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Niquitoa

An nochipa tlalticpac,
zan achica ye nican.

Tel ca chalchihuitl no xamani,
no teocuitlatl in tlapani,

no quetzalli poztequi.
An nochipa tlalticpac,

zan achica ye nican.
- Nezahualcoyotl

1402 - 1472

Yo lo pregunto

No para siempre en la tierra,
sólo un poco aqúı.

Aunque sea de jade se quiebra,
aunque sea de oro se rompe,

aunque sea de plumaje de Quetzal se desgarra.
No para siempre en la tierra,

sólo un poco aqúı.
- Nezahualcóyotl

1402 - 1472

I wonder

Not forever on the earth,
just for a while in here.

Even jade shatters,
even gold breaks,

even Quetzal feathers tear.
Not forever on the earth,

just for a while in here.
- Nezahuacoyotl

1402 - 1472



Abstract

The increasing world energy consumption, and the environmental problems related
to current fossil fuel energy sources, has brought interest to new nuclear reactor designs
as possible solutions. One of these reactors is the High Temperature Reactor (HTR),
which consists of a randomly packed bed of fuel pebbles that are cooled by helium. The
HTR has proven in the past, with several demonstration plants, that it is an inherently
safe reactor, capable of removing the decay heat by passive means in case of loss of
active cooling accidents. The use of Thorium as nuclear fuel is an attractive alternative
because of its abundance in nature and less production of minor actinides in the nuclear
waste, which makes it a more sustainable alternative to uranium fuels. An important
question about the HTR technology is to investigate if its inherently safety features will
remain when it is fueled entirely with thorium.

In order to answer this question in this thesis work, different core models were de-
veloped to study the neutron multiplication factor and the reactivity coefficients of a
Thorium-fueled HTR, to understand the reactor response to changes in the core temper-
atures. The reactivity coefficients were obtained for different fuel pebble compositions
and for different temperature changes in the fuel, moderator and reflector to study their
reactivity contribution. The safety analysis includes the study of these reactivity coef-
ficients during possible situations encountered during the operation of the HTR, such
as fuel burnup, different amount of moderator pebbles and a water ingress accident sce-
nario. In addition, the reactivity coefficients will be tested in a simple dynamic model
of an HTR core, to investigate their capabilities for compensating perturbations in the
operational parameters of the reactor core, such as helium temperature and pressure or
reactivity insertions.

The results of this thesis show that with a proper selection of the fuel composition
and other reactor parameters, it is possible to design a thorium-fueled HTR that will
maintain the inherently safety features tested in this thesis. The reactivity coefficients
are capable of achieving a normal and safe reactor operation, and are also able to com-
pensate for perturbations in the main reactor parameters.



Nomenclature

Abbreviations

AVR Arbeitsgemeinschaft VersuchReaktor

BONAMI BONarenko AMPX Interpolator

CENTRM Continuous ENergy TRAnsport Module

CSAS Criticality Safety Analysis Sequence

ICE Intermixed Cross sections Effortlessly

INES International Nuclear Radiological Event Scale

INET Institute of Nuclear and New Energy Technology

HTGR High Temperature Gas-cooled Reactor

HTR High Temperature Reactor

HTR-PM High Temperature Reactor Pebble-bed Module

HTTR High Temperature engineering Test Reactor

IEAE International Atomic Energy Agency

JAERI Japan Atomic Energy Research Institute

MATLAB Matrix LABoratory

ODE Ordinary Differential Equations

ORIGEN Oak Ridge Isotope Generation

ORNL Oak Ridge National Laboratory

PMC Produce Multigroup Cross sections

RNSD Reactor and Nuclear Systems Division

SCALE Standardized Computer Analysis for Licensing Evaluation

THTR Thorium High Temperature Reactor

TRISO TRI-ISOtropic

VTHR Very High Temperature Reactor

WAX Working libraries AjaX
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Symbols

C
[

J
KgK

]
Specific heat

Cp

[
J

KgK

]
Specific heat (at constant pressure)

c - Precursor concentration

D [m] Reactor core diameter

d [m] Fuel pebble diameter

f - Thermal utilization factor

G
[
Kg
s

]
Mass flow

H [m] Reactor core height

h
[
J
Kg

]
Specific enthalpy

K
[
W
mK

]
Thermal conductivity

Keff - Effective multiplication factor

K∞ - Infinite multiplication factor

m [Kg] Mass

n - Neutron density

nr - Normalized neutron density

Nu - Nusselt number

P [Pa] [Bar] Pressure

Pr - Prandtl number

PFNL - Fast non-leakage probability

PTNL - Thermal non-leakage probability

PNom [W] Nominal reactor Power

p - Resonance escape probability

Q [W] Heat flow

Re - Reynolds number

T [K][◦C] Temperature

t [s] Time

V
[
m3
]

Volume

W [W] Work
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Greek letters

α
[
W
m2K

]
Heat transfer coefficient[

1
K

]
Reactivity coefficient

β - Delayed neutron fraction

γ - Leakage ratio

ε - Fast fission factor

ε - Porosity

η - Reproduction factor

Λ [s] Neutron generation time

λ - Decay constant

µ [Pa s] Dynamic viscosity

ξ - Pressure loss coefficient

ρ
[
Kg
m3

]
Density

- Reactivity

Subscripts

in Inlet 1 Lower plenum

out Outlet 2 Lower header

c Core 3 Riser

f Fuel 4 Upper header

m Moderator 5 Downcomer

r Reflector 6 Outlet header

ss Steady state
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Chapter 1

Introduction

1.1 World energy consumption

At present time, energy has become a fundamental part of our industrialized society.
It allows economical and technological development and, therefore, it provides higher
living standards for the population. In the past decades there has been a continuous
increase in energy demand, strongly related with population and economical growth. By
the year 2008, our energy requirements had reached 473EJ per year worldwide. This
includes electricity and liquid fuel necessities [1].

Future energy demand is expected to keep growing. The energy demand projection,
based on a reference scenario, expects a final energy demand of 570EJ by 2050, assum-
ing no significant changes in that time [2]. This increase will be mostly in developing
countries and it will correspond to ∼85% of the total 9.3 billion population by the year
2050 [3].

Today, more than 80% of all the energy generation comes from burning fossil fu-
els (i.e. oil, coal and gas), as shown in Figure 1.1. The rest of the energy is supplied
by renewable sources (∼13%) and nuclear energy (∼6%). To supply the future energy
demand, most industrialized and developing countries will still rely on fossil fuels due
to its abundance. Nevertheless, if this energy strategy is maintained, it would require
the installation, during the next two decades, of as much power generation capacity as
the total installed in the 20th century. That means one 1000MW plant every 3.5 days [1].

