the MSFR project, a combined fuel salt management mech-
anism combining a salt control unit, an on-line gaseous extraction system, and an
off-line lanthanide extraction component by pyro-chemistry was introduced. This
system extracts gaseous elements with a removal period of 30s and a fraction of the
fuel is then withdrawn to extract the lanthanides in an off-line procedure, the rate
of which depends on the desired breeding performance. With a rate of 40l/day, the
whole core can be reprocessed in 450 days. The fission products are slowly removed
at a rate of 0.4//day, which results in a total clean up of the fertile salt volume
(7.3m3) in 52.7 years [BMLR 13, p.12-p.13].

10.1.2 Fuel Reprocessing of the DFR

The DFR is designed to have an on-line processing unit for the purification of the
fuel, for the removal of the fission products, and for the processing of the breeder
salt. Considering the composition of the fuel salt and the fission products, there are
generally four different categories of fission products that need to be removed:

e Gaseous elements or compounds
e Non-soluble elements or compounds
e Lanthanide and other elements or compounds

e Actinide elements or compounds

Based on the composition described in the previous sections, the fuel salt is supposed
to remove the first three categories: gaseous, non-soluble, as well as, lanthanide ele-
ments or compounds; all elements whose Z<90. The gases have a very low solubility
in the molten salts (approximately 1078 moles/cm?3) and they diffuse towards the
core boundaries [ABCT08, p.14]. These elements are, thus, 100% removed, which
means that at the beginning of each cycle their amount is set to 0. The elements
whose Z is larger than 90, the actinides, are handled individually.

The capture-to-fission ratios of the actinides are plotted in Fig. 10.2. Depending on
this value, it is clear to decide which nuclide should remain in the salt and which will
be removed. From the point of view of the neutron population inside the reactor, if
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Figure 10.2: Capture-to-fission ratio of actinides for U-Pu fuel salt composition (re-
produced with data from JANIS 4.0 [SBD14])
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the ratio is larger than 1, it means that the capture reaction is predominant, and the
nuclide absorbs more neutrons, whereas, for the case that the ratio is smaller than 1,
the fission reaction is more likely than the capture one and, therefore, more neutrons
are produced. From top to bottom the Z increases from 90 to 96, which represent the
isotopes of thorium, protactinium, uranium, neptunium, plutonium, americium and
curium. The curves in the figure indicate that the capture-to-fission ratio of most
isotopes falls below 1 in the energy range over 1MeV or 100keV . Other actinides
(23207, 232y | 23317 234 | 236N, 238Np, 236Py | 237Py | 239Py | 24Py, 293Py 22Am
M2mAm | 24 Am | 24mAm | 24U Cm, 28Cm, 2%Cm, 2*"Cm , and 2*9Cm ) have a ratio
under 1 from 1077 MeV to 20MeV . Without considering the difficulties involved in
their extraction, these isotopes are worthy to stay in the reactor to be burnt and to
contribute to the reactivity.

The removal of the actinides requires not only energy, but also financial investment
for the processing materials. For this reason the frequency of the fuel salt processing
is an important issue for the DFR. Nevertheless, the deciding factor is not just the
expense. According to the investigation in the last section, the more frequent (or
even continuous) the chemical reprocessing is done, the higher the breeding ratio
is. Based on this argumentation, the adequate on-line processing strategy should be
selected.

For the study of several scenarios with on-line reprocessing, the depletion calculation
was carried out with SERPENT 2.1.23, while external MATLAB scripts were used
for the removal or feed procedures.

10.1.2.1 Scenario I

In the first scenario, a simplified method of on-line processing is considered, in that
the fission products whose Z<90 in the fuel salt are removed together simultaneously
at the end of a given cycle. Among the nuclides whose Z>90 only those which existed
in the initial composition of the fuel salt are kept or added if necessary to recover to
their initial percentage in the fresh fuel composition. Other actinides are removed
in the same way as the elements whose Z<90. So this scenario represents not a real
continuous on-line reprocessing, but a regular extraction strategy which keeps the
DFR reactor critical during operation and refuels the reactor so that it can reach
criticality until the next load fuel salt is added. The material in the breeding blanket
is not processed in this scenario. The results are reported in Sec. 10.2.1. A schematic
description of the process is presented in Fig. 10.3

A burn-up duration of about 28 days (4 weeks) is envisaged in order to optimize the
load of the on-line processing unit. The reference burn-up calculation was based on
this time frame.

10.1.2.2 Scenario II

In this scenario the method of extraction proposed in reference [BMLR 13, p.12-p.13]
is utilized, which was originally developed for Transuranium (TRU) fuel composition
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Figure 10.3: Scheme for the on-line processing Scenario I

in the MSFR reactor. This method is combined with an on-line gaseous extraction
system and an off-line fission product extraction system, which can be performed by
means pyro-chemical methods. The gaseous extraction system removes all gaseous
and non-soluble fission products by using injected helium bubbles, in which the
noble metals, rare gases and other gaseous fission products are carried away. In the
calculation the elements with Z=1, 2, 7, 8, 10, 18, 36, 41~47, 51, 52, 54 and 86 were
supposed to be removed with an extraction period of one day, instead of every 30s,
as in the original reference. This is, nevertheless, still a heavy computational task for
the resources available, as can be seen in Fig. 10.4. In one week, for example, there is
be a removal for this group of isotopes every day, from both the fuel salt or from the
breeding blanket material. In fact, the research program on the thorium cycle by the
CNRS [ABCT08, p.9] has revealed that this procedure, the He-bubbling extraction,
at least for the fuel salt with the binary LiF-ThF, composition and other heavy
nuclides with longer extraction period would have little effect on the TMSR-NM
system properties [heu06, MLHAT07, MLHB*06, MLHB*07].

Other elements with Z smaller than 90, such as fission products, are also removed
(except Z=17), but the extraction period depends on the balance of the performance
of the reactor and economical considerations. The period varies with regard to the
number of liters per day, which results in a total time constant for the reprocessing
rate of soluble fission products of several thousand days [FACT13, p.157]. In this
work, however, this time constant is set as one week, as can be seen in Fig. 10.4, so
that on the seventh day other fission products, together with gaseous fission products
in the fuel salt, are removed. In the breeding blanket only the plutonium is removed
and eventually added back to the fuel salt. This can be realized with a storage tank
as a buffer, unlike other processing methods mentioned in the references [FAC*13,
p.155] and [ABCT08, p.14]. Actinides remain in the core untouched to be further
burnt, which simplifies the process of them being removed and re-injected into the
core in practice.

After the initial loading of the fuel salt, in order to maintain the reactivity of the
reactor, fissile materials are fed into the salt as needed. For the case of operation
with the U-Pu fuel composition, the possible feeding options are 238U +23Pu and
2387 +-241Py. The Pu isotopes come from the production in the breeding blanket.
The breeder blanket is supplemented only with 233U .

In order to clarify the different feeding options, a schematic representation is shown
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Figure 10.5: Schematic representation of the investigated feed options

in Fig. 10.5. Information for the options is also available in Table 10.1. The name of
the options starts with U(ranium), followed by “f” for feed option, and 9 for 23°Pu
and 1 for 2'Pu. In the column “Extraction” under “Breeder” the isotopes with
arrows mean that the extracted bred isotopes are fed directly into the fuel, whereas
other nuclides (Pu) are also extracted and taken away for other uses.

Breeder

Fuel Fuel feed Extraction  Feed

Option

UfUPY | U-Pu 28U +29Pu  «23Pu, Pu 238U
UfUP1 | U-Pu 28U +24'pu 24Py, Pu 238U

Table 10.1: Brief information of the investigated feed options
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10.2 Results

10.2.1 Results Of Scenario 1
10.2.1.1 Evolution of keg

The calculation of the Scenario I was only carried out with SERPENT 2.1.23. In the
scenario the k. changes between 1.025 and 1.014 in a cycle of 28 days. At the begin
of each cycle the kg has the highest value due to the new fuel salt added. During the
cycle the fuel salt is depleted of fissile material, and the k. decreases progressively
as shown in Fig. 10.6 (each dot in the figure represents a daily data point).

keff in Scenatio I
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Figure 10.6: Change of keg in burnup with 28d-cycle fuel reprocessing

Each cross in the plots of Fig. 10.6 represents the averaged value of kg for each one
of the 28-day cycle. A descending trend is evident in the average k.g values, which
is coudl be a result of an insufficient amount of fissile nuclide feed. The rate of the
decrease is, however , small: about -9.98pcm /cycle.

10.2.1.2 Evolution of the Core Inventory

The fuel undergoes changes in compositions during operation depending on the du-
ration of the feeding cycles. In each 28-day cycle about 70kg of 233U are consumed
in the fuel salt and about 31kg in the breeding blanket. In the fuel salt the inventory
of 238U is recovered at the beginning of each cycle, but in the breeding blanket it
decreases at a constant rate.

At the same time ?*Pu and ?*'Pu are burned in the fuel salt but produced in
the breeding blanket. The inventory of ?*Pu in the fuel salt fluctuates between
1888kg to 1909kg and that of 2'Pu between 395kgto 409kgin each cycle. In the
breeding blanket, during the cycle, the inventory of »Pu has increased in 575kg,
while that of 24'Pu has increased in 43.3kg .

10.2.1.3 Breeding Ratio

The breeding ratio of Scenario I is similar to the breeding ratio calculated for the full
core approach in Sec. 9.2.4. The nuclides involved in its determination are restricted
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Figure 10.8: Change of breeding ratio of scenario I

to 239Pu and ?*'Pu. The considered time interval is a cycle of 28 days, since the the
removal and feed is performed every four weeks. The change of the breeding ratio
during the entire operating time (twenty 28-day cycles) is plotted in Fig. 10.8. The
figure shows that the breeding ratio rises in the second cycle and remains almost
unchanged at 0.89, which is smaller than 1. Even taking into consideration the
possible difference, as mentioned in Sec. 9.2.3, that the results for the breeding of
24Py yielded by SERPENT could be 30% less than those by SCALE, into account,
the small amount of the increment of ?*!Pu plays no significant role in the the
evolution of the breeding ratio. A plausible explanation for the sudden change of the
breeding ratio from the first to the second cycles can be that in the first cycle the
gain of the fissile nuclides 23Pu and 2*'Pu is about 12.25% less than the gain in the
following cycles, which is caused by ?3°Pu reaching an equilibrium concentration in
the first week of the first cycle. This can be observed in the zoomed plot in Fig. 10.7
for 229Pu in the breeding blanket. For 2!Pu the increase is clearly not linear, but
compared to 23?Pu its increase can be considered negligible.

10.2.2 Results Of Scenario 11

For feed option UfUPY of Scenario 2 four data sets and for feed option UfUP1 only
one data set were calculated. The total mass of the feed should be the mass removed.
The total operation time calculated is around 9000 days for all the data sets because
of the limitations in computation time and resources. This time corresponds to ca.
25 yeas (9125 days for 365 days/year). Although long, this operation time is not
optimal for a long term study of the reprocessing strategy when compared to the
much longer operation time considered in reference [BMLR'13]. It is also not long
enough to establish the equilibrium in the development of the nuclide inventories.
Therefore, the results presented in this subsection cover from the beginning of reactor
operation to the some time point in the future before the equilibrium is reached.
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Dataset \U9_40 U9 35 U9 32 U9 30 Ul 25
23817 60% 65% 68% 70%
UtuP9 239py 40% 35% 32% 30%

2381y 5%

UtuPl 241py 25%

Table 10.2: Detailed information of the investigated feed options
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Figure 10.9: Change of keg in scenario II

Five data sets were considered for the calculation. They differ in the type and the
composition of the fed nuclides. The detailed information for each data set is given
in Table. 10.2.

10.2.2.1 Evolution of kg

The development of kg is presented in Fig. 10.9. It can be seen that the feed option
UfUP9, in all its data sets, has a completely different behavior to UfUP1. The value
of kep in the results of UfUP9 diminishes initially and then increases due to the
fissile nuclides fed into the fuel salt, until a maximum value is reached in the period
between the 10th and the 15th year. The evolution of kg in the UfUP1 case is
relatively flat and its value changes gently as the years of operation pass. In both
cases after a maximum value of kgp is reached, it decreases.

Considering all the data sets of UfUP, it can be seen that the less amount of fissile
nuclides is fed, the deeper k. drops after the beginning of the reactor operation.
For all the data sets, the descending rates after the highest point are the same. It
revels that the fed nuclides considered may be less than the amount needed, so that
the fuel salt could not provide enough activities to remain a constant kg Further
studies should try to correct the fed amounts as the operation extends in time so as
to maintain the desired k.
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Figure 10.10: Development of fissile nuclides in fuel salt in scenario 11
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Figure 10.11: Development of 233U in scenario II

10.2.2.2 Evolution of the Core Inventory

Since each feed option adds fissile nuclides to the fuel salt regularly, the inventory of
the added fissile nuclides increases to its highest value first, as they accumulate, and
then begins to decrease, as shown in Fig. 10.10. For UfUP9 the highest inventory
appears between the 2.5th to the 5th year, while for UfUP1 at about 10th year.

In the evolution of the inventory of 2'Pu it can be observed that without the feed
of 241Pu, the results of the data sets of UFPU9 make *'Pu reach its equilibrium
inventory from the 15th year. Such an equilibrium, however, is not reached for the
inventory of 23°Pu.