Fossil fuel power plants are related with environmental pollution of water, air and
soil, and to public health hazards. They produce large emissions of carbon monoxide
(CO), carbon dioxide (CO2), sulfur oxides (SO2 and SO3), nitrogen oxides (NO and
NO2), volatile organic materials (soot and ashes), and heavy metals like mercury. At
present, the combustion of fossil fuels accounts for most of the atmospheric pollution,
and nearly 90% of the total greenhouse gas emissions (mainly CO2), which is related
with global warming. The extrapolated energy-related emissions of CO2 by the year

1



Figure 1.1: World total primary energy supply 1

2035 will be 36.4Gt, corresponding to a 20% increase from 2005 emissions (30.4Gt).
This tendency will result in a long-term global temperature increase of more than 3.5◦C
[2].

To build a sustainable society it is essential to mitigate our CO2 emissions, espe-
cially from energy generation, to avoid putting at risk the progress and living conditions
of future generations. The enormous challenge of creating a sustainable energy sup-
ply requires gradual, but effective, changes in the world energy structure in the coming
decades. The efforts should focus in lowering the energy consumption, efficient energy
conversion, transmission and use, and development of alternative energy sources with
low greenhouse gas emissions. Any sustainable energy sources, including hydro, wind,
solar, biomass, geothermal, as well as nuclear power, produce low greenhouse gas emis-
sions, being one or two orders of magnitude lower than fossil fuels.

According to the International Atomic Energy Agency (IAEA), the complete nuclear
fuel cycle (from mining to waste disposal) produces 30g of CO2 per KWh, this is only
50% of the CO2 produced by wind power, 10% from solar PV and ∼ 3.5% from coal-
burning plants [1]. In Figure 1.2 the comparison of CO2 emissions for different energy
sources is shown. Only hydropower has lower life cycle greenhouse gas emissions than
nuclear power. The current operation of nuclear power plants saves 10% of total CO2

emissions from the word energy use, about 2.5 billion tones per year. Under normal
operations nuclear power plants produce almost no air pollutants, only small quantities
of radioactive gas are regularly emitted, under controlled conditions, with no significant
threat to the environment or the population.

In 2009, there were 463 nuclear power plants in operations with a total net capacity
of 372GWe (2700TWh per year), 45 nuclear power plants were under construction and

1Science Magazine. 9 February2007, Vol. 315 no. 5813 pp. 808-810
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CHAPTER 1. INTRODUCTION 3

Figure 1.2: CO2 emissions per KWh per energy source

131 were under planning. Nuclear power plants produce 16% of the global electricity
generation, and it keeps growing at a modest rate of 1% per year [4]. The nuclear elec-
tricity share per country ranges from 76%, in France, to 2% in China. In the European
Union (EU), 15 countries have nuclear power plants, and it accounts for 32% of the
total electricity production, corresponding to 66% of the total carbon-free electricity
generated. Although most of the nuclear electricity generation is now concentrated in
industrialized countries, it is expected to grow considerably in developing countries, such
as India, China and Brazil.

The advantages of nuclear energy, such as guaranty of supply, low greenhouse gas
emissions, and moderate energy costs, make it a good candidate for a sustainable future
scenario. Nevertheless, some specific aspects of nuclear energy - e.g. nuclear waste,
supply of uranium or political and public opposition due to possible accidents, should
be addressed first in order to identify nuclear energy as a truly sustainable alternative.
To this purpose, in September 2007, a sustainable nuclear energy technology platform
was established in the European Union. Its task is to develop strategies to assure that
nuclear (fission) energy meets the following four technical criteria of sustainability: En-
hanced safety in nuclear reactors and nuclear fuel facilities; High-level exploitation of
natural nuclear materials; Minimization of the radioactive waste; and Development of
proliferation resistant technologies.

In response to this new interest on nuclear energy, and in order to meet the sustain-
ability criteria, new reactor designs have been developed. These designs are categorized
as generation III and III+ reactors, adding incremental improvements to already proven
designs; and generation IV, with major changes from current designs and new features



not adequately tested yet. Generation III reactors (e.g. Areva’s EPR, Westinghouse’s
AP1000 or General Electric’s ESBWR) are now under construction. These designs offer
enhanced safety features, which include advanced and passive safety systems to prevent
and deal with severe accidents. Nevertheless, these models do not contribute signifi-
cantly to a better exploitation of the natural nuclear resources or in reduction of nuclear
waste, since their operating principle is the same as for generation II. On the other hand,
the generation III+ and generation IV (e.g. HTGR, MSR or SFR) offer radical changes
that might meet the sustainability criteria for nuclear power. The proof of concept for
the generation IV reactors is planned after 2020, with a commercial application and de-
ployment after 2030 [5]. These new concepts might ultimately offer much larger benefits
for safety, cost and sustainability. The main reactor designs for the different generations
of nuclear power are listed in Table 1.1.

Gen. II Gen. III Gen. III+ Gen. IV

BWR ABWR ESBWR VHTR
Boiling Water
Reactor

Advanced Boil-
ing Water Reac-
tor

Economic Sim-
plified Boiling
Water Reactor

Very High
Temperature
Reactor

PWR APWR EPR SCWR
Pressurized Wa-
ter Reactor

Advanced Pres-
surized Water
Reactor

European Pres-
surized Reactor

Super-Critical
Water Reactor

CANDU EC6 ACR-1000 MSR
CANadian Deu-
terium Uranium
Reactor

Enhanced
CANDU 6

Advanced
CANDU Reac-
tor

Molten Salt
Fast Reactor

VVER AHWR HTGR GFR
”Water-Water
Power reactor”

Advanced
Heavy Water
Reactor

High Tempera-
ture Gas-cooled
Reactor

Gas-cooled Fast
Reactor

RBMK AP1000 SFR
”High Power
Channel-type
Reactor”

Sodium-cooled
fast Reactor

LFR

Lead-cooled
Fast Reactor

Table 1.1: Nuclear reactor generations

4



CHAPTER 1. INTRODUCTION 5

1.2 Thorium fuel cycle

Nowadays, the uranium requirements for nuclear reactors are ∼60000 tones per year;
this amount is supplied mainly from uranium mining and production (54%) and, as
secondary sources, uranium reprocessing, depleted uranium re-enrichment and civilian
and military stockpiles. By the year 2025 the secondary sources will decline while the
uranium requirements are expected to grow to 82 000 tones per year. The Thorium fuel
cycle can have a supplementary role to assure enough supply of materials for nuclear
energy [6].

Thorium reserves in the earth’s crust, with a concentration of 10ppm in phosphates,
silicates, carbonates, and oxide minerals, are three to four times more abundant than
uranium reserves, and have not yet been commercially exploited [7]. Unlike natural
uranium, which contains ∼0.7% fissile 235U, natural Thorium does not contain any fis-
sile isotope and is made almost entirely of fertile 232Th. This means that, in order to
use Thorium as nuclear fuel, it is necessary to convert the fertile 232Th into the fissile
233U. This process is done during the reactor’s operation, and there is the possibility of
breeding new fuel if more fissile material is created than it is consumed. Breeding new
fuel is a fundamental tool in achieving a sustainable nuclear fuel cycle. This will allow
a better exploitation of the natural nuclear resources.

One disadvantage is that Thorium cannot start a fission chain reaction on its own;
it needs fissile material to start the process. This fissile material can be 235U, 239Pu or,
in the future, 233U bred from Thorium. This characteristic brings two possible scenarios
for the Thorium fuel cycle:

• Open Fuel Cycle: Irradiation of 232Th and simultaneous fission of bred 233U to
avoid the chemical reprocessing. This demands optimizing the use of 233U in the
reactor to minimize the amount of wasted fissile material.

• Closed Fuel Cycle. Chemical reprocessing of irradiated Thorium for recovery and
recycling of 233U.

Nuclear characteristics

The conversion of 232Th into 233U, by a (n, γ) reaction as shown in Equation 1.1, is
more efficient than conversion of 238U into 239Pu due to its larger neutron absorption
cross-section. The bred 233U is a better nuclear fuel compared with 235U and 239Pu;
it has a higher neutron fission yield over a wide range of the energy spectrum, making
it suitable for thermal and fast reactors; and its capture cross-section is much smaller
for resonance energies, meaning less non-fission absorption and less higher isotopes with
larger absorption cross-sections [6].

232Th(n, γ)233Th
−β−→ 233Pa

−β−→ 233U (1.1)



An important aspect of Thorium-based fuels, for safety and reactor design, is the
production of 233Pa as an intermediate isotope during breeding of 233U. 233Pa, with
a long half-life of 27 days, can produce a reactivity surge after a long time of reactor
shutdown due to the delayed production of 233U [7]. In comparison with uranium fuel,
the isotope produce is 239Np with a half-life of 2.3 days, which means that the reactivity
surge occurs shortly after the reactor shutdown.

Intrinsic proliferation resistance

In order for nuclear power to become an important part of the future energy production,
the fuel cycle should be proliferation resistant, concerning not only security aspects re-
garding unauthorized access and use of the nuclear material, but also, with intrinsic fuel
characteristics to avoid the production of sufficient quantity and quality of material for
military use.

Thorium based fuels have an intrinsic proliferation resistance due to the production
of 232U, with a half-life of 73.6 years, and daughter isotopes, with short half-life and
strong gamma radiations (212Bi and 208Tl). These isotopes can act as a proliferation
barrier for diversion of enriched uranium and weapons grade plutonium.

Chemical and thermal stability

Thorium dioxide (ThO2) is more stable and has a higher radiation resistance than ura-
nium dioxide (UO2). It melts around 3300◦C, allowing higher burnups and higher op-
erational temperatures. It has a higher thermal conductivity and a lower coefficient of
thermal expansion compared with UO2. ThO2 is relative inert and does not oxidize,
allowing a simpler long-term interim storage and permanent disposal. This particu-
lar thermal stability can complicate the separation of Thorium compounds during its
reprocessing, but makes it suitable for reactors working at very high temperatures.

1.3 High Temperature Reactor (HTR)

One of the main goals of new generations of nuclear power plants is enhanced safety. A
new nuclear reactor design of particular interest is the High Temperature Gas-cooled
Reactor (HTGR or HTR) due to its inherent safety features. In the early 1980’s,
SIEMENS/INTERATOM proposed a modular concept of a 200 MWt for a HTR. This
design guarantees that the fuel’s temperature design limit won’t be exceeded under any
accident scenario, even without any emergency cooling measures.

This reactor uses graphite as moderator and helium as coolant, which can reach
temperatures of 700◦C to 950◦C. Due to these high operational temperatures, Thorium
is of special interest as fuel for HTRs due to its great thermal stability. High temperatures
allow higher efficiencies and process heat applications, such as seawater desalination or
hydrogen production. The HTGRs are very adaptable to different fuel cycles without
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CHAPTER 1. INTRODUCTION 7

change in the active core design and main components, offering great opportunities for
Thorium in combination with enriched uranium and plutonium.

1.3.1 HTR’s fuel

At present time, two types of High Temperature Reactors are used: prismatic block and
pebble bed fueled reactors. Both reactors are graphite moderated and helium cooled.
The prismatic fuel elements are made of fuel rods and hexagonal graphite blocks. The
active core consists of several fuel and control rod columns surrounded by graphite re-
flector columns. The fuel rods, of approximately 3.4cm in diameter, are contained within
vertical holes in the graphite blocks. The core is cooled by helium gas, at ∼400◦C, flow-
ing downwards through cooling holes in the graphite blocks and in between the gaps
with the fuel elements [8].

The fuel is made of TRISO (TRI-ISOtropic) coated particles scattered in a graphite
matrix. The coated particles are spherical kernels (approximately 0.5mm in diameter)
of uranium, plutonium or Thorium as an oxide or carbide. These particles have an
adjacent porous carbon buffer and three coating layers of pyrolitic carbon and silicon
carbide. The carbon buffer and the coatings prevent the release of the different fission
products and, therefore, the contamination of the primary cooling system. The coated
particles are then mixed with ground graphite and sintered to form the fuel elements.
Figure 1.3 is a schematic of the TRISO particles and the HTGR fuels.

Figure 1.3: HTR fuel particles and fuel types

In the pebble bed type, the core is made of hundreds of thousands of pebbles form-
ing a randomly packed bed inside a cylindrical graphite wall. Each pebble, of 6cm in



diameter, has a fuel region, of 5cm in diameter, which contains thousands of TRISO
coated particles in a graphite matrix. This reactor can be refueled during operation by
adding fresh pebbles on the top and removing used pebbles at the bottom, with the
possibility of reusing pebbles several times until depletion of the fuel. The core is cooled
by helium flowing through the porous pebble bed. The outlet coolant temperature can
reach 1000◦C. There are several advantages with this fuel type even when compared
with the prismatic block type: the simplicity of these fuel elements, and the random
packing bed, allow high tolerance with respect to size and shape of the pebbles, cheaper
fuel fabrication, and the absence of any other metal claddings and structural material
in the core reduces parasitic absorption enhancing the neutron economy. On the down-
side, the random stacking of pebbles produces void fractions and random coolant flows,
this creates local temperature and coolant velocity variations. The core temperature
distribution is therefore only statistical [9].