The change of the inventory of 233U is depicted in Fig. 10.11. On the left side of the
figure, corresponding to the fuel salt, the curves have a sawtooth-like appearance,
similar to that observed in the plot on the right side, corresponding to the breeding
blanket, caused by the weekly feed. It can be concluded that, even though 238U is the
major portion of the feeding added to the fuel salt and to the breeding blanket, the
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Figure 10.12: Development of other actinides in scenario 11

total inventory of 238U decreases continuously in both core zones. Though the rate
of decrease slows down in the fuel salt, the decrease of the inventory in the breeding
blanket maintains the same rate through the operation time considered. 23¥U is
continuously removed because of its absorption of neutrons in capture reactions in
the breeding process, but also because of fast fissions.

For other actinides, their inventory elocutions are plotted in Fig. 10.12, in both
fuel salt and in the breeding blanket. In the fuel salt Np reaches its equilibrium
inventory at the beginning of the operation with about 10kg . Americium reaches its
equilibrium at about 113kg . Other nuclides seem to increase continuously, but after
a fast rate of increase, it slows down. For Th, Pa and Np the difference between
UfUPY9 and UfUP1 is not as significant as the difference observed for Cm and Am.
This can be explained with help of Fig. 9.1. From ?'Pu through -decay ?*'!Am is
directly produced and, therefore, a series of Am and Cm nuclides are produced. For
this reason, in the fuel salt the inventories of Am and Cm for the case UfUP1 are
higher than those for UfUP9.

In the breeding blanket Th has established its equilibrium inventory in the first year
at about 0.002¢. The equilibrium of Np his not reached in the 25 years of operation
and its inventory maintains a growing trend.

10.2.2.3 Breeding Ratio

In Scenario II, the breeding ratio is also considered as the gained mass of fissile
nuclides divided by the mass of burned up fissile nuclides. The difference between the
two scenarios is the complexity of the on-line reprocessing. The added fissile nuclides
are considered in the calculation, but the burned fissile nuclides are not, since they
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can come from the already produced fissile nuclides extracted from the breeding
blanket. Therefore, the net loss of fissile nuclides can be obtained by subtracting
their initial inventory from the inventory on the last day of a cycle. The loss and

gain of the relevant fissile nuclides are plotted in Fig. 10.13.
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Figure 10.13: Gain of fissile nuclides per week in scenario 11

After the beginning of the reactor operation, the rates of consumption of 2*Pu and
24Py become constant in 5 years, while just after a short time both nuclides are
produced at a relatively constant rate. The consumption rates of these nuclides are
quite different depending on the data sets. For ?3°Pu the P1 25 has a minimal
consumption near almost 0. The data set P9 40 has the maximal consumption at
8kg/week, while P9 30 has a minimal consumption rate in the UfUP9 feed option
of 6kg/week. For ?*'Pu the feed option UfUP9 shows a consistent result of nearly
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Figure 10.14: Change of breeding ratio of scenario 11

Okg/week, while P1 25 has a consumption of about 5kg/week. From Fig. 10.13 it
can be concluded that

1. The feed of one fissile nuclide suppresses the consumption of the other;

2. The more a fissile nuclide is fed, the more of it will be burned.

But for the gain rate the values do not diverge substantially. The gain rate of 23°Pu is
about 7~7.7kg/week, and for ?*!Pu the gain rate is about 4x10~4 ~6x107% g /week.

The final breeding ratio were calculated for time units of a week and plotted in
Fig. 10.14. Based on the discussion above, the data set P1 25 has a maximal
breeding ratio over 1 and, with the increase of the operation time, the breeding ratio
can reach values over 1.5. The breeding ratio of data set P9 40 was calculated to
be over 1 for a short time of 2.5 years and then dropped to values smaller than 1.
The other three UfUP9 data sets all have breeding ratios over 1.

10.3 Conclusions

This Chapter has focused on a first approach to the on-line reprocessing method for
the DFR concept, and its analysis. Scenario I and II have been studied and, although
they are simpler than those considered for other MSR in previous work [BMLR"13]
and [FEA12|, interesting insights in fundamental neutron parameters of the DFR
have been gained.

Scenario I provides a simplified processing option which assumes that the fuel salt is
totally renewed at the beginning of each cycle, while the breeding blanket remains
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untouched. This “complete or nothing”™-way has shown to yield a breeding ratio
smaller than 1, because of the processing of both the fuel salt and the breeder.

In the scenario II a more realistic on-line processing procedure has been proposed and
calculated. In this scenario the gaseous fission products in the fuel salt are removed
every day, while the other fission products with Z<90 are removed every week. In
the breeding blanket the gaseous fission products are removed every day, while all
the Pu inventory is removed every week. In order to keep a constant mass in the
core, a mixture of 238U and fissile nuclides is fed in the fuel salt and only 238U is
fed in the breeding blanket every week. The results suggest that in this scenario the
breeding ratio is larger than 1 and the DFR meets the requirement of a true breeder.

Regarding the calculation procedure employed, some conclusions drawn from the
evaluation of the results point that in Scenario II the fed mass should be ezactly the
same as the removed mass, otherwise, in a reasonable reactor operation time, the
accumulated imbalance can be enormous. The operation time in the calculations
should be extended until an equilibrium in the inventory of the most important
nuclides is reached. Only at this time will the results be consistent and stable and
appropriately describe the characteristics of the depletion in the DFR’s fuel salt.
Finally, the current calculation method must be improved. So far the neutronics
and depletion calculation of the two scenarios has been carried out with SERPENT,
and the feed, removal of the materials is realized with a purpose-built MATLAB
script. Further studies with improved feed and removal process modeling should be
implemented in SERPENT, which could significantly increase not only the efficiency
but also the accuracy of the results.



Part IV

Thermal-Hydraulic Calculation






Chapter 11

System Analysis

11.1 Introduction

The complexity of the a nuclear reactor has shown that it is not sufficient to inves-
tigate the whole system only with reactor physics. A coupled computational system
with both reactor physics and thermal-hydraulic analysis is now considered better
capable for the analysis of the behavior on nuclear reactors.

In this part, the zero- and one-dimensional coupled thermal-hydraulic neutronic anal-
yses focus on the DFR. system response to changes in reactivity by using a neutron
point-kinetics model for the reactor. The neutronic analysis is restricted to the fis-
sion zone of the core. The inlet and outlet distribution zones are not included. The
decision was made based on the consideration that the structure of the reflector and
the breeding blanket do not have a large impact not only on the neutronic behavior
of the core, but also on the heat transfer from the fuel salt to the coolant lead. The
first assumption has been verified in the Sec. 7.4 and the second one is a working as-
sumption. The outer structure of the fuel salt circulation and the coolant circulation
loops are nor considered.

Since the core of the DFR is made up of hexagonally arranged fuel cells with fuel
tubes at their centers, for the certain core size, the total number of fuel tubes can
be determined. In order to simulate the entire reactor and establish a satisfactory
approach, the validity of the assumptions and the similarity of behavior of the com-
putational model to the actual reactor has to be proved.

For this purpose, various equivalent models were prepared for the simulations, in-
stead of a single one based on the original DFR geometric data and configuration.
In Subsection “Modeling” the characteristics of the point kinetic model and the con-
sideration on the thermal-hydraulic model are presented. This is followed by the
description of the zero-dimensional model and its parameters. The section describ-
ing the one-dimensional model is similarly structured. The one-dimensional model
is based on the previously developed zero-dimensional model with the consideration
on an axial spatial dimension.

With these models several simulations were performed and their results are presented

117
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and discussed in the following sections, including, not only the steady-state condi-
tions, but also transient states. The results are also compared in order to investigate
the differences introduced by the models.

11.2 Modeling Approaches

11.2.1 Zero-Dimensional Model
11.2.1.1 Point Kinetics Model

Several methods can be used to investigate the dynamics of nuclear systems, among
which the coupled neutron physics and thermal-hydraulic approach with the point
kinetics model (PKM) is always the first step. As a highly simplified but useful model,
it has been used for various applications including the molten salt reactor in the past.
Keepin [Kee64, pp.162| developed the point kinetics model in the integral form for
the first time in the formulation used today. A full model with the consideration of
the delayed neutrons and their precursors was, however,too difficult to use routinely
at that time. In order to simplify the solution of the point kinetic model, Keepin
and Nobrega [Nob71] tried to use a constant reactivity insertion and a constant
neutron source to substitute the time dependent term, however this treatment proved
computationally expensive. At almost the same time, Vigil [Vig67] tried to solve the
model with a Taylor Series in time discretization, which was a significant advance
compared to the model by Nobrega. In the following decades, many efforts [CA85,
San89, AH02, LCLZ09] tried to develop a simple, reliable, and robust algorithm to
solve the point kinetic model. Izumi [IN70| combined the Runge-Kutta method with
repeated Richardson extrapolation to improve the calculation scheme and achieve a
convergence acceleration, while Kinard [KA04| solved the equations for eigenvalues
at each time interval.

Related to the application of the PKM, especially for the molten salt reactors,
Lapenta [LMRO1] proposed the general PKM for the fluid fuel system and discussed
the modified system of equations. Zhang [ZQS09| developed a safety analysis code
with PKM for the MOSART system. Cammi [CFS10] performed preliminary analysis
with PKMs for the MSRE. Guerrieri [GCL13] conducted the dynamics and stability
analysis for the MSFR and MSBR.

The simplest way to investigate the delayed neutron precursor (DNP) decay outside
of the core is to adopt the classical lumped model for 6 groups of delayed neutron
precursors [Kee64]:

dN(t) _ p(t) — B —~ . -
= N® ;)\ZC’Z(t), fori=1...6 (11.1)
WD _ Biyggy - sy - S0 Gl Tet) o (119

dt A Teore Tcore
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where N(t) stands for the neutron density, C; is the DNP concentration in the i,
p(t) stands for the reactivity, A is the neutron generation time. The variables 5;
and [ represent the effective DNP fraction of each DNP group ¢ and the total DNP
fraction respectively, A; and A¢g for the DNP decay constants of each DNP group
and the DNP decay constant inside of the core, 7.y and 7e;; for the flow time inside
of the core and in the external loop respectively. In order to present the effect on
the delayed neutrons in the core due to the flowing fuel, the 3rd and the 4th terms
on the right side of Eqn. 11.2 are added. The 3rd term stands for the precursor loss
and the 4th term for the precursor re-entering in the core region. The initial value
of C; and p can be calculated by solving Eqn. 11.1 and Eqn. 11.2 for a stationary
state by setting the time derivatives equal to zero. Hence

Cio = fino Cfori=1..6 (11.3)
A [)\i 41— ey
Teore
6 Biki
PRI p— (114
T (1= e i)
Tcore

The reactivity total p(t) consists of the initial reactivity, the inserted reactivity and
the real- time reactivity change, which is also represented in the model. The real-
time change of the reactivity p(t) depends on the temperature feedback due to the
temperature change in the fuel and in the coolant, because with the increasing tem-
perature the density of the material decreases and the Doppler-Effect begins to rise,
as explained in Sec. 7.3. Thus the total reactivity as a function of time can be
calculated as

p(t) = po + af(Tf(t) - Tf,O) + aC(TC(t) - TC,O) + Pinsert (115)

where « is the temperature reactivity coefficient and 7 is the average temperature
in the material. The variables with (¢) have real-time values in the calculations.
Subscript f stands for the property in the fuel and ¢ in the coolant. The subscript
insert means inserted value from outside, and the variables with 0 are the initial
values of each property. The reactivity pinsert is only used for transient calculations
and, therefore for steady state is set to 0.

The power generation in the model is calculated by the product of the macroscopic
cross section of the fission materials, the neutron flux and the energy released per
fission integrated over the whole reactor volume

p- Ef/V[EZO 5 (E)é(r, E)dEAV
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for the zero-dimensional, one-group approximation, this expression can be simplified

P=FEiYipV (11.6)
= EfO'fo(t, T)N(t, T)vV

and, therefore, the initial neutron density is

N(O) _ Pthermal(o)
EfO‘fo(O)’UV

where Ey is the energy released per fission, oy the one-group microscopic fission
cross section (in units of 107%m?), N;(¢,T) the time, temperature dependent num-
ber density of the fissile nuclides (1/m?), N(¢,T) is the time, temperature dependent
neutron density (1/m?), v the neutron speed (m/s) and V the reactor volume (m?).
Except for the time dependent variables, the other variables are considered as con-
stants.

11.2.1.2 Thermal-Hydraulic Model

The zero-dimensional, thermal-hydraulic model is based only on a simple energy
balance between the fuel salt, the fuel tube wall and the lead coolant. The DFR
concept is unlike a conventional Light Water Reactor in that in the primary side the
working fluid takes away all the available thermal power and transfers it the coolant
in the secondary side, and also unlike the Molten Salt Reactor proposed in the Gen-
IV Forum (see Fig. 1.2) in that the fuel salt in the primary produces fission power
in the reactor core and gives all this generated heat in the heat exchanger to the
cooling fluid in the secondary side. The heat transfer in the DFR uses once-through
heat transport with the fuel salt flowing out of the core with a high temperature and
containing still a large amount of heat expected to be transferred outside of the core,
where the coolant also flows, but not given to the coolant. This heat can be used to
provide power to the on-line fuel processing facility.

In the model developed for the anaylsis presented in this Chapter the properties of the
fuel salt and the tube walls (SiC) are described by approximate relationships. The
heat transfer efficiency strongly depends on these thermal properties, and the results
obtained should not be taken as the final design values, but as an approximation to
what should be expected in an eventual DFR.

Assuming the materials have temperature dependent properties and that all the
fluids are compressible the energy balance in the fuel, wall material and coolant can
be expressed as

My T e () = TP 0]+ PO = hyosu () = Tult)] (117
My 200 T (6) = T(t)] — hupseTt) — To(t)] (11.8)

dt
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M T i [T(0) = T 0] 4 B selT(t) Tt (11.9)

where M is the mass (kg) of the corresponding material, ¢, is the specific heat
(kJ/(kg - K)), m is the mass flow rate (kg/s), T is the temperature (K) of the
material, P is the power (W) generated in the fuel salt, and h is the overall heat
transfer coefficient for the heat transfer interface. The subscript f stands for the fuel
salt, w for the wall, and ¢ for the coolant. Some of the variables are distinguished
by superscripts for different situations. Thus, the superscripts ¢n and out stand for
the variable at the inlet and outlet of the core respectively.

The first term on the right side of Eqn. 11.7 represents the energy taken away by the
fuel salt itself out of the core. The third term is the energy transferred to the fuel
tube wall, that is, the difference between the energy transferred from the fuel salt and
the energy transferred to the coolant, which causes the temperature change of the
tube wall. In the fuel tube wall it is assumed that no energy is lost, as described in
Egn. 11.8. On the right side of Eqn. 11.9 the second term means the energy through
the fuel tube wall while the first term is the energy that the coolant transfers to
the external heat exchanger. The variable T represents the averaged temperature in
each material, which is obtained from

_ T (t) + T (t)

Ty(t) = 9
T.(t) = Tin(t) +2T§“t(t) (11.10)

This set of equations describes the change of the internal energy of the fuel, which
is expressed on the left term of Eqn. 11.7 as the sum of the change of the internal
energy of the fuel salt mass flow and the heat transfer between the fuel salt and the
wall. The change of the internal energy of the wall (Eqn. 11.8) is the sum of both
heat transfers from the fuel salt to the wall and from the wall to the coolant. The
change of the internal energy of the coolant (Eqn. 11.9) is the sum of the change of
the internal energy of the coolant mass flow and the heat transfer from the wall.

The heat transfer coefficients in Eqn. 11.7, 11.8, and 11.9 are specified for the interface
between the materials which in contact with forced-convection, turbulent flows and
are defined as [Holl4, pp.452]

1
hf—m; N 1 + ln(router/rinner)
hyAy 2wkL
L 1
wme 1 ln(router/rinner)

h.A. + 2wkL

where hy and h. are the heat transfer coefficients (W/(m? - K)) of the fuel salt and
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Figure 11.1: Layout of the DFR-0D system with subsystems

the coolant, k is the thermal conductivity (W/(m - K)) of the wall material, ripner
and Touter are the inner and outer radii (m) of the fuel tube respectively.

Since in the last equations cp, p, m and M are dependent on the temperature, a
temperature feedback on these variables is also considered. Other properties are
taken from tables in Sec. 3.3.4.

11.2.1.3 System Description

As mentioned in the previous Section, the zero-dimensional modeling approach for
the system was followed in order to understand the thermal behaviour of the DFR
under homogeneous, simplified conditions, so that the system responding to the
reactivity change can be easily investigated.

The zero-dimensional system model was developed with SIMULINK by means of
representing all the equations introduced above in the form of functional blocks. The
final diagram of the system, divided into five main parts, is shown in Fig. 11.1. The
point kinetic model for the power generation is the “Point Kinetic Model” module,
and each equation of Eqn. 11.10 is included in the “Energy Balance” module for each
material. The “Point Kinetic Model” module takes T,ean ; and Tipeqn, as inputs
for the temperature feedback on the reactivity and other variables that affect the
“Core Power”. The removed power of the reactor is modeled in the block “Tertiary
Coolant Loop”, in which a certain cooling capacity is set. For the desired system
variables, displays or scopes as well as outputs are connected to the system model
for the monitoring of the variables.
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Fuel salt Coolant ‘ Unit
pini | 4961.4 10161.5 kg/m?
L 0.00045 0.0013 Pa-s
v 0.907 1.304 x10~"m?/s
Dy, 14.5 4.0 mm
Re 1.9184 2.6132 x10°
Pr 0.09 0.0092
Pe | 17265.6 2415.3

Table 11.1: Hydraulic parameters related to flow properties

In order to ensure the validity of the SIMULINK model, another model written
in m-file form was also established with MATLAB, which proved equivalent to the
SIMULINK model in practice. The point kinetics model was realized as a MATLAB
function and constructed with 18 equations, where the first 7 equations come from
Egn. 11.1 and Eqgn. 11.2 as the DNP concentration and the neutron density, the
8" equation is Eqn. 11.5 as the reactivity depending on the temperature feedback;
the 9" to 15" equations are from Equn. 11.7, Eqn. 11.8, Eqn. 11.9, and Eqn. 11.10
describing the heat transfer process. The last three equations are written for the
temperature dependent density and specific heat of the materials. The equation
set is solved with the embedded dde (delayed differential equation) solver because
in the equation set the time delayed terms are involved due to the delayed neutron
precursors.

11.2.1.4 Parameters

The zero-dimensional model was developed and solved for the U-Pu fuel salt com-
position. In Sec. 11.2.1.1 the initial value of the DNP concentration and the initial
reactivity were presented with formulas. The delayed neutron data including Cj
used in this section were obtained from the results of the static calculation in sec-
tion 6.3 by SERPENT. The temperature coefficients of the materials adopted the
values from the results of the temperature feedback from Sec. 7.3. The initial tem-
peratures were taken from Table 3.3. The running time was set to 100s, with a time
step of 0.0001s for a detailed overview on the stabilization of the static calculation.
A further running time of up to 10 000s with a time step of 1s was then selected for
system behavior simulations.

The flow of the fuel salt and the coolant in the DFR follows a turbulent flow pattern
with the liquid-metal properties listed in the Table 11.1. The values at the flow inlet
are assumed as the initial values for the simulation.

In Table 11.1 Dy, is the hydraulic diameter, Re, Pr, Pe and are the dimensionless
numbers Reynolds Number |[TK90a, pp.372|, Prandtl Number [TK90a, pp.413] and
Peclet Number |[TK90a, pp.450] defined as

_ Dpvp
0

Re

(11.11)
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D
Pe = Re- Pr= ZhYPC

. (11.13)

where v is the flow velocity, p and v are dynamic and kinematic viscosities of the
fluid, and k is the fluid’s thermal conductivity.

The Reynold numbers of the fuel salt and the lead coolant in each of their flow
channels indicate turbulent flow (>2000). The Prandtl number of the fuel salt is
much smaller than 1 and of the same order of magnitude as the value of the liquid
metal, which suggests that in both, fuel salt and liquid lead, the thermal diffusion
dominates, that is, that for both fluids the heat conduction is much more significant
than the convection. Therefore, it is reasonable to treat the fuel salt also as a liquid
metal.

11.2.2 One-Dimensional Model

In this section a one-dimensional thermal-hydraulic analysis of the DFR is carried
out based on a model developed with MATLAB. The thermal-hydraulic model is
combined with zero-dimensional neutronics (PKM). In the primary circuit of the
DFR, where the fuel salt flows, the point kinetic model in the core calculates the
neutron density and provides power to the fuel salt. The fuel salt gives the heat
through the fuel tube wall to the coolant. In the secondary circuit the coolant gives
the heat to the outside environment and flows back into the core. The heat transfer
between the coolant and an external heat radiator is not explicitly considered. Since
the zero-dimensional point kinetics model was already introduced in the Sec. 11.2.1.1,
only the thermal-hydraulic part is new compared to the previous model. The layout
of the nodalization employed in the calculations is demonstrated in Fig. 11.2.

11.2.2.1 One-dimensional Thermal-Hydraulic Model

The one-dimensional thermal-hydraulic model is governed by a set of conservation
equations introduced below and based on the zero-dimensional thermal-hydraulic
model. Assuming that the core is divided into n nodes, then the space between
two adjacent nodes can be considered as a control volume (CV), which results in
n CVs. The conservation equations inside of a CV with lower boundary n¢ and
upper boundary no are based on Eqn. 11.7 to Eqn. 11.9. After rearrangement, the
expressions from Eqn. 11.17 to Eqn. 11.19 for the n-th CV are

dTet) m , m h h

f f i f fow no fow no
P, = 17 (t) — TO(t) + ————T1,°(t
nt — N}wf() N}loJrN}wa f()+w}wcp7fw()

(11.14)

Tne P w—se hysw + hw—se
drpe(t)  hys TnO(t)+h7—>Tm(t)_LT£0(t) (11.15)

- no f no c no
dt M7ecy w Mpocy w MPoc, w
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Figure 11.2: Layout of the node in the DFR-1D system

chno (t) mc ; mc hw—m hw—m
= () — T7(t T,°(t) (11.16
dt MgLO C ( ) Mcno + Mcnocp7c C ( ) + MCnOCpJ; w ( ) ( )

where P, is the power distribution calculated for each node. The variables defined as
input and output of each CV can be relocated to the CV and represent the properties
in the CV

dT(t j j Rf hysw
P+ f()_men—l(t)_<mf_|_ i )T}L(t)—i- [ow gy (11.17)
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= —T7(t) — Tr(t T2 (t 11.19
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For the CV,,—1 no externally connected CV is considered. The CV’s temperature in
Egn. 11.17 and 11.19 has to be replaced by a constant input temperature, which is
assumed to be obtained by

dTH(t) g ' h h
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These equations can be expressed as a set of differential equations, and for all the

CVs, the equation set of the unknown variables T}, T7, - -, TJZ‘_1, T%, T3, T2, -,
=t T, T T2, - TP=L T can be solved.

The equations above can be written in matrix form as

A-X=B

where A is the coefficient matrix, X is the vector array of temperature variables,
and B is the vector of characteristic system parameters including constant terms,
boundary conditions, and power profile. The solution of the unknown variables is
obtained by X=A"'B. The time-dependent temperature of the different nodes can
then be averaged to calculate the overall mean temperature of the fuel salt and the
coolant as a function of time. This mean temperature is used to produce the feedback
for the point kinetic model and to adjust the reactor power output.

11.2.2.2 Power Profile

The power of the one-dimensional model is based on the calculated power distribution
in Sec. 6.8. Since the reactor is divided into several nodes, the power profile was also
discretized and simplified to yield power profile that describes the power distribution
in the nodes along the longitudinal axis.

The power profile in a bare cylindrical reactor can be approximated based on the
product of a cosine function and a Bessel function [LB01, pp.280]

2.4
P=AJ ( 95r) cos = (11.20)
R a

where A is the product of various reactor parameters, R and H are the extrapolated
radius and height of the reactor, calculated as R=R+dand H = H +2d, with d the
extrapolated length. The geometric variables r and z are radius and axial location
(middle height = 0), and Jy represents the Bessel function of the 1st kind J,, for
n = 0.

In the DFR the presence of the reflector flattens the power profile, as plotted in
Fig. 6.18(b), which is the power profile actually implemented as a user defined func-
tion along the axial direction for the calculations. In the radial direction the power
is assumed to be unchanged, because for the single fuel tube located in the center
of the reactor, its radial power profile can be approximately considered as constant.
For this reason the relationship between P, and Piye in the axial direction can
be expressed by substituting the Bessel function for an averaged value, for which the
calculated and fitted power profile Eqn. 6.19 in Sec. 6.8 can be used

H/2
Piotal = / P(y)dy (11.21)
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Axial Power Distribution
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Figure 11.3: Axial power distribution of the DFR in the simulation
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for an extrapolated height of § = 0.037m. So the expression of P(y) is

Ptotal Y
P(y) = 2.22 — 1 11.22
) 11.14[ C°S<H+5 +3.16 (11.22)

This expression as the axial power distribution is presented together with that of
the unreflected cylindrical reactor in the form of a cosine function as a reference in
Fig. 11.3. Both distributions have a total power of 3GW. From the figure it is clear
that the DFR’s power profile is much flatter than the unreflected cosine profile, due
to the existence of the reflecting material.

For the one-dimensional thermal-hydraulic model the power distribution depends on
the number of nodes in the core. The power fraction in each node is integrated from
Eqgn. 11.21, where the total power output equals to the total thermal power generated

in the core. In the two- and three-dimensional models discussed later, however, the
direct power profile is used.
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Figure 11.4: System Steady-state Results

11.3 Results of the Simulations

11.3.1 Steady-State Results

The steady-state calculation considers the stable state of the DFR system with the
given initial design conditions. The results of thermal power, reactivity, outlet tem-
peratures of the fuel and the coolant, and the spatial temperature distribution are
shown in Fig. 11.4.

The x-axes of the figures show the calculation time, except for the axial temperature,
which shows the axial coordinate, while the y-axes identify the investigated system
variables. In the figures showing power, reactivity and temperature, the blue color is
for the zero-dimensional results and the red color for the one-dimensional ones; the
dashed lines in the temperature plot correspond to the coolant temperature and the
solid line to the fuel temperature. In the plot of the axial temperature distribution,
the curves for different materials are colored with a rainbow color set. The results
of the axial temperature distribution come from the one-dimensional model since in
the zero-dimensional model there is no spatial information.

In the steady state-analysis only the final stable values reached are relevant. In the
power plot the result is 3.036x10° W, which is very close to the initial design power
of 3x10° W, a relative difference (d,) smaller than 1.2%. The reactivity responds
to the temperature feedback, which is a consequence of power changes, and affects
the power output directly. It is reasonable to expect that the reactivity compensates
for the loss of the delayed neutron precursor and keeps the power stable. The final
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stable reactivity of the fuel is 213.4pem , which has a d, of 4.5% with respect to the
initially set value of 204.2pcm .

Thanks to the self-regulation of the reactivity, the temperature of the fuel salt does
not fluctuate much with time, but shows a satisfactory stability, regardless of the
temperature of the fuel salt or of the coolant. The steady-state temperatures are
1400.0 / 1401.6K for the fuel and 1199.9 / 1198.1K for the coolant, for zero- and
one-dimensional thermal-hydraulics model respectively, whose d,. are all smaller than
0.2%.