1.3.2 Past HTR’s prototypes

The coated fuel particles of ThO2, ThO2/UO2, ThC2 and ThC2/UC2 have demonstrated
excellent performance in previous HTGR prototypes. They are now considered suitable
for prismatic block and pebble bed HTGR’s, and as good candidates for the helium
cooled very high temperature reactor (VTHR), of 600MWt, with a coolant temperature
of 1000◦C [6]. These first HTGR prototypes, of a few megawatts, run regularly and at
some point of their lifetime used Th/U fuel. They provided valuable information about
the HTGR technology and Thorium coated particles as fuel.

Peach bottom

In the USA, the Peach bottom reactor of 40MWe, operated from 1966 to 1972, was an
experimental helium-cooled, graphite-moderated reactor. The fuel consisted of coated
particles of mixed uranium-Thorium oxide and di-carbide in the form of prismatic blocks.

DRAGON

In the 1960’s, the UK began investigating HTGRs with the 20MWt DRAGON reactor.
It was an experimental helium-cooled reactor with fuel as coated particles of ThO2/UO2,
and ThC2/UC2. It reached temperatures higher than 1000◦C and burnups of 100 000
MWd/t. It reached its first criticality in 1964 and operated until 1973.

AVR

In Germany, the AVR (Arbeitsgemeinschaft VersuchReaktor) experimental pebble bed
reactor of 15MWe was operated from 1967 to 1989. The core contained 80 000 pebbles
with a maximum power per pebble of 2.4 KW at 1350◦C (max temp). The residence
time of the pebbles were 2 to 6 years with a burnup of 100 000 MWd/t [7].
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THTR

The THTR (Thorium High Temperature Reactor) was a 300MWe pebble bed reactor
prototype in Germany for testing TRISO particle fuels. The reactor core contained 675
000 fuel pebbles, which reached burnups of 110 000MWd/t. The fuel elements consisted
of 0.96g of 235U and 10.2g of 232Th [10]. It operated from 1983 until 1989.

1.3.3 Current HTR’s

Nowadays, there are two HTRs in the world: the HTTR in Japan [11] and the HTR-10
at the INET in China [12]. The diagrams of both reactors are shown in Figure 1.4.

Figure 1.4: HTTR in Japan and HTR-10 in China

HTTR project in Japan

The Japan Atomic Energy Research Institute (JAERI) promoted the High Temperature
engineering Test Reactor (HTTR) for research and development of the HTGR technol-
ogy, with integration of a hydrogen production plant. The HTTR is a 30MWt prismatic
block reactor with low-enriched UO2 as fuel. It is graphite moderated and helium cooled
with a maximum output temperature of 950◦C. The HTTR achieved its first criticality
in November 1998; full power operation, at 850◦C outlet helium temperature, in Decem-
ber 2001; and high temperature operation, at 950◦C, in April 2004 [11]. The HTTR has
shown good performance and has demonstrated the effectiveness of the inherent safety
features of the HTGR.



HTR-10 project in China

In 1992, China decided to construct a 10MWt pebble bed test reactor at the Institute
of Nuclear and New Energy Technology (INET) in the Tsinghua University. The HTR-
10 was designed to demonstrate the inherent safety of the modular HTGR technology,
and it has proven to be safe under accident scenarios such as, loss of offsite power,
main helium blower shutdown, loss of main heat sink and withdrawal of all control rods,
without any counter measures [12]. The reactor core consists of 27 000 pebbles, each
pebble with approximately 8 000 UO2 TRISO particles; it is helium cooled with an
outlet temperature of 700◦C. The HTR-10, which is based on the German AVR design,
reached its first criticality in December 2000, and began full operation in 2003.

HTR-PM project in China

In 2001, China started the Ongcheng Nuclear Power Industrial Park project at Shi-
daowan, in Weihai city. The goal is the construction of 18 HTR modules to produce a
total of 3800MWe. The first step is the development of a new High Temperature Reactor
Pebble-bed Module (HTR-PM) as a demonstration plant. The HTR-PM will use the
HTR-10 design as a reference, including the system configuration, layout, fuel element
technology, design, manufacture, and construction experience. The HTR-PM will have
two modules of 250MWt coupled to a conventional 210MWe steam turbine. The fuel
pebbles will contain 7g of heavy metal loading of UO2 with an enrichment of nearly
8.8%. The active core, with a height of 11m and an outside radius of 4m, will contain
520 000 fuel pebbles that are expected to reach burnups up to 80 000 MWd/tU. The
commercial operation of the HTR-PM is expected in 2015 [13].

1.4 Safety in HTR’s

One of the sustainability goals of new generation nuclear power plants is enhanced safety
features. In the past, several accidents (i.e. Chernobyl and Fukushima), have brought
attention to the current safety systems, which were not successful in preventing special
accident situations, leading to release of radio nuclides into the environment. These
circumstances demanded for the development of new safety system designs, which now
include inherent and passive features to prevent accidents or to limit their consequences
in radiation release.

1.4.1 Safety design features

The previews HTR’s are now considered inherently safe reactor designs. It has two
forced flow coolant circulation systems; the main loop, and a shutdown cooling system
to provide a rapid cool down after a scram. It also includes two redundant reactivity
control/shut-down systems; a traditional control rod system, and a backup system that
releases boron-graphite pebbles absorber ball channels at the edge of the core. Both
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CHAPTER 1. INTRODUCTION 11

systems are independent of each other, and are capable of fully shut down the reac-
tor. These engineering safety systems ensure that no-scram accidents or loss of forced
cooling accidents remain as events with very low probability. In addition, the HTR is
designed with inherent safety characteristics, regarding the fuel, moderator, materials
and structure, which have proven to reduce even further, or to eliminate, the risk of
severe accidents. Some of these features are presented below.

Graphite core

The HTR’s structure and fuel is made almost entirely of graphite, which maintains
its structural integrity even at very high temperatures (∼ 1600◦C). This allows a wide
safety margin of operation temperatures, without any core damage. The large heat
capacity of graphite, and the low power density of the reactor, produces slow and gradual
temperature transients due to perturbations. This slow thermal response allows more
time to initiate safety countermeasures, and prevents transients from becoming major
incidents.

Coated fuel particles

The coated fuel particles can retain the radioactive fission products up to very high
temperatures. During accident scenario, even after particle failure, most of the fission
products will be completely retained, although some volatiles (85Kr, 133Xe, 131I), could
be released to the primary cooling system. However, this release of fission products is
estimated to be below the unacceptable limits [14].