11.3.2 Transient Results

The main task of the transient analysis of the zero- and one-dimensional model
is to set a baseline for the more complex simulations. The transient simulation
results reflect how the DFR responds to disturbances in operation conditions. Since
no transient calculations for the DFR have been done before, the reliability and
consistency of the results are assessed by comparisons between results calculated
with various initial parameters and models.

Transient responses are set to be triggered when the DFR system is operating in
steady-state. In this section, the transient analysis is organized in the following
several parts: the response to a small step reactivity change of up to £500pcm
which corresponds to a typical reactivity insertion during normal operation of the
system, and the response to a large step reactivity change up to +2000pcm , which
generally will only happen in the case of an accident. The actual limits of these two
responses can be vague, so the suggestion from reference [CFS10, pp.105] was taken
that a £600pcm change of reactivity is comparable to the uncontrolled insertion or
withdrawal of three control rods in a conventional reactor, while a £800pcm change
equals to an unprotected control rods extraction event. It has to be noticed that
in these two scenario the velocity of the hypothetical control rods is not considered
since the change of the reactivity is assumed to happen instantaneously: step change.

The scenario with the consideration of the velocity of the insertion/ withdrawal is
simulated in the a later section, in which the total insertion/withdrawal takes a
certain time in the form of a ramp. At the end of the ramp the reactivity will remain
steady until the end of the simulation.

11.3.2.1 Response to a small Step Reactivity Change

The small reactivity change is defined between -500pcm to 500pem into 8 data sets.
This is approximately the reactivity generated by the system due to fuel temperature
changes of 10K (as a reminder, the temperature feedback coefficient of the fuel salt
is about -40pcm /K).

The results are plotted in Fig. 11.5. In the eight plots included, there are four
properties investigated, namely total power, overall reactivity, fuel salt temperature
and coolant temperature at the exit of the reactor. Since each plot includes eight
data sets, the results of zero- and one-dimensional models are plotted in neighboring
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plots. The comparison between zero- and one-dimensional models can be carried out
directly.

Because of the strong negative temperature feedback of the U-Pu fuel salt, when a
step-wise reactivity is inserted into the system, it recovers in a very short time. For
the zero-dimensional model, after a positive step of reactivity of 50pcm , the DFR
core needs only 0.002s. After a negative step of reactivity of -50pcm , the time for
the system to recover is about 3 times longer than the positive step. With increas-
ingly larger positive reactivity steps, the system power reaches a larger power peak
before settling back to the initial value, as shown in the power plot of Fig. 11.5. This
larger power peak significantly increases the recovery time. For a large insertion
of 500pem the recovery time can last up to 0.3~0.4s and 0.1s for the positive and
negative insertion respectively, while for the positive insertion the peak of maximum
power lasts for only 0.002s. The power after the transient is restored at between
3.13GW for 500pcm and 2.91GW for -500pcm , which means the perturbations con-
sidered cause fluctuations in the system final power within +5%.

The temperature changes permanently after the inserted reactivity. It can be seen
from the plot of the temperature of the fuel salt in Fig. 11.5, that, after a fast transient
peak value, the fuel salt temperature stabilizes at a certain value depending on the
inserted reactivity. The change of the coolant temperature is smoother, because, due
to the heat transfer’s time constant, a sudden change of the temperature is damped.
For an inserted reactivity of 500pcm the fuel salt’s and the coolant’s temperatures
rise up to 1426 K and 1213 K respectively, and for a negative insertion of -500pcm the
temperatures decrease to 1376 K and 1187K.

The results of the one-dimensional model show that the power and the reactivity do
not behave as in the zero-dimensional model. The most obvious difference can be
found in the time that the peak values last due to the sudden insertion of reactivity.
Their duration has been extended by 3 times for the power and by about 2 times for
the reactivity. The recovery times after the peaks are, however, almost similar. This
can be explained because in the zero-dimensional model the effect caused by sudden
changes in reactivity are transferred instantly to the point-like system, whereas in
the one-dimensional model the time taken for the flow to transport energy along the
system has been taken into account. Thanks to this, the temperature at the exit of
the reactor does not change so fast and in such a large amount in the one-dimensional
model compared to the zero-dimensional model, since the effects of power changes
are propagated from one node to another. The peak temperatures are, therefore,
smaller and their final changes are also smaller. The final temperature for the one-
dimensional model is 1422K (+) / 1207K (-) in the fuel salt and 1381K (+) /
1189K (-) in the coolant, each for a positive and a negative insertion of 500pcm and
-500pcm respectively.

11.3.2.2 Response To large Step Reactivity Changes

Large step reactivity insertions represent situations in which the system has encoun-
tered some severe accidents that induce large reactivity fluctuations. Five different
insertions, from 2000pcm to -5000pcm , are investigated. All the results are plotted
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in Fig. 11.6. The number, the settings and the contents of the plots are the same as
in the previous analysis for the response to small step reactivity changes.

The system can still restore the stability after large reactivity perturbations, as is
displayed in the plot of the power and the reactivity. In both plots the magnitudes
of the peaks and the oscillations due to the insertion of the reactivity have shown
satisfactory consistency between the zero- and one-dimensional models, and the DFR
system seems to recover to a steady state in a similar length of time, for the reactivity
data sets from 2000pcm to -2000pcm .

Pronounced differences appear, however, between the two models in the recovery
time of the system with the data set of 5000pcm . In the calculation with the zero-
dimensional model the recovery time reaches 2.55s, while with the one-dimensional
model the time is around 0.8s less for the reactivity. For power both times are 2.95s
and 1.95s respectively.

A similar behaviour can be observed also in the plots of the temperature. The fuel
salt and the coolant temperatures reach new steady-state values after the insertion
of reactivity with values from 2000pem to -2000pem , however. A reactivity insertion
of -5000pcm be seems to have exceeded the valid range that can simulated with the
zero-dimensional model. Compared to this, the one-dimensional model can handle
this extremely large negative reactivity insertion successfully and bring the system
back to a new steady state. The maximal relative differences of both the fuel salt and
coolant temperatures between the two models reach only around 1% at £2000pcm ,
with respect to the results of zero-dimensional model.

11.3.2.3 Response to a Ramp Reactivity Change

The system response to a ramp insertion of reactivity is discussed in this section.
Compared to the step-wise insertion, the ramped change of reactivity is more moder-
ate. The system is supposed to have a longer time to react. With this intention, the
types of ramp insertions of reactivities investigated are listed in Table 11.2, which
contains four simulation cases from the ORNL reports [HE62, pp.27] and two extra
added cases. The change of reactivity is supposed to be triggered during a steady-
state of the system for a certain duration. After this time, the reactivity maintains
the value at which the ramp stops and lasts until the end of the simulation.

Total p (pecm ) Ramp slope (pem/K) Duration (s)

Rampl 1000 33 33.33
Ramp2 1000 50 20
Ramp3 1000 100 10
Ramp4 1500 150 10
Rampd 2000 200 10
Ramp6 3000 300 10

Table 11.2: Ramped insertions of reactivity

The results are plotted in Fig. 11.7, in which the time axis is logarithmic in order
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to have a clearer view of the transient process. Compared to the transient response
to a step reactivity change, the transients in this section are already much longer.
The reactivity changes over 200s for all the cases, while the changes in the power
and temperatures stop closely after the change of the inserted reactivity. When the
inserted reactivity remains as a constant, the power and the temperatures find their
new steady-state values.

The ramp reactivity change brings smaller effects on the system. It can be seen in
the plots of the power in Fig. 11.7 that the final power output level is only related to
the total inserted reactivity (Rampl to Ramp3). However the shorter the duration
of the ramp is, or to say the larger the ramp slope is, the more significant is the
magnitude of the power rise (Ramp3 to Ramp6).

The total reactivity response in the reactivity plot shows the resulting effect of the
temperature feedback and the inserted reactivity. Unlike the step insertion, the large
negative feedback due to the gradual increase of the reactor temperature suppresses
a pulse-like reactivity change. It can be observed that the longer the duration is, the
smaller the total reactivity at the end of the ramp.

By comparing the results between the two models it can be found that the amplitudes
predicted by the one-dimensional model are smaller than that of the zero-dimensional
model, with the differences smaller than 2%. The reason for this can be found in that
in the zero-dimensional model the properties of the fluids are set to be an averaged
value. Therefore, when the power rises due to the increased reactivity, the one-
dimensional model is more capable of distributing the energy produced in the core
and keeps the system at a relatively lower overall temperature level.

11.4 Conclusions

From the simplified transient analysis discussed above, a general behavior of the
system response to the selected disturbances can be inferred. The results of the zero-
and one-dimensional models have shown that a satisfactory consistency between two
models can be achieved.

Since there are no other analyses of the DFR to use as a reference for comparison,
these two models with different methods can, somehow, provide a certain level of
reliability to ensure that the results may not be too far away from the expected
real behavior of the DFR. Moreover, the analysis of the system with zero- and one-
dimensional models can be refined and modified based on the results of the analyses
reported in the next chapter applied to a single fuel cell.

The consistent results reveal that the DFR system is stable against the sudden
external change of reactivity. In the simulations, the maximum considered step-wise
reactivity insertion reached up to £2000pcm , but the system recovered back to its
normal state in less than 2s, thanks to the strong negative thermal feedback of the
fuel salt itself. The change in the temperatures of the fuel salt and the coolant are
also small enough to be acceptable from a safety point of view. The ramped reactivity
insertion causes a smaller impact on the system variables and there is no very high
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and rapid peak values. Ramped reactivity insertions, with a smaller insertion rate
but a longer time, change the state of the system, especially the power production,
but less abruptly than step-wise insertions, as is observed in most nuclear reactor

types.

Though the comparisons have shown satisfactory consistency between two models
employed, as a preliminary approach, these models themselves are only useful for
simplified analyses. Several improvements must be made in the models to increase
their applicability and reliability. Some proposed improvements are:

e More core regions: It has been mentioned that in the one-dimensional model
there are already 100 nodes along the axial direction, but the arrangement of
nodes is only for the thermal-hydraulic calculation. For the neutronics cal-
culation the reactor should also be discretized, so that the delayed neutron
precursors in different axial nodes can be compared and verified, since the
spatial neutron flux has its own shape in the reactor. Based on a complete
one-dimensional model for both neutronics and thermal-hydraulics, a radial
discretization should also be implemented, in which the radial distribution of
both the neutron flux and the power density are explicitly considered.

e Tertiary Circuit: The tertiary circuit means the circuit where another coolant
flows to extract the energy that the lead coolant takes from inside of the reactor.
Due to the need to reduce the complexity of the calculations, the simulations
carried out with both models focused only on the reactor itself: fuel salt and
lead coolant circuits. The heat exchanger, as well as, further auxiliary systems
were not considered. The input temperature of the first node of the thermal-
hydraulic model was, therefore, set as a constant vlaue boundary condition,
which is not real. This temperature should be set by a balance of the removed
power from the reactor to the tertiary loop. Moreover, the time employed by
the out-coming lead coolant flowing through the heat exchanger between the
secondary and the tertiary circuits should also be considered, so that the re-
sponse time of the inlet temperature can be more realistic compared to the
current model.

e More equipment: Except for the tertiary circuit with the heat exchanger, the
pump accurate modeling should also be addressed. By studying the description
of the DFR system, it is not difficult to see the importance of the driving force of
the fuel salt and, especially, of the lead coolant. The powerful pumps needed
to move the fluids have to be taken into account in a comprehensive safety
analysis. Additionally, in order to perform more comple transient analyses, the
functionality of the designed drain tank system must also be evaluated.

e More accurate parameters: It is already known that the thermal-hydraulic
properties of the fuel salt are based on approximations. For a more accurate
system analysis, these properties are supposed to be validated and fitted with
experimental data. The constant values of the properties used in this study
could then be replaced by more accurate functions or empirical relationships.
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Figure 11.5: Transient results on small insert reactivities in step form
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Figure 11.6: Power transient on insert reactivities in step form
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Figure 11.7: Transient results on insert reactivities in ramp form



Chapter 12

Single Cell Analysis

12.1 Introduction

With more considerations and more details, the analysis of the DFR needs more
powerful computation resources and longer times when a realistic model in two-
or in three-dimensions is used. Therefore, the size of the reactor has to be scaled
and the structure has to be simplified without losing generality or similarity. For a
nuclear reactor, the core radius is a significant criterium which determines the inner
structure and arrangements of the core and also the amount of fuel. Since the core
of DFR consists of hexagonal arranged fuel tubes where the fuel salt flows inside of
the tubes and the coolant flows outside of the tubes, the volumetric ratio of the fuel
salt and the coolant can be considered as the key factor of the heat transfer between
the two fluids, so that the similarity between the model and the real reactor can be
ensured by the unchanged volumetric ratio of both fluids.

Based on this principle, with an increasing core radius the evolution of the DFR
cross sectional flow areas and the corresponding ratios of the fluids can be found in
Fig. 12.1, from which it is possible to find an appropriate scale, and, on this scale,
a simplified model can be developed with less error and also with less resources.
The increased core radius enables more fuel tubes in the core. As a result the cross
sectional flow area for both fuel salt and coolant, not only in the core, but also in the
plena increase continuously at the same time as indicated on the left vertical axis.
The right vertical axis indicates the ratio of the correspondent volumes, since, for
the thermal-hydraulic analysis, the volumetric ratio is much more important than
the absolute volume.