Helium as primary coolant

Using helium as coolant has the advantage, due to its inertness, of avoiding chemical
reactions with the core materials, thus preventing structural damages. It is also neutron-
ically inert, therefore, it will not affect reactivity, and it will not become activated after
irradiation. In addition, helium remains a single-phase material over the full range of
the reactor’s operational temperatures, which prevents changes in reactivity or stability
problems associated with changes in phase.

Passive cooling

In the unusual case of failure of both active cooling systems, a completely passive decay
heat removal system is present in the HTR. This system uses natural convection to fully
remove the decay heat from the core, without ever exceeding the failure temperature of
the fuel pebbles. This passive cooling is achieved by decreasing the core power level and
by designing the core with a large height-to-diameter ratio.



1.4.2 Reactivity coefficients

Besides the active and passive safety systems of any nuclear reactor design, there is
another important safety consideration: its behavior to perturbations. The changes in
the different reactor’s operational parameters - e.g. temperature of the moderator and
fuel, moderator pressure, depletion of the fuel- induce changes in the reactivity. The
reactivity is defined as the deviation of the neutron multiplication in the reactor. It
directly affects the reactor’s power level: if reactivity is positive, the core power tends to
increase; if it is negative, the core power tends to decrease; if it is zero, the core power
tends to remain stable. In reactor physics, it is common to define reactivity coefficients,
which are quantifications of the change in reactivity due to a change in a given parame-
ter. For example, the moderator temperature reactivity coefficient describes the amount
of reactivity change per degree in moderator temperature change.

It is very important to design the nuclear reactor with reactivity coefficients that
ensure the reactor’s stability and controllability. They should guarantee that any tran-
sient due to a perturbation, or a combination of perturbations, will not lead to violation
of the safety parameters, for example a large increase of the reactor power. In princi-
ple, the appropriate reactivity coefficients can be selected by choosing the proper core
dimensions, materials, coolant, fuel composition, and the basic working parameters of
the reactor. In Chapter 3 a broader explanation on reactivity feedback coefficients will
be given.

1.4.3 Accident scenarios

Nuclear power plants, just as any other power plant, can be subject to unforeseen events
and circumstances that, if they are not dealt with properly, might lead to an accident.
In particular, a severe nuclear accident is defined by the IAEA as an event that leads
to significant consequences to the public, the environment or the facility. This might
include lethal doses to personnel, radiation release to the environment, and the reactor
core melt. The consequences of these accidents are classified by the International Nu-
clear Radiological Event Scale (INES) introduced in 1990 by the IAEA.

In a nuclear power plant, a severe accident usually starts with an equipment mal-
functioning or an extreme unexpected situation; then the accident develops further due
to failure of the cooling or shutdown systems; and finally, there is radiation release if
the multiple radiation defenses fail, which can include the fuel, pressure vessel or the
integrity of the containment.

The previous HTR’s prototypes have proven to be very safe under normal operation
and capable of resisting accident situations, which would take many hours or days to
develop due to the relatively low power density of the core and its high thermal capacity.
All the safety systems and passive design features are able to achieve a very low accident
probability of less than 10−6 per reactor year [15]. Thus, the possible accidents in the
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HTR have a very low probability and they would take a very long time to develop, nev-
ertheless, due to the serious consequences that such an accident might have and our still
limited experience with this technology, it is essential to further investigate the reactor
behavior during such situations.

In the HTR, the two most common accidents described in previous studies are water
or air ingress into the primary cooling system [16]. This might happened if a steam
generator tube breaks or if the pressure vessel fails. Both accidents will lead to the
core’s graphite oxidation and to generation of combustible gases in the core, which can
compromise the integrity of the fuel. In addition, the water that ingresses into the core
will increase the moderation, affecting the nuclear reaction. If the passive systems are
not effective enough during this accident, the HTR has several engineered safety features
to detect and bring the situation to acceptable limits. These systems include moisture
detection systems, steam generator isolation and dump systems, and pressurized vessel
safety relief valves. It has also been proposed the use of helium-based closed-cycle gas
turbine (Brayton cycle) to avoid the use of water in the secondary system to exclude
such water ingress accidents.

1.4.4 Reactor dynamics and controllability

In a nuclear power plant, there are many different equipments that work together to ob-
tain thermal energy, from the nuclear fuel, and finally transform it into electricity. The
main equipments are the reactor core, including the reflector and control systems; the
coolant pumps, the steam generators, the safety systems, the electric turbine and all the
piping systems. The interconnection of these equipments results in a mutual and strong
influence on their behaviors when a certain parameter is changed. This means that when
a perturbation is present in an equipment, this will have an effect not only on the rest of
its variables, but also on all the other equipments of the plant. The magnitude of these
influences depends on how strongly related are the physical properties of the different
materials in the system. Understanding all these dependencies can be a very complex
task due to all the different feedback mechanisms and time scales present in the system.

This dynamic behavior is a major safety characteristic, because all the equipments
should guarantee, at all times and under all circumstances, that they will not induce
any undesirable perturbation to any other equipment of the plant, that could lead to
a potentially dangerous situation. It is therefore important to understand these rela-
tions between the different equipments, their operational parameters and variables, to
identify and predict the responses of the system to perturbations, and also to identify if
this transient behaviors are slow enough to be compensated by control actions, such as
switching on or off pumps, closing or opening valves, inserting or removing control rods,
etc.



1.5 Research questions and outline of the thesis

In the past, there have been several safety studies of the HTR technology. It has been
proven, with the past prototypes and pilot plants, that the previously mentioned inher-
ently safety features perform as expected, providing a safe operation even during unfore-
seen circumstances. However, these safety tests have been done mostly with uranium-
fueled cores, or with only a partial load of Thorium fuels. Until now, only the German
THTR has been completely fueled with 235U/232Th fuel elements. As a result, little is
known about the safety and the reactor dynamic behavior of a Thorium-fueled HTR,
especially with different fuel compositions (e.g. 233U/232Th) that correspond better to
the Thorium fuel cycle. An extensive safety analysis is therefore needed, before the de-
ployment of Thorium fuels for HTR’s, to assure the same safe operation as with uranium
fuels.

Most of the inherently safety features of the HTR do not depend on the type of fuel
used, and they are, therefore, expected to perform very similar to uranium-fueled cores.
However, there are other safety aspects that depend significantly in the fuel composi-
tion. The different nuclear characteristics of Thorium, when compared with uranium,
will induce a different reactivity response to enrichment, changes in temperature, fuel
depletion or moderation. All of these different responses will have an impact on the
safety, the dynamic behavior and the controllability of the HTR.