Inside of the core, with the increase of the core radius and the total number of the
fuel tubes, the fuel-coolant ratio is an asymptotic curve that reaches a value about
1.16. This means that in the core the volumes of the fuel and the coolant are quite
close. For the fuel salt only, the ratio of the flow area in the core and that in the
plenum has grown asymptotically up to 0.699, while for the coolant the corresponding
ratio reaches 2.18. This means that both fluids undergo significant changes in their
flow areas at the boundary of the core with the plenum. For a constant mass flow
rate in the plenum the velocity of the coolant can be almost double than the velocity
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Figure 12.1: Evolution of the Geometry of the DFR

fuel-coolant fuel core/plenum  coolant core/plenum
Teore | value  rel.diff. value rel.diff.  value rel.diff.
0.20 | 0.88 -2391% 0.63 -10.15%  2.61 20.01%
0.40 | 1.04 -10.64%  0.67 -3.94% 235 7.78%
0.60 | 1.09 -6.10%  0.68 -2.28%  2.28 4.43%
0.80 | 1.12 -3.57%  0.69 -1.34% 2.4 2.59%
1.00 | 1.14 -2.05% 0.69 -0.81%  2.21 1.54%
1.20 | 1.15  -047%  0.70 -0.13%  2.18 0.28%
1.35 | 1.16 0.00%  0.70 0.00%  2.18 0.00%

Table 12.1: Values and relative differences of the characteristic ratios

parallel to the bundles in the core, while the velocity of the fuel salt can be decreased
to half of the velocity in the fuel tubes in the core. Consequently local pressure drops
are also expected at the boundaries between the different reactor zones. The three
ratios begin to get close to their asymptotic values from reo.=0.4m upwards. In
fact, at reore=0.4m the relative differences of the characteristic ratios with respect
to the actual value at reore=1.35m are around, or smaller than, 10%, which can be
considered as acceptable. A scaled DFR model with r....=0.4m still contains ca.
1135 fuel tubes, which is less than 1/10 of the actual total number of fuel tubes. The
relative differences between the three ratios related to the final values at r.o.e—1.35m
are summarized in Table 12.1.

Due to limited calculation resources, the simplified model with 7r.,.=0.4m is still
impossible in the current work. For this reason, in this chapter only a single unit
hexagonal cell is modeled and simulated. The general flow pattern and the flow
properties are calculated in both two-dimensional and three-dimensional geometries,
while a sensitivity analysis are carried out only with the two-dimensional model.
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12.2 Model Development

12.2.1 Two-Dimensional Model

This section presents the two dimensional thermal hydraulic analysis of the fuel salt
tube in the core region, which is the most basic component of the DFR concept.
The zero-dimensional and one-dimensional analysis in the previous chapters gener-
ated approximated results but neglected the thermal-hydraulic detailed features of
the fluid flow, which are analyzed in this chapter with a simplified two-dimensional
geometry.

The two-dimensional analysis tries to achieve the general description of the thermal
hydraulic features of the single fuel cell without a very large computational cost. For
this reason two-dimensional simulations are a convenient platform to validate thermal
hydraulic assumptions and carry out sensitivity studies. Therefore, the fundamental
task in this chapter is to investigate the thermal hydraulic behavior of both DFR
fluids by setting up an axial-position-dependent heat source in the fuel salt, which
produces the same heat per unit volume as the real thermal power. Information
about the heat transfer, temperature, pressure drop, change of velocity and density
due to the changes in the core temperatures, as well as, other fluids properties can
be obtained from these simulations. Moreover, some sensitivity studies regarding
nodalization, wall functions and variation of the thermal properties of the tube wall
material SiC can be performed to find out the robustness of the calculations and the
possible limitations of the results.

The calculations presented in this Section were performed with COMSOL and FLU-
ENT in order to compare their results. Since COMSOL itself consists of quite a
number of modules with different functionalities, the two-dimensional model was
set up with the Multi-physics module that consists of Turbulent and Heat Transfer
in the Fluids. As the name indicates, the Turbulent part deals with the turbulent
flows while the other part focuses on the heat transfer between fluids and solids.
The Multi-physics module combines two physical processes and formulates them as
a coupled one.

12.2.1.1 Geometry

The two-dimensional fluid model of the fuel salt tube is shown on the left side plot
in Fig. 12.2 (generated by COMSOL, scaled 1:100). Since the original form of the
unit cell of the fuel-coolant heat transfer is a hexagonal prism, it has different axial
projections on the x — y plane through the central axis of the hexagonal prism. In
order to achieve comparable results, an equivalent axi-symmetric cylindrical model
was established, so that it had the same volumetric fuel-to-coolant ratio as the orig-
inal hexagonal prism. In the left plot the edge on the z-axis represents the radial
direction of the hexagonal channel, which, from Om to 0.00725m, is the fuel salt
flow channel, from 0.0095m to 0.01155m, instead of 0.011m as inscribed radius, or
0.0127m as the out-scribed radius of the hexagonal prism, is the coolant flow chan-
nel. The area between them is the fuel tube wall. The edge on the y-axis represents
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Figure 12.2: 2D model and meshes of the fuel salt tube (FLUENT (m), COMSOL(r))

the height of the cell. The symmetry axis of the model is at =0.0 !

12.2.1.2 Materials

For simplification there are only three materials considered in both two- and three-
dimensional models: two liquids, which are the U-Pu fuel salt and the liquid lead
coolant, and one solid material which is the wall structure made of SiC. The features
and properties of the materials can be found in Table 3.4 and Table 3.5.

12.2.1.3 Mesh

The mesh plays a very important role in Computational Fluid Dynamics (CFD) sim-
ulation. In order to carry out a sensitivity study on the mesh size and to ascertain
the effect of different meshes on the simulation results of the DFR fuel cell, several
possibilities are considered. Generally two mesh types, the triangular and quadran-
gular, which is also known in FLUENT as CutCell, were used. Based on these two
types of meshes, parameters are set and alternated for the considered ranges. A local
demonstration of the geometry with both kinds of meshes is shown in the middle
(generated by FLUENT) and on the right side in Fig. 12.2 (generated by COMSOL).
The detailed mesh data used for the calculation are listed in each section.

12.2.1.4 Turbulence Models

Since research on turbulence modeling started in 1960’s, turbulence models based
on the determination of the turbulence kinetic energy have dominated the field.

'"However in the model the symmetry axis in COMSOL is the z-axis(with a z —r coordinate sys-
tem) and in FLUENT is y=0.0 (Cartesian coordinate system). For the axis-symmetric calculations
it is worthy to be mentioned that in FLUENT the model must be and only can be located in the
first and second quadrants so that the symmetry axis is y=0.0
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In the decades past one- two-equation models have been developed and have been
distinguished for their completeness in the application range [Wil93, pp.73|. Among
the two-equation models, the most used and preferred k-¢ model was applied in this
work.

The detailed forms of the model applied by COMSOL and FLUENT are not exactly
the same. In FLUENT there are two variations of Standard k-e [LS72| and Realizable
k-e [SLS195] turbulence models and in COMSOL the turbulence effects are formu-
lated by Standard k-e with realizability constraints [COM15, pp.56], [Wil93, pp.89].
Compared to the Standard k-¢ model the Realizable k-e¢ model uses a modified trans-
port equation for the dissipation rate of kinetik energy ¢ and a new eddy viscosity
formulation. The formulations of these turbulent models can be summarized as
follows.

The transport equation for turbulence kinetic energy k:

p(i-V)k=V- [(u—i—l;T) Vk} + Termy — pe (12.1)
k

and the transport equation for the dissipation rate e:

p(ii-V)e=V- K“ + ’”) Ve] + Term, (12.2)

O¢

where for each model Termy and Term, have their own expressions:

Termy,
FLUENT k —¢: G+ Gp— Yy + Sk
COMSOL k—€: Py

Term,

2

FLUENT standard k — e : Cleé(Gk + C3.Gy) — 026;,% 48,

+ (Cip+1)S.

2

FLUENT realizable k — ¢ : ClE£C3€Gb + Cgp#\/%

2
P, — Cer?

€

COMSOL k£ —€: Clek‘

with G} the generation of turbulence kinetic energy due to the mean velocity gra-
dients, G the generation of turbulence kinetic energy due to buoyancy, Yas as the
contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate, and ug the Eddy Viscosity [SLST95, pp.3]:

k2
Gy = Bgiﬁivf Yar = 2peM3,  pr = pCp—,
rT €
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k

]6’

n
Cy = 043, ——|, n= /25,5,
1 max[ 77‘1‘5} n

Gy = —puju;Vu
k2 2
2
= pr (Vu: (Vu+ (Vu)?) ) — gpkv ‘u

P = pr (Vu S (Vu+ (Vu)l) - %(V . u)2> - %pk‘v ‘u

and with the following closure coefficients as constants: Ci.=1.44, Co.=1.92 (for
realizable k-e model C), is no longer a constant [ANS13, pp.53|), C2=1.9, C,=0.09,
or=1.0, 0,=1.3 (1.2 for realizable k-e model). Among the rest of parameters, u is
the velocity field, Sk and S, are defined source-terms, § is the thermal expansion
coefficient, g; is the ¢ component of the gravitational vector and My is the turbulent
Mach number. The derivation of G has been intentionally left blank to compare with
Py. It shows that the P in the COMSOL k-€ model represents only the generation of
turbulence kinetic energy due to the mean velocity gradients (G}), and the extra term
compared to Gy, is also related to the velocity. However, the generation of turbulence
kinetic energy due to buoyancy (Gp) and the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate (Yas) do not appear in the
COMSOL k-e model.

12.2.1.5 Velocity Profile

In order to investigate the flow condition, the boundary layer has to be considered
for not only hydraulic calculation but also for the heat transfer model. A Pr number
much smaller than 1 means also a thicker boundary layer. Since the flow develops in-
side of a rounded channel, the development of the velocity boundary layer is depicted
in Fig. 12.3 [mekl11, pp.325]:

The hydrodynamic entrance region can be therefore calculated by [SB87b]:

Lh,fuel = 1.359 x DhRe%QS
=0.41m

The result of this calculation shows that the entrance region takes up only one fifth
of the total length of the flow channel and, after that, the flow can be considered
as fully developed, while the boundary layer with increasing thickness merges in
the center of the fuel salt tube. Therefore, in the two-dimensional case, the radial
velocity profile can be set to a uniform velocity at the entrance of the system.

At the same time, a completely developed flow profile in the entire flow channel is also
adopted, which approaches the situation that the fluids enter the flow channel with a
fully developed velocity profile. A parabolic velocity profile is therefore implemented
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Figure 12.3: Development of the velocity boundary layer

in the two-dimensional model. According to Fig. 12.3, the relationship between vg,4
and vqe 1S expressed as

1
Vavg = A/v(r)dr
1
or for 2D vg4g = ) /v(r)dr (12.3)

where A is the flow area of the inlet and D is the length of the inlet as a dimensionality
reduction of A. Therefore the velocity profile, which is considered flatter as the
parabolic profile for the laminar flow, for the symmetric flow channel in the two-
dimensional model has the form [TK90a, pp.378|

74>1/7

v(x) = Cvgug <1 %

Substituting the velocity profile into Eqn. 12.3 and interate

1 [o=p x\1/7 2C}
U‘“’g’f_D/_O Cf<1—(p) )d"f‘g

So the final parabolic velocity profile for the fuel salt and coolant in the equivalent
cylinder geometry of the model can be expressed as

0.00725 — z\ /7
—1. b < 2 <0.0072 12.4
vy(x) 5Vqug, f < 0.0070E ) , 0<x<0.00725 ( )

z — 0.0095
0.01155 — 0.0095

1/7
ve(x) = 1.50g0g,c ( ) , 0.0095 <z <0.01155 (12.5)
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Figure 12.4: Radial initial velocity profile

The both velocity profiles are presented in the following Fig. 12.4

12.2.1.6 Pressure Drop

Since the fuel salt and the coolant in the later thermal hydraulic calculations have
the real features like compressibility and viscosity, it is necessary to reconsider the
pressure drop of the fluids. Nowadays the research of the pressure drop of the fuel
salt as well as of the liquid metal is achieved by assessing correlations for the flow
pattern and the friction factor with the limited results from experiments. The IAEA
report [iael3, pp.23-pp.40] summarized the hydrodynamic models for the bare-rod
bundle with grids and in wire-wrapped rods. However the flow pattern of the fuel
salts and the coolant lead is out of the limitation of the valid application range of
the models, the following estimations are found on more basical correlations.

Generally the pressure drop Ap of a single-phase fluid in a heated channel can be
constructed as the summation of several pressure terms as mentioned in the last
section, derived in the literature |[TK90b, pp.117]:

AP =DPin — Pout = Apacc + Apgram'ty + Apfric + Apform (126)
1 1
where: Apgee = an < — >
Pout Pin

L
Apgravity = / Pmeangdz
0

Apfric = 7me|Gm‘ dz
frie 2Dh/0mean
Apam = S K G
Pform = 2,0mean

where in Eqn. 12.6 Ap,.. represent the pressure loss (Pa) due to the change of the
cross section of the flow channel, Apgrquity is for the pressure loss due to the gravity,
especially in the vertical flow channels, Aps,;. gives the pressure loss due to the



12.2. MODEL DEVELOPMENT 145

friction of the fuel tube, and Apyyp, is the term due to the sudden change of the
flow channel. In the expressions f stands for the Darcy’s friction coefficient and K
for the local form loss coefficient. G, is the mass flow density in (kg/(m? - s)) and
can be calculated by:

Based on the boundary condition of the one-dimensional model, the cross sectional
area of the flow channel does not change, the friction is not considered, and the sud-
den change at the core inlet and oulet is not yet considered. So the total pressure loss
of the one-dimensional model can be simplified as the following expression with the
values of certain variables from zero-dimensional calculations or calculated according
to the equations in Sec. 3.3.4

Ap = Apacc + Apg'ravity + Apfric

1 1 L L fGm|Gml
=G? ( — > +/ meangdz + | 12.7
Pout Pin 0 p g 0 2Dh/0mean ( )

if the friction factor f is a function of Re, the pressure drop of the fuel and the
coolant is expressed as

Apy = 9.2546 x 10* +8.1191 x 10° f(Re) (12.8)
Ap. = 2.3987 x 10° + 4.7677 x 107 f(Re) (12.9)

The exact expression of f(Re) has then to be found. Starting from the Darcy’s
friction factor [DIBLO05, pp.490] is defined as

Dy, Ap*

U e A CVOTE

(12.10)

where Ap* is the piezometric pressure drop over a length L. In reality f(Re) is de-
termined from the Moody’s Chart or evaluated with appropriate correlations. De-
pending on the relationship between f(Re) and the Re number, and also strongly
depending on the Reynolds-Number itself, a value can be determined from the cor-
relation, especially when the coolant and the fuel salt are liquid metals or liquid
metal-alike materials. Some well-known correlations are investigated and plotted as
a function of the Re number in Fig. 12.5 for both fluids.

For fluids in a circular duct,
McAdams [Rus79] (3x10* <Re<10%)  f = 0.184Re %2
6 0.28 2
Pfann [Pfa77, pp.162] (2300<Re<1.668x10%) f=( ———

logRe — 0.82
Drew et al. [nas12, pp.5] (3000<Re<3x10%)  f =0.0014 + 0.125Re 732
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Figure 12.5: Theoretical pressure drop

Taitel & Dukler [TD76] (3000<Re<10°)
Blasius [Blal3] (3000<Re<10°)

f =0.046Re 2
f =0.079Re 02

for fluids in a bundle,

Tourneau [Rus79] (tri p/D=1.12, 3000<Re<10°))
Wantland [TJ79] (tri p/D=1.19, 2000< Re<10"))

f=0.184Re™ 2
f =0.0082 + 90Re 10

Among these relationships, the ones from Pfann, Drew, Taitel and Blasius are spec-
ified for liquid metals [Pfa77|, while other listed relationships can also be used for
other working fluids. It can be seen that for the fuel salt, the expression of f pro-
posed by McAdams is far away from other expressions for Re<1,000,000. The rest
of the expressions have also shown discrepancies for Re< 10,000. At the same time
for the lead coolant the relationships specialized for bundles are far away from the
ones applicable to a circular duct, while other expressions have a cross point before
Re=10,000 and begin to differ just after this point.

As mentioned in the last paragraphs, the theoretical pressure drop of the fluids in the
flow channel for the two-dimensional model can be updated by substituting Eqn. 12.7
with Egn. 12.8 and 12.9. Therefore, with the Re numbers listed in Table 11.1, the
pressure drops can be calculated in advance by using the relationships between f and
Re, or by using the chart data in Fig. 12.5 for the approximation. The calculated
results are listed in Table 12.2, which can be compared later with the simulation
results.

12.2.1.7 Heat Transfer

The heat transfer model deals with conduction heat transfer inside of each material
and convective heat transfer at the interfaces between the fuel salt and the fuel tube
wall as well as between the wall and the coolant.

The convective heat transfer coefficient h for the flow can be expressed in terms of
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Fuel salt Coolant

McAdams/Tourneau | 107 921 822 891
Wantland | 104 626 573 691

Pfann | 100 670 262 414

Drew et. al | 102 225 382 557

Taitel | 102 268 385 867

Blasius | 102 118 373 581

Table 12.2: f — Re dependent pressure drop (Pa)

the dimensionless Nusselt Nu number [TK90a, pp.417| by

Nuk
h=— 12.11

B (12.11)
Depending on the geometry of the flow channel and the features of the flow itself, the
Nusselt number, determines the heat transfer coefficient at the interface fluid-solid.
The definition of the Nusselt number is

(12.12)

where D, is the effective diameter of the flow channel, k is the thermal conductivity
of the material, and h is the heat transfer coefficient. From this definition, it can be
seen that the value of h can be obtained from Eqn. 12.12 and, therefore, Nu needs to
be calculated with appropriate correlations. The Nusselt number can be correlated in
terms of other dimensionless numbers as introduced in the last section [LBO1, pp.439]
and can be expressed in quite a number of forms. Since there are two working liquids,
which is specified as liquid metal or liquid-metal-like fluids, in the DFR concept and
both are in forced turbulent flow conditions, as shown in Table 11.1, the discussion of
the Nu is then divided into two parts focusing on the geometrical differences of their
flow channels with respect to the boundary condition of “circumferentially constant
wall temperature and axially constant wall heat flux” [SB87a, 3.9]:

Gy = Qo (7, 2)
Ty = Tw(r)

With the development of the molten salt reactor, the research on its thermal-hydraulic
features of the molten salt has accumulated many experiments and theoretical anal-
ysis. Since the molten salt in the DFR has a low Pr number smaller than 0.1, it can
be considered as a liquid metal as well. Selected correlations for circular duct flow
are listed below in Eqn. 12.13 to Eqn. 12.20:

Nu = 5.6 + 0.0165Re"85 pr0-86 (12.13)

1.82R 08
Nu =7+ 0.025 | Pe — ° (12.14)

(0.037Rey/f)14
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Name Equation Pr Re Nu h
Chen [CC81] (12.13) 0-0.1 10*-5x10° | 56.75 1.26E5
Dwyer [Dwy63] (12.14) 0-0.1 10*-5x10% | 56.18 1.25E5
Lee [Lee83] (12.15)  0.001-0.02 5103-10° | 8.11 1.80E4
Lubarski [LK55] (12.16) 0-0.1 10*-10° | 27.78 6.16E4
Lyon [Lyo51] (12.17) 0-0.1 104-5x10° | 56.40 1.25E5
Notter [NS72] (12.18)  0.004-0.1  10%*-105 | 50.04 1.11E5
Sleicher [ST57] (12.19) 0-0.1 10*-5x10% | 49.89 1.11E5
Skupinski [STV65]  (12.20) 0-0.1 10*-5x105 | 52.05 1.15E5

Table 12.3: Assessment of Nu number correlations for fuel salt

1 Re
here —= — 1.7372]
where g "1.964InRe — 3.8215

Nu = 3.01Re%0833 (12.15)
Nu = 0.625Pe"* (12.16)
Nu = 7.0+ 0.025P%® (12.17)
Nu = 6.3+ 0.0167Re"85 pr0-93 (12.18)
Nu = 6.3+ 0.016Re*1 Pri-2 (12.19)
Nu = 4.82 + 0.0185 Pe%827 (12.20)

The results of the assessments of these correlations, as well as the comparison of their
application ranges are shown in Table 12.3. A good consistency can be observed for
the models whose application range covers the fuel salt of the DFR. The value of
the Nu number ranges from 49.89(Sleicher(Eqn. 12.19)) to 56.75(Chen(Eqn. 12.13)),
while the heat transfer coefficient ranges from 1.11x10% W/(m?-K) to 1.26 x 10° W/(m?
K). In this work the model from Lyon [Lyo51| was adopted for the rest of calcula-
tions.

The interest in molten salt reactors using liquid metals as coolant has induced a
number of experimental and theoretical investigations to determine the expression of
the most appropriate Nu numbers. The results are always compared to each other,
from case to cas,e in order to evaluate the applicability of the empirical formulas
or fitting expressions. The fundamentals of the experimental and theoretical work
were carried out in the middle and late 20*" century. As summary, Lubarsky and
Kaufman [LK55], Kutalteladze et al. [KBNF58| and the literature from OECD/NEA
[neals| gave detailed introductions to most of the experimental work, while Kirillov
and Ushakov [KUO1] presented a comprehensive review of the studies on liquid metal
coolants in the former USSR back to 1940s. The report from IAEA [iael3] covers
not only liquid lead or lead-bismuth but also other liquid metal and molten salt
coolants. In this work, the assessments of the Nu number is based on the correlations
summarized in the NEA handbook specialized for liquid lead. The heat transfer
correlations for liquid metal flowing along triangular rod bundles with constant heat
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flux are selected as follows:

P P\?
Nu = 24.15log | -8.124+12.76 [ = ) —3.65 ( —

+0.0174 {1 —exp {—6 <g - 1)] } (Pe. —200)%? (12.21)

P P 2 P 0.273
Nu = 0.93 + 10.81 <D> —2.01 <D> +0.0252 <D> (pePer)™®  (12.22)

1.52 0.27

= . Pe. 12.2

Nu 7+38<D> +0027<D) (¢pcPe.)"8 (12.23)
P P
Nu—025+62( ) [032<D>—0007]P08 0.021(5) (12.24)
P 0.38 0.86

Nu = 4. 1 — 12.2

wmsosoas(5) o (£)" (2 12
P
Nu = 6.66 + 3.126 ( ) +1.184 <D> 4 0.0155(p.Pe,)56 (12.26)
Nu = 0.047 {1 —exp [ 3.8 <D — 1)} } (Pe2T 4 250) (12.27)
2 0.55
Nu = 0.58 [2\/5 (P) —1| Pt (12.28)
T D
P P\ 367 /P\" 0.19( 5 )+0.56

Nu=755(=)—-20(= (=) Pe. ‘P 12.2

wmran (B ()8 () 129
P 3.8 Pec 0.86 j2) 5.0
Nu=4.0+0.33 (D> <100) +0.16 <D> (12.30)
where ¢, =1— 1.82

P 14
Pr{exp [0.86411136 —0.24 <D> — 2.12} }

(P/D) is the pitch-to-diameter ratio of the fuel rod bundle which is a fixed value
and can be calculated with the data in Table 3.1.

The results of the assessment of the Nu number correlations is reported in Table 12.6.
The calculated Nu and h are on the right side of the table. The assessment involved
most of the correlations specified for rod bundle geometry. There are some corre-
lations, however, whose application range does not cover the DFR case. They are
already marked with colors. Differences can be clearly observed for the liquid lead
conditions in the DFR concept between the correlations from Kazimi(Eqn. 12.25),
Mikityuk(Eqn. 12.27), Subbotin(Eqn. [SUK*65]) and Westinghouse(Eqn. 12.30),
whose application range covers the DFR case. These have an acceptable consistency
compared to other correlations, though a relative difference of 21%(Kazimi) to the
averaged value still exists. The derived heat transfer coefficient for the liquid lead
ranges then from 2.10x10* W/(m? - K) to 2.99x10* W/(m? - K) for the given DFR
expected temperatures. It was recommended in the NEA report [neal5, pp.701] that,
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Name Equation  P/D Pe Nu h
Borishanskii [Bor69] (12.21)  1.1-1.5 [ 200-2000 | 29.90 6.67E4
Dwyer [neal5|( [DT60]) (12.22)  1.375-10 10-10° | 23.34 5.21E4
Friedland [neal5|( [Fea6l])  (12.23) 1.375-10 10-10° | 25.23 5.63E4
Griiber [neal5|( [GRT2]) (12.24)  1.2-2.0  150-4000 | 148.37 3.31E5
Kazimi [KC76] (12.25) 1.1-14 10-5000 9.41 2.10E4
Maresca [MD64] (12.26) | 1.33.0  70-10" | 23.68 5.29E4
Mikityuk [Mik09] (12.27) 1.1-1.95  30-5000 | 13.38 2.99E4
Subbotin [Mik09]( [SUKT65])  (12.28) 1.1-1.5 80-4000 | 12.47 2.78E4
Ushakov [neal5]( [UZM77])  (12.29) | 1.3-2.0  1-4000 | 18.29 4.08E4
Westinghouse [KC76] (12.30) 1.1-1.4 10-5000 | 12.41 2.84E4
Table 12.4: Assessment of Nu number correlations for liquid lead
Nusselt Number of Liquid Lead Nusselt Number of Fuel Salt
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Figure 12.6: Temperature dependent Nu number of both liquids

after the comparison, the correlation from Mikityuk [Mik09] is suitable for the design
purposes due to its wider range and the best statistical results. Therefore in this
work all the Nu number used in the simulations are calculated with Eqn. 12.27.

The values in the tables above are calculated for a certain bulk temperature of the
fluids. For the total temperature range, the change of the Nu number is plotted
in Fig. 12.6. It can be seen that for the fuel salt, there are still some correlations
yielding similar results to the Lyon correlation, namely Chen, Notter, Stleicher and
Skupinski, among which the Nusselt Number calculated by Chen agrees the best with
Lyon from 1300K to 1600K. For liquid lead, the curve calculated by Westinghouse
and Subbotin have a good consistency with the seelcted Mikityuk correlation.

Other parameters used in the heat transfer model are included in Table 12.5.

12.2.1.8 Wall Function

In the model describing turbulence, the wall function for the so called “near-wall”
modeling approximates the physics of turbulence in the near wall region. The wall
function has a significant impact on the numerical simulations, since the turbulent
flows are affected by the “no-slip” wall condition. Because of continuity, the velocity
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Fuel salt Coolant ‘ Unit
T; 1200.0 977.0 K
Tout 1400.0 1200.0 K
Pheat,—wall 1.9359 1.4774 | MW /m?
h 9424.8  74144.0 W/(m?K)

Table 12.5: Extra model parameters related to flow properties

of the fluids at the wall has to be 0, while in the center of the duct the fluid velocity
reaches its maximum. In the boundary layer development the velocity of the fluids
is dragged by the wall and large gradients appear, affecting the flow turbulence
characteristics. Thus, for a detailed thermal-hydraulic analysis the boundary layer
has to be considered in detail and the impact of various models of wall functions on
the fluid needs to be investigated.