It is the objective of this thesis to study the possibility of designing an inherently safe
pebble bed HTR, fueled entirely with Thorium. It is therefore important to study the
reactivity responses of the Thorium-fueled HTR, to identify the parameters that could
lead to a safe reactor design. For this purpose, the temperature reactivity feedback
coefficients of the reactor will be studied for different characteristic situations, such as
fuel burnup, different amounts of moderation in the core, or severe accident scenarios.
Another relevant safety design aspect is the influence that these different reactivity co-
efficients will have on the dynamic behavior of the HTR plant. A safe reactor design
should guarantee that, under any circumstance, the reactivity response in the core would
not lead to a potentially unsafe situation for any part of the HTR plant.

Form the previously mentioned accidents scenarios in an HTR, only the water ingress
accident will be considered for this thesis. An air ingress accident, even though it re-
mains as likely as a water ingress accident, will not be different from a uranium-fueled
HTR since it only oxidizes the graphite in the core and, therefore, does not affect the
reactivity. For all the models and calculations this thesis, the Chinese HTR-PM dimen-
sions and operating parameters will be taken as reference.

The thesis structure is as follows:

• In Chapter 2, an explanation of the pebble and core models used throughout this
thesis will be given, as well as a description of the computational code packages
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used for these models. The assumptions, parameters and methodology for the
calculations will also be addressed.

• In Chapter 3, the result of the neutron multiplication factor calculations, for a
finite and an infinite lattice, will be discussed. This will provide the information
necessary for analyzing the reactivity coefficients to changes in the fuel, modera-
tor and reflector temperatures, fuel enrichment and composition, the amount of
moderator pebbles, burnup, and water ingress.

• In Chapter 4, a simplified mathematical dynamic model of an HTR will be de-
veloped to investigate the transient behavior of the reactor dynamics and its con-
trollability. The model will incorporate reactor’s kinetics, reactivity feedbacks and
thermal hydraulics calculations.

• In Chapter 5 the results of the dynamic model simulations will be discussed. The
information obtained will be analyzed to study the core reactivity response, and
the HTR behavior, to changes in its input parameters, such as coolant pressure
and flow or reactivity.

• The last Chapter is dedicated to conclusions and recommendations about the pos-
sible future works related to safety in Thorium-fueled HTR’s.



Chapter 2

Core models and code systems

In order to analyze the safety in a Thorium fueled HTR it is necessary to develop math-
ematical models that describe its behavior and feedback mechanisms. These models
will help us understand the different parameters and variables related to safety, and the
relation between them. The results obtained from the models will provide valuable in-
formation to predict the response, safety and controllability of the reactor. This chapter
will discuss the different core models used in this thesis, the methodology of the model-
ing code systems, and the parameters used during the calculations.

For the safety analysis, different models will be used to study the neutron multiplica-
tion factors and the reactivity feedback coefficients. As a first step, a model for a single
fuel pebble in an infinite medium will be developed; then, this model will be extended
to 1D and 2D core models to include neutron leakage effects from a finite geometry, and
to add the possibility of modeling a reflector material around it. The different models’
complexities will allow us to identify more easily the parameters that might have an
influence on the system’s reactivity. All the models will use specific design parameters
of the Chinese HTR-PM to approach a real life situation.

2.1 Single pebble model - Double heterogeneous

For a first study, a simple model of a single fuel element in an infinite lattice will be de-
veloped. This model will provide valuable information about the neutron multiplication
factor (K∞) and the reactivity feedback coefficients of the main HTR core component,
disregarding geometry or dimensions of the core. The fuel pebble elements will be
modeled as a double-layered geometry: (1) TRISO particles uniformly distributed in a
graphite matrix and, (2) this graphite matrix within the pebble coating layer surrounded
by helium. The model’s double heterogeneity and the infinite lattice configuration are
represented in figure 2.1. This model will be implemented with different fuel composi-
tions i.e. heavy metal loadings, enrichments and burnup levels, to investigate their effect
on the multiplication factor to different temperature changes. These calculations will
also help us select an appropriate fuel composition for the following core calculations.
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In addition, the effect of the number of moderator pebbles, around a fuel pebble, will be
studied to understand the reactivity effect of the moderator-to-fuel-ratio, to determine
the maximum number of moderator pebbles for a safe operation.

Figure 2.1: Double heterogeneous model - Infinite lattice

The double heterogeneity in this model fuel lattice cannot be modeled directly using
common resonance processing codes, which rely on collision probability techniques, be-
cause the fuel particles are so closely packed that the interactions between them, as well
as the slowing down within the fuel, cannot be ignored anymore and, therefore, it has to
be considered in the modeling. This is usually achieved by a Dancoff correction factor
to adjust the first-flight escape probability of a fuel lump, being the probability that a
neutron that escapes will enter a neighboring fuel lump without interaction in between
[17]. Nevertheless, more recent code systems, like the one used in this thesis (SCALE
6.0), already include a double heterogeneity modeling capability, therefore avoiding an
external Dancoff factor calculation.

2.1.1 SCALE 6.0

SCALE (Standardized Computer Analysis for Licensing Evaluation) is a modeling and
simulation code for nuclear safety analysis and design, created by the Reactor and Nu-
clear Systems Division (RNSD) of Oak Ridge National Laboratory (ORNL)[18]. SCALE
is widely used for criticality safety, reactor physics, radiation shielding, radioactive source
term characterization, and sensitivity and uncertainty analysis. It includes current nu-
clear data libraries and problem-dependent processing tools for continuous-energy, multi-
group neutronics, activation and decay calculations. It provides 89 different computa-
tional modules, with 3 deterministic and 3 Monte Carlo radiation transport solvers, that
can be selected depending on the treated problem.

SCALE uses analytical sequences, which are automated through control modules, to
perform the necessary calculations and data processing. The calculations are character-
ized by the type of analysis -e.g. criticality, shielding, or lattice physics - and by the
geometric complexity of the problem -e.g. slab, cylindrical, spherical. The analytical
sequences are defined by a set of inputs from the user. This information is then used
by the control modules to derive additional parameters and to prepare the inputs for



each of the functional modules to be used in the calculation. The relevant sequences and
modules used for this thesis are presented below.

2.1.2 CSAS - Criticality Safety Analysis Sequence

The CSAS sequence is used for the calculation of the neutron multiplication factor of
a system. It provides automated problem-dependent processing of cross-section data
with a one-dimensional (1D) system model, using deterministic transport with the XS-
DRNPM module, or a three-dimensional (3D) Monte Carlo transport solution using
KENO V.a.[19]. CSAS uses modules of SCALE to perform the neutron multiplication
factor calculations and it already includes a double heterogeneous treatment for study
of HTR fuel elements. The modules used in a double heterogeneous treatment are:

• BONAMI (BONarenko AMPX Interpolator): It performs resonance self-shielding
calculations for multizone, one-dimensional, problems with a slab, cylindrical or
spherical geometry. It requires an AMPX master library with the Bondarenko
data and the problem geometry description.

• CRAWDAD: It creates a continuous energy library used by the CENTRM and
PMC modules.

• WORKER: It creates an AMPX working format library from a master format
library. It is used by the CENTRM module to perform problem-dependent cross-
section processing.

• CENTRM (Continuous ENergy TRAnsport Module): It computes a ”continuous
energy” neutron spectrum using deterministic approximations of the Boltzmann
transport equation in one-dimensional or infinite media geometries. It uses the
point continuous cross-section library and a cell description to create a pointwise
continuous flux spectrum.

• CHOPS: It calculates pointwise flux disadvantage factors and creates homoge-
nized point cross-sections.

• PMC (Produce Multigroup Cross sections): It generates problem-dependent, self-
shielded, multigroup cross-sections using the continuous energy spectrum calcu-
lated in CENTRUM to weight microscopic nuclear data contained in a pointwise
library file.

• XSDRNPM: It is a one-dimensional, discrete-ordinate, transport code for slab,
cylindrical, or spherical geometries. The flux calculations can be performed for
fixed sources, k-calculations, and dimension search calculations. In addition, it can
use the determined fluxes to collapse the input cross-sections. The user can specify
the number of spatial intervals, energy groups, number of nuclides, quadrature
order, and the weighting option, including zone, cell, or region weighting.

• CAJUN: It combines homogenized point cross-section libraries.
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Figure 2.2: CSAS modules sequence

For the double heterogeneous treatment in SCALE, two lattice cell calculations are
performed: a fuel kernel surrounded by a coating material and a graphite matrix (fuel-
zone cell); and a graphite matrix containing the TRISO particles surrounded by a
graphite shell and helium in an infinite lattice (pebble cell). The complete modules
sequence for the double heterogeneous cells is shown in Figure 2.2. This sequence per-
forms the resonance treatment using the BONAMI module for the unresolved resonance
range, and then WORKER to create an AMPX working format library. In both cell
calculations, the point wise cross-sections library is used by CENTRUM to solve the
1D transport equations to calculate the corresponding point wise spectrum. The double
heterogeneity, caused by shadowing effects of the fuel particles and fuel zones of the
pebble, is treated by using CHOPS/PMC in the fuel-cell to calculate the point-wise
flux disadvantage factors and to create homogenized point-wise mixture cross-sections.
These cross-sections are then used in the pebble-cell calculation, using PMC, to cre-
ate a final resonance-shielded multigroup cross-section library that represents the fuel
pebble. In both cells WORKER generates a corresponding resonance-corrected cross-
section library and, finally, the deterministic calculations of the multiplication factors
are performed with XSDRNPM.



2.2 Reactor core models - 1D and 2D

For the second part of the HTR safety analysis, more complex and realistic core models
will be implemented. 1D and 2D models will be developed using SCALE, both with
cylindrical geometries, different material zones and resembling the HTR-PM dimensions.
The finite reactor size of these models will show the effect of geometry and dimensions
on the multiplication factor (Keff ) and the reactivity coefficients, by including neutron
leakage effects. The possibility of having different material zones allows the modeling of
a reflector material around the core to study the reflector reactivity feedback coefficients,
and the influence of the reflector thickness on Keff . The cross-sections obtained by the
single pebble model will be used as the homogeneous core material and a new set of
graphite cross-sections will be generated to model the reflector. The models’ geometries
are represented in figure 2.3.

Figure 2.3: 1D and 2D core models

2.2.1 XSDRNPM module - 1D core model

The SCALE module XSDRNPM can solve the one-dimensional (1D) transport equa-
tions for slab, cylindrical, or spherical geometries using discrete-ordinates. XSDRNPM
provides great flexibility to describe a problem by specifying the number of spatial in-
tervals, number of energy groups, number of nuclides, quadrature order, order of fits to
the angular variation in basic cross-sections and the weighting option, including zone,
cell, or region weighting. The flux calculations can be performed for fixed sources, k-
calculations, and dimension search calculations.

The model to be developed in XSDRNPM is a 1D cylindrical model, finite in the
radial direction and with a buckling correction for the axial leakage, that represents a
HTR core with two different material regions (sections) in the radial direction: a core
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material and a graphite reflector material surrounding the core; each material region
is divided in several spatial intervals and is characterized by a set of cross-sections. A
vacuum boundary condition is implemented at the reflector side and a reflected bound-
ary condition at core side for symmetry effects. With this model several multiplication
factor calculations will be perform at different temperatures, heavy metal loadings, en-
richments and reflector thicknesses. This model will allow a better degree of accuracy
when compared with the physical system. The specific parameters used for this 1D
model will be given in Chapter 3.

2.2.2 Dalton code system - 2D core model

DALTON is a code system designed to solve 1D, 2D or 3D multigroup diffusion equa-
tions on structured grids (xyz or rz coordinates). The code can calculate the fundamental
lambda modes with the Power Method, or the fundamental and higher lambda modes
and the time-eigenvalues with the iterative Arnoldi method and the ARPACK package.

The model to be developed in DALTON will be a 2D (r,z) cylindrical core with two
different material regions in the radial direction: core and reflector; each material re-
gion is divided in several spatial intervals in both directions (r,z), and characterized by
a set of cross-sections. The reflector thickness in this model will be selected from the
design parameters of the Chinese HTR-PM and will be verified by the 1D model results.
A vacuum boundary condition is implemented at the reflector outer side and a white
boundary condition at core side for symmetry effects. This model is more complex than
XSDRNPM 1D model and, therefore, will provide more accurate results closer to the ac-
tual values in a real HTR core. The multiplication factor calculations will be performed
for several temperatures, heavy metal loadings and enrichments. Dalton also provides
information about the neutron flux in each different radial and axial region, allowing
a better understanding of the core power distribution. The water ingress accident sce-
nario will also be studied with this model by homogenizing the core cross-sections with
different water cross-sections at different concentrations. In addition, an equilibrium
core situation will be studied to resemble a long time operating core, in which the fuel
composition has changed due to burnup. A more detailed explanation of the different
model parameters used will be given in Chapter 3.