Generally, a wall function is defined by means of dimensionless variables. In the case
of turbulent flow in a circular duct, the velocity of the flow and the distance to the
wall can be non-dimensionalized as follows [LS74]:

ut = —2 (12.31)
Tw/p
yt =y Twll _ Tl (12.32)
v o

where u is the free stream velocity, y is the distance to the wall, and 7, is the wall
shear stress. For the different layers, the relationship between u™ and y™ can be
shown to be

yt <5, vt =y* (12.33)
5<yt <30, ut =-3.05+5.0lny" (12.34)
yt > 30, ut =55+ 2.5y (12.35)

Eqgn. 12.33 to Eqn 12.35 describe the sublayers in the boundary layer near the wall:
laminar sublayer, buffer sublayer and turbulent core.

In COMSOL the wall function is simplified to have the same logarithmic form as
Eqn. 12.35 [COM15, pp.149| [FBAT11, pp.6|:

1
u" = ~Iny" + B (12.36)
K

where k is the Kdrmadn constant set to default value 0.41 and B is a constant set to
5.2 by default.

ANSYS provides two kinds of related wall functions which are Standard Wall Func-
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Figure 12.7: Comparison of wall functions

tion and Enhanced Wall Function with the following expressions

Standard uT = In(9.793y™)

~0.4187
= 5.4494 Iny™ 12.37
t 0T (12.37)
Enhanced u' =elu + el/Fu;;Tb (12.38)
+\4
where T = 201"
1+ 5yt

In Eqn. 12.38 v, . is actually Eqn. 12.33 while v} , is Eqn. 12.35. It means that
the Enhanced Wall Function describes the boundary layer in one formulation with
a blending function I'. In Fig. 12.7 all the mentioned wall functions are plotted
and compared. The relationships describing the laminar sublayer and the turbulent
core have good consistency when y™ < 5. In the buffer sublayer the curves begin
to diverge and finally behave quite differently. The wall function used in COMSOL
is identical to the Standard Wall Function in FLUENT, which matches u:;Tb when
yT > 30. The Enhanced Wall Function then shows a good agreement with u;;m in
the laminar sublayer and with u;”b in the turbulent core. In the turbulent core
(y* > 30) all the wall functions are consistent.

In order to estimate the value of y™, y and 7, in Eqn. 12.32 should be evaluated.
The wall shear stress 7, can be calculated by

1 2
Tw = Cf ) iprreestream

while Cy known as Fanning’s friction factor [DIBL05, pp.490], or skin friction coef-
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Figure 12.8: Force balance of a fluid control element in the duct with constant cross-
sectional flow area

ficient, is defined for a fully developed flow through a closed duct as

Tw
Cy = T

9 prreestream

It seems to be only the derived form of the previous formula. however, it is based on
a force balance in a typical control volume of the fluid inside of a duct with constant
flow cross sectional area (Fig. 12.8), and can be written as

Ap*A
o SL _ 1D Ay
/ (1/2)pr2reest7"eam 4 L (1/2)pUJ%Te€St7"e“m
1
= Zf

where f the Darcy’s friction factor has been estimated in the previous Sec. 12.2.1.6.
The value of y can be determined in the mesh by the appropriate size of the first
mesh cell adjacent to the wall.

Since the Enhanced Wall Function performs better with the k-e turbulence models
and yields more physically reasonable results [ANS13, pp.114]|, the realizable k-€ tur-
bulence model with the Enhanced Wall Function was finally selected as the reference
model for all the calculations.

12.2.2 Three-Dimensional Model

This section presents the three dimensional fluid dynamic analysis of the flow in
the DFR system. In addition to the two-dimensional axis-symmetric model a three-
dimensional equivalent cylindrical model was investigated. In order to compare the
equivalent model and the original hexagonal geometry, the original hexagonal pris-
matic cell was also modeled and used for simulations. For the DFR concept the
most interesting parts from a thermal-hydraulic point of view are the hexagonal
fuel-coolant fluid channel and the tube layout in the inlet and outlet plena. Because
of the complexity of the reactor, especially the large number of fuel tubes, the needed



154 CHAPTER 12. SINGLE CELL ANALYSIS

computational resources can be tremendous fro a full core simulation and can not
be fulfilled in this work. In consequence, a simulation of the whole reactor is not
possible and has to be for the future.

The simulation of the flow with the three-dimensional model was carried out with
FLUENT in steady-state by using the pressure-based solver. In the FLUENT mod-
eling options, the Energy equation was enabled in order to compute the temperature
profile of the fluids and to perform the heat transfer calculation. The realizable k-
epsilon equation was adopted for the analysis of turbulence, as discussed before.
Because in the simulations the heat transfer between fluids and structure is impor-
tant, the Enhanced Wall Treatment, and Thermal Effect of the wall were included,
together with the coupled system for the heat transfer calculation between the solid
and fluids.

The calculation with COMSOL was also set as a three-dimensional stationary heat
transfer problem conjugated with Turbulence Flow, k-e and Heat Transfer in Solids
physics.

12.2.2.1 Geometry

The structure of the fission zone as well as the fuel salt tube has already been
discussed several times previously. In this section the analysis is carried out with
two basic geometries. One of then is the equivalent cylinder model following the
two-dimensional equivalent symmetric cylindrical model, which rotates around the
symmetric central axis. The other one is the original hexagonal cell.

12.2.2.2 Mesh

For a sufficient precision of the calculation and with the consideration of calculation
resources, some mesh parameters were selected to reduce the computational burden,
instead of using the ANSYS-default mesh parameters. Since all the structures in
the model are actually connected as a whole, in ANSYS Assembly Meshing instead
of Part/Body Meshing was selected for nodalization. For the assembly meshing the
CutCell algorithms, with a wide use, were selected. The detailed mesh information
is listed in the discussion of each simulation results.

12.2.2.3 Power Profile

The heat generation in the three-dimensional calculations was simplified to follow the
fluid with an appropriate power profile instead of the calculating the fission power.
The power profile has the same form as taht use for the two-dimensional model in
Sec. 11.2.2.2 by replacing the two-dimensional coordinate y by z:

Piotai Tz
P(z) = 2.22c0s [ ) +3.1 12.
(2) = 114 [ o8 (H+ 5) 3 6} (12.39)
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Figure 12.9: Layout of the three-dimensional model

12.2.2.4 Velocity Profile

Based on the velocity profile in Sec. 12.2.1.5 for the two-dimensional model, the
proper velocity profile for the three-dimensional model could also be developed. For
the equivalent cylindrical geometry the velocity profile is presented by replacing x
with

r =%+ y?

in the two-dimensional velocity profile in Eqn. 12.4 and Eqn. 12.5:

0.00725 — -\ /"
= 150 s oo T} 0 < < 0.00725 12.40
v(r) = 150y 1 < 0.00725 ) 0=r=000 (12.40)

() =15 r — 0.0095
Ve\T) = 1.0,
¢ w9\ 0.01155 — 0.0095

1/7
> . 0.0095 < 7 < 0.01155 (12.41)

12.2.2.5 Boundary Conditions

Based on the model described in the last section, the boundary conditions describing
both fluids at the entrance of the DFR were set to velocity terms and the ones at
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Cylinder  Hex Prism Unit

-Dhydraulic,fuel 14.5 6.4 mm
Dhydraulic,coolant 4.0 40.0 mm
ﬂn,coolant 977.0 K
Tout,coolant 1200.0 K
ﬂn,fuel 1200.0 K
Tout,fuel 1400.0 K
(bheat,fuelawall 1.9359 MW/m2
¢heat,wall—>coolant 1.4774 MW/m2

Table 12.6: Extra model parameters related to flow properties

the exit to pressure terms for initialization. Because the pump was not considered in
the system, a relative pressure drop instead of the precise pressure value was input.

Since all the models have two symmetry planes, the  — z plane and y — z plane, the
faces on the symmetry planes are defined as symmetry boundaries. All the boundary
conditions at the solid structure were set to heat transfer or coupled system. At the
core inlet the boundary condition contained definitions on fluid velocity and initial
temperature distributions, while at the outlet the pressure remained as default with
a value of 0, and the temperature was set to an initialized outlet temperature. The
flow and boundaries conditions are listed in Table 12.6.

12.3 Results

12.3.1 Steady State

The steady-state results of the single fuel cell demonstrate the thermal-hydraulic
characteristics for the given boundary conditions. In this case, the flow in the axial
direction and the temperature profiles of the fuel salt and the liquid lead at the
exit of the cell are investigated. The relative pressure drop over the entire fuel
cell is also examined and compared with the theoretical calculation carried out in
Sec. 12.2.1.6. The design velocity is also validated by considering a parabolic velocity
profile. Attention is also paid to the density change of the fluids as a reult of the
temperature distribution.

From the analysis of the results some interesting points can be made. First, the
geometry used for the steady-state simulation was the equivalent two-dimensional
axis-symmetric model and the three-dimensional cylindrical model. Second, the
mesh type of the geometry was prismatic for both codes in the two-dimensional
case and for FLUENT in the three-dimensional case, while it was tetrahedral for
COMSOL in the three-dimensional case. The model was meshed with the maximum
number of mesh elements that the computation power could handle. Third, the
simulations with FLUENT used the realizable k-e¢ model with enhanced wall function
while the ones from COMSOL used the default k- model with default wall function,
as already explained in Sec. 12.2.1.4 and 12.2.1.8. The rest of the relevant settings
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Dimension 2D 3D
Calculation tool | COMSOL FLUENT COMSOL FLUENT
Series Nr. (S1) (52) (S3) (S4)
Geometry | equivalen axissymmetric equivalent cylinder
Turbulence model | default k-¢  realizable k-e | default k-¢  realizable k-¢
Wall function default enhanced default enhanced
Mesh type quadrangle tetrahedral  quadrangle
Mesh elements 317 555 240 037 3 406 285 3 558 205
Mesh ave. quality 0.78 0.58 0.26 0.65
Velocity Profile parabolic parabolic

Table 12.7: Cases in the steady state analysis

and parameters used for the analyses are listed in Table 12.7.  The results are
plotted in Fig. 12.10 and 12.11 for the axial and radial directions respectively. The
plots show the values of the selected variables on the left vertical axis and the relative
differences referred to Case S2 on the right vertical axis. The horizontal axis shows
the axial coordinate from entrance to the exit of the single cell in Fig. 12.10 and
shows radial coordinate form the center of the single cell to the outer boundary in
Fig. 12.11. The values of the variables are plotted with solid lines while the relative
differences are plotted with hollow circles. In Fig. 12.12 rainbow diagrams of the
results generated by COMSOL are shown. The rainbow diagrams represent both
two- and three-dimensional models by rotating the two-dimensional model around
its symmetry axis. In order to display details on the page with limited size, the
y(2D)- or z(3D)-direction is scaled to the 0.01 times the origin.

In Fig. 12.10, for the temperature of both fluids, T}, r reaches 1400K /1409K /1410K /
1418K (S1/S2/S3/S4), which have relative differences d, smaller than +0.8%), while
Tout,c reaches 1201K/1214K/1198K/1210K (S1/S2/S3/S4) with d, ranging from -
1.30% to 0.12%. The consistency of the values from the different cases is satisfac-
tory. The quasi-linear curve describing the coolant temperature reveals that the heat
transfer between the fuel tube wall and the coolant is saturated from the entrance
of the fuel tube under the given power profile condition, which is not a linear curve.
The curve of the fuel temperature tells the same story, that from the entrance of
the fuel cell to the position of 0.7m the heat transfer behaves linearly, while, after
0.7m Ty, it has a steeper rise (150K /m) compared to the temperature rise in the
first 0.7m (71K /m) for the fuel salt and (95K /m) for the lead coolant. The heat
transfer between the tube wall and the coolant in this case works well, so that the
temperature profiles of both materials are parallel. Near the outlet (from 1.7m to
2.4m) the temperature rise slows down in the fuel salt, which corresponds well with
the power profile introduced in Sec. 11.2.2.2.

The pressure drop of the fluids also shows acceptable consistency. It can be observed
that the pressure drop in the coolant is much larger than the fuel salt 5.189/5.160/4.933 /5.581 x 10° Pa (S1/
The relative difference d, for the fuel salt in most of the region falls within -0.7%~3%
and for the coolant the range is larger with -4%~7%. Comparing the results with
the theoretical analysis reported in Table 12.2, it can be found that among all the
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Figure 12.10:
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Figure 12.11: Steady state model performance (radial)

listed f — Re relationships, for the fuel salt the one from McAdams has the best con-
sistency with the results (dy resuits <6.00%), while for the coolant, the results match
better the pressure drop calculated with the f — Re relationship from Wantland
(dy results <14.00%). Based on this observation the f — Re relationships considered
underestimate the pressure drop in the fuel salt, but for the coolant, especially for
relationships (only the ones from Tourneau and Wantland) specified for fluid in a
bundle, they overestimate the pressure drop in the liquid lead.

The velocity profiles of both fluids have a close relation to the change of the tempera-
tures. The velocity profiles used at the entrance are parabolic, which is considered as
fully developed velocity profiles. However, the axial velocity of the fluids experiences
noticeable oscillations at the entrance. Afterward, the velocity increases since the
temperature of the fluids also increases, and the density, therefore, decreases. More-
over, at about 0.7m a change in behavior can be found in all the velocity curves,
which is caused by the accelerated temperature rise. At the exit of the single cell,
the velocity of the fuel salt has reached 1.837/1.869/1.869/1.942m/s (S1/S2/S3/54),
while that of the fluid has reached 4.076,/4.099/4.062/4.108m/s (S1/52/S3/S4). The
relative difference of the velocities for the fuel salt lay between -2.00% and 4.00%,
while for the coolant, the relative difference is much smaller, less than £1.00%.