2.2.3 Other SCALE modules

For the development of the 1D and 2D models there are other SCALE modules that
will be used and that do not take part in any of the automated SCALE sequences.
These modules are for data processing, depletion calculations, cross-section generation
and cros- section libraries manipulation. The modules used are:

• ICE (Intermixed Cross sections Effortlessly): It uses AMPX working libraries to
produce mixed cross-sections in different formats: ANISN, AMPX working library,
group-independent ANISN, and Monte-Carlo processed cross-section library.



• WAX (Working libraries AjaX): It is a module to combine data on AMPX li-
braries. It can merge from multiple files allowing personalized nuclide ordering.

• ORIGEN (Oak Ridge Isotope Generator): It is a module for buildup, decay, and
depletion calculations of radioactive materials.

2.3 Models parameters

The different models to be used in this study, including the ones from chapter Chap-
DynModel, have to give results for real life situations. For this reason, it is important to
carefully select the numerical parameters, such as dimensions and geometry, which will
describe our system. The parameters used for the models will be based on the Chinese
HTR-PM, since it is the only pebble bed HTR project currently under construction
[20]. If this demonstration plant is successful, 18 new HTR modules will be constructed,
therefore, demonstrating a safe operation with Thorium fuels in this reactor design is
an important task that could open the possibility of a large scale implementation of the
Thorium fuel cycle.

The relevant parameters of the HTR-PM for the calculations with the models de-
scribed in this chapter are: fuel pebble dimensions and composition, core design and
dimensions and reflector dimensions. A complete and detailed list of the HTR-PM de-
sign parameters is presented in Appendix A [17] [20] [21].
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Chapter 3

Temperature feedback reactivity
coefficients

During the normal operation of a nuclear reactor, the power produced has to be ad-
justed to match the demand of energy. These changes in power produce variations in
the temperature of the core, and other reactor components, which will in return affect
the reactivity of the system and eventually the core power. These reactivity feedback
effects are therefore of vital importance for a safe operation, they must assure than any
normal changes in the core will not lead to a potentially dangerous situation. The re-
activity coefficients have to be carefully selected to design a safe and easy to control
nuclear reactor. In general, the desired feedback reactivity coefficients must be negative
in order to compensate any power or temperature increases, this means that, if the power
increases, the feedback effect should decrease the reactivity to reduce the core power to
its previous level. A nuclear reactor with a positive reactivity feedback will be unstable
and, on the other hand, with very large negative feedbacks power level changes would
not be possible and any temperature decrease will produce a large reactivity.

In this chapter, several calculations will be performed, with the core models described
in the previous chapter, to identify the reactivity feedback coefficient of the HTR when
fueled with Thorium. These calculations will look into the total reactivity coefficient and
its different reactivity contributions, such as fuel, moderator, and reflector; as well as
for the reactivity coefficients as a function of fuel burnup, amount of moderator pebbles
in the core or during a water ingress accident scenario.

3.1 Single pebble model

For the first part of the reactivity feedback coefficients study, the single pebble model
will be used to calculate the infinite multiplication factor, therefore disregarding neutron
leakage effects. This multiplication factor will be used to obtain the reactivity coefficient
of the system, or its different contributions, when the temperature is increased.
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3.1.1 Infinite multiplication factor

In order to determine at which fuel pebble composition the reactor has acceptable feed-
back reactivity coefficients for a safe operation, a calculation of the infinite multiplica-
tion factor will be performed. These results will facilitate the selection of the fuel pebble
composition to be used in the following models and calculations. For this purpose, the
double-heterogeneous single pebble model will be used for 238 energy groups, using the
ENDF/B-VII SCALE cross-section library. The inputs of the model are the pebble di-
mensions and the nuclides in the fuel pebble, with their corresponding atomic density
and temperature. The pebble and TRISO particles dimensions used throughout this
thesis are based on the typical HTR fuel elements and TRISO particles commonly use
(figure 1.3). The specific dimensions are listed in Table 3.1 [6].

TRISO particle Fuel pebble

Fuel kernel radius: 0.025cm Fuel zone radius: 5cm

Coating Thickness
(cm)

Coating Thickness
(cm)

Carbon 0.009 Graphite 1

Inner pyro-carbon 0.004

Silicon carbide 0.0035

Outer pyro-carbon 0.0035

Total radius 0.045 Total radius 6

Table 3.1: TRISO particle and fuel pebble dimensions [6]

The fuel will be Thorium Oxide (ThO2) with 233U as the fissile material needed to
start the nuclear chain reaction. This fissile isotope is selected instead of the widely used
235U to resemble a more complete Thorium fuel cycle, in which the bred 233U is recycled.

Th calculations of the infinite multiplication factor will be performed changing the
heavy metal loading per pebble from 0.5 to 30g, by changing the amount of TRISO
particles in the fuel zone. In addition, the enrichment will be changed from 1% to 8%
weight 233U. The entire pebble will be at a temperature of 1100K, a typical operating
temperature of an HTR, which will be selected as the reference temperature for all the
following calculations.

In figure 3.1, the results of the K∞ calculation are plotted as a function of the heavy
metal loading per pebble for all the different enrichments. In this graph, the multipli-
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Figure 3.1: Infinite multiplication factor for several heavy metal loadings and enrich-
ments at a pebble temperature of 1100K

cation factor first increases with increasing heavy metal loading; this is expected since
there is more fissile material available. Between 2 and 7g of heavy metal loading, the K∞
reaches a maximum value and then starts to decrease due to a lower moderator-to-fuel
ratio. With less moderation, the neutrons are slowed down less efficiently and therefore
have a larger probability of being absorbed in a resonance.

Mathematically, the infinite multiplication factor is described with the four-factor
formula (equation 3.1), which includes the average number of neutrons produced per
neutron absorbed in the fuel, know as the reproduction factor (η), and the probabilities
that the neutrons will not be lost in a infinite size reactor. These probabilities are:
being absorbed in a material that is not fuel, which is expressed as the thermal utilization
factor (f); not being absorbed in a resonance while slowing down from fission to thermal
energies, which is expressed as the resonance escape probability (p); and fast neutrons
producing fission events, expressed as the fast fission factor (ε) that corresponds to the
total number of fission events divided by the number of neutrons produced by thermal
fission. In the previous results, when increasing the heavy metal loading from 0.1 to 4g,
the thermal utilization factor (f) was increased, i.e. more neutrons were absorbed in the
fuel, therefore increasing K∞, however, with higher heavy metal loadings the resonance
absorption increases since there is more fuel available, therefore the resonance escape
probability (p) decreases and also K∞.

K∞ = ηfpε (3.1)



3.1.2 Fuel and moderator reactivity contributions

The previous calculation will now be performed for several different temperatures