The density of the fluids is directly related to the temperature of the fluids, which
can also be seen in the figure. Because of the rise of the temperature, pyy, ¢ falls from
4961kg/m3 to 3370,/3300/3295/3226kg/m?> (S1/S2/S3/S4) while poyt . decreases from
10191kg/m3 to 9904 /9888/9909/9893kg/m3 (S1/S2/S3/S4) with a d, within +2.00%
for the fuel salt and 0.05%~0.20% for the coolant. The expression of the density
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Figure 12.12: Steady state model performance (rainbow)
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listed in Table 3.4 ensures that the difference in the temperature and that in the
density has the same order of magnitude.

Generally speaking the results from different cases have the satisfactory consistency.
However, for the pressure drop the relative difference is much larger than others,
but this is fully to be expected. In the previous modeling and theory review in
Sec. 12.2.1.4 it has been found that between the turbulent models, the model used
by FLUENT has a bouyancy term more than that used by COMSOL. Yet does this
bouyancy term have nothing to do with this discrepancy on the pressure drop, since
S1 and S3 as well as S2 and S4 use the same model but actually they differ the
most in the case of the pressure drop. The “consistency” between S1 and S2 can
also be seen as “coincident” since in most all the properties the change of values of
three -dimensional models (S3/S4) are higher than that of two-dimensional models
(S1/S2) except for the pressure drop in the fuel salt, and the results from FLUENT
(52/S4) are higher than that from COMSOL (S1/S3) except for the pressure drop
in the coolant.

In Fig. 12.11 the radial aspect of the results is compared. The data presents the
values in the middle of the single cell. From the figure of the temperature and the
velocity, the radial distribution of the fluid can be observed. At the near wall region,
the drop of the value shapes the large gradient under the rule of the wall function.

12.3.2 Sensitivity

Though the steady state of the fuel channel is simulated, in order to characterize the
system with the simulation results, some variables are selected to carry out sensitivity
analysis. Based on the previous theoretical analysis, the wall function, the mesh
settings as well as the turbulent model are chosen from various possibilities. When
the fuel salt itself of the DFR is recalled, its properties are based on assumptions
and approximations. Therefore it is necessary in this work to evaluate the impact
on the performance of the thermal-hydraulic design, which relies on these variables.
Analog to the steady state analysis, the following variables temperature, pressure,
velocity and density are chosen to describe the system.

Asinvestigated in the steady state analysis, the models with two- and three-dimensions
have shown satisfactory consistency, which means that with the two-dimensional
model the simulation can produce the desired results with less computational power
and time. Therefore, in the sensitivity analysis below, except for the case that com-
pares the results between the two geometric approaches, all comparisons have made
used of two-dimensional models.

12.3.2.1 Velocity Profile

The purpose of the comparison of the velocity profile used in the models is to evaluate
the necessity of establishing a parabolic velocity profile at the entrance of the single
fuel cell and the differences in the results with a uniform velocity profile. This
later profile sets the radial velocity inside the flow channel to the mean velocity of
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Dimension 2D
Calculation tool COMSOL FLUENT
Series Nr. (V1) (V2) (V3) (V4)
Geometry | equivalent axis-symmetric | equivalent axis-symmetric
Turbulence model default k-¢ realizable k-e
Wall function default enhanced
Mesh type quadrangle quadrangle
Mesh elements 317 555 240 037
Mesh ave. quality 0.78 0.58
Velocity Profile | uniform parabolic uniform parabolic

Table 12.8: Cases in the sensitivity to the velocity profile analysis

the fluid, while the parabolic velocity sets the radial velocity distribuiton with a
parabolic shape. This shape can be considered as the approximated form of the fully
developed flow. The theoretical calculations carried out in Sec. 12.2.1.5 have shown
that the possible differences resulting from these profiles at the exit of the single
fuel cell can be small enough to be accepted, since the flows have reached their fully
developed form at about one fifth of the length of the fuel cell. The comparison is
carried out with the two-dimensional models with prismatic meshes. The remaining
model options an parameters are listed in Table 12.8. It has to be pointed out that
V2 and V4 taken as the reference in this Section correspond to Cases S1 and S2 in
the steady-state analysis.

The comparison of the results from both axial and radial directions are displayed in
Fig. 12.13 and 12.14. The meaning of the axes is the same as that in the steady-
state analysis, while in the sensitivity analysis to the velocity profile the reference
Case is V4, which corresponds to the reference steady-state Case S2. In this section,
the actual value of the variables will not be given since they were already given in
the steady-state analysis, and these new curves can be compared with the reference
values in both analysis. The radial results show values of the variables at the exit
(for pressure drop at the entrance) of the single fuel cell, not in the middle of the
cell as in the steady-state case.

The axial plots in Fig. 12.13 show similarity to the steady-state ones in that the re-
sults from FLUENT (V3/V4) present generally larger values than those from COM-
SOL (V1/V2), which can be especially observed in the temperatures, velocities and
densities (reversed).

In the plot of the fuel salt velocity, the bundle of the curves obtained by using a uni-
form velocity profile is quite noticeable. They are cause by flow development inside
of the flow channel. After 0.60m from the entrance, the velocity curves (V1/V3) of
the fuel salt using uniform velocity profile become parallel to the curves (V2/V4)
with parabolic velocity profile, which means that the flows in V1/V3 are fully de-
veloped. However, the value of the velocity shows discrepancies compared to the
reference results (V4). The relative difference d, of the results with uniform velocity
profile (V1/V3) reaches from 3% to 5%, while the d, of the results from COMSOL
but with parabolic velocity profile (V2) stay within 0%~-2%. The coolant velocity
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Figure 12.13: Sensitivity to velocity profile. Comparisons (axial)
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Figure 12.14: Sensitivity to velocity profile. Comparisons (radial)

has a similar behavior, though it is not so clear. The d, of V1 and V3 are around
-2.5% and -1.7% respectively, while the one of V2 is smaller than -1%.

In other diagrams this is not as significant as in the diagrams of the velocity. In
the diagram of the fuel temperature the lump caused by the velocity development
has also appeared, but the differences between the results do not particularly reflect
the two velocity profiles. For temperature, pressure drop and density, the relative
differences between the results at the exit (for pressure drop at entrance) are of the
same level as that in the steady-state. For some properties, the relative difference is
even smaller.

The same phenomena can also be found in radial plots in Fig. 12.14. The range of
the d, of the velocity becomes larger, while the ranges of all other d, stay the same
(temperature, density) or decrease to a smaller range (pressure drop).

Finally, it can be said that the parabolic velocity profile gives the flows a fully
developed state, which can also be achieved with a uniform velocity profile, as long
as the length of the flow duct is enough. But the parabolic velocity profile provides
a more accurate value of the velocity. Other properties appear not to be strongly
effected by the different velocity profiles. Considering the relative differences between
the results, the replacement of a parabolic velocity profile by a uniform one is possible
and acceptable for a preliminary analysis of the flow in the DFR fuel cells.
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12.3.2.2 Wall Function and y™

As mentioned in Sec. 12.2.1.8, a special wall function treatment is needed for the
turbulent models that resolve the thermal-hydraulic interaction between the fluid
flow and the tube wall. Not only does the mesh structure matter for the turbulence
analysis, but also the size of the first mesh cell closest to the wall surface brings
significant effects [CT06]. The turbulent model and the wall function are so tightly
related that they should be considered together. Therefore, the assessment of effect
of the value of y™ also discusses the effect brought in by the turbulence models and
the wall functions.

The first mesh’s y* size is investigated inside of the range from 1 to 100, which
corresponds to an actual distance to the wall of 0.00403-(1 ~ 100)mm for the U-
Pu fuel salt and 0.00136-(1 ~ 100)mm for the liquid lead. However, yT is closely
related to the wall treatment, so in this study the turbulence model, as well as, the
wall function used are also taken into consideration. The whole plan for the study
involving the turbulence models and wall functions is shown in Table. 12.9. The data
set Ay010re is actually the same data set as Cases V4 or S2 in previous sections and
served as reference for the y™ analysis.

Model \ y* 1 10 100

FLUENT standard k-e, standard wall function | Ay001ss Ay010ss Ay100ss
FLUENT standard k-¢, enhanced wall function | Ay0Olse Ay010se Ay100se
FLUENT realizable k-¢, standard wall function | Ay00lrs Ay010rs Ayl100rs
FLUENT realizable k-¢, enhanced wall function | Ay0Olre Ay010re Ayl100re

COMSOL k-¢, wall function Cy001 Cy010 Cy100

Table 12.9: Simulation design for y* investigation

In the first evaluation the data sets on the fourth and fifth row of the table are selected
to estimate the differences between the results of the cases using the realizable k-e
model and enhanced wall function (for FLUENT), which are plotted in Fig. 12.15.
This evaluation focuses only on the cases with the most accurate models, thus reduce

their influence, so that the effect of different values of y* is significant enough to be
identified.

The results show that, far a give turbulence model used, among the FLUENT results,
those with y™=10 and y™ = 100 are much closer to the results of y*=1 for most
of the investigated flow properties for both fuel sat and lead coolant. Among these
properties the turbulent kinetic energy and the flow velocities appear to have strong
dependence on the y™ value, which is reasonable based on the definition of the y™.
The relative difference between y™=10 and y*=100 is small enough to be neglected
while the relative difference with y™=1 is quite noticeable, as for the turbulent kinetic
energy d, reaches -5.0% in the fuel salt and -32% in the coolant lead, while for
the velocity the relative differences are around 1.0% for both fluids. The results
calculated with COMSOL show the a similar patters, which confirms the validity
of the calculation. However, the COMSOL results demonstrate fewer differences
between the different y™ cases, a can be observed directly in the diagram.
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Figure 12.15: Selected y™ results on axial distribution of flow properties
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Figure 12.16: Completed y™* results on axial properties



168

yplus Comparison - Fuel

—TKE
Ay001ss
Cy100 s50% A Ay001se
Cy010 ’ Ay001rs

Cy001 Ay001re
Ay100re Ay010ss
Ay100rs Ay010se
Ay100se Ay010rs
Ay100ss Ay010re

T

—rho

CHAPTER 12. SINGLE CELL ANALYSIS

yplus Comparison - Coolant
- - TKE

- =rho

Figure 12.17: Relative differences of y* results in axial distribution of properties



12.3. RESULTS 169

The complete comparison for all the cases listed in the table for both fluids is shown
in Fig. 12.16. Different combinations of turbulence model and wall function configu-
rations have been marked with colors, while y* cases are distinguished by changing
the line styles from solid line to dotted line. From the direct observation of the figure,
without the detailed numerical comparison, it is revealed that first, from the point of
view of the two codes tools FLUENT and COMSOL, based on the investigated cases
and given settings, the results given by the two codes are closer in the fuel salt than
in the lead coolant. The curves join together the fuel salt, while in the lead coolant,
the curves calculated by COMSOL stay apart from those of FLUENT. Second, from
the point of view of y*, the phenomena observed in the last section proves to be
applicable to all the turbulence and wall-function combinations and the results with
y+t=1 deviate from the results with y™=10 or y™=100.

The relative differences in the results are plotted in the form of radar chart in
Fig. 12.17. The charts on the left side indicate the relative differences in the fuel
salt flow properties, while the charts on the right side are for the lead coolant flow.
The charts on each row present one property.? From these charts, the phenomena
observed in Fig. 12.16 can be clearly explained. The most significant characteris-
tic in all the charts is the peak pointed to Ay001ss, which means that the value of
Ay001ss deviates the most from the reference value of Ay010re. This can be easily
understood as these two cases are too different regarding the turbulence model and
the wall-function, and even the y* value. The second noticeable point is the saw-
tooth formed curve on the right side of each chart, which covers the data points from
Ay001ss to Ay010re. The periodic fluctuations tell that the cases with the same wall-
function configurations have closer results than the cases with the same turbulence
models, or, that is to say, the wall function has more impact on the flow system than
the form of the turbulence models or the value of 4. On the left side of each chart,
the CyXXX series and Ay100xx series form two plateaus inside of which the values
of a given property are relative close to each other. It means that for Ay100xx series
the value of y* has overcome the difference introduced by the turbulence model and
the wall function, while for the CyXXX series, it is just the opposite.

After the comparisons discussed above, it can be concluded that for the fuel salt flow
the various turbulence models do not introduce significant differences in the results.
Contrarily, the wall function, as well as, the value of y™ yields discrepancies, which
can be seen in Fig. 12.7. When y™=1 the difference of the u™ value obtained with
the Standard Wall Function and the Enhanced Wall Funcilion can be up to ca. 5,
and when yT=10 the difference is reduced to 2~3. When y™=100 the two functions
overlap. However, for the lead coolant the wall function is decisive. The figures have
shown clearly that for some flow properties the results can be distributed across
a wide range. Surprisingly, when considering the results from different codes, the
results from COMSOL are generally close to the results calculated with FLUENT
Realizable k-e turbulence model and Enhanced Wall Function, though the configu-
ration in COMSOL itself is labeled as Standard k-e¢ turbulence model and Standard
Wall Function. If the expression of the COMSOL models is recalled, the formulation
of this model can be found just between the FLUENT Standard k-e¢ and Realizable
k-e turbulence model.

2TKE is short for “Turbulence Kinetic Energy”
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Calculation tool FLUENT
Dimension 2D
Series Nr. | (M1) (MO) (M2)
Geometry equivalent axis-syminetric
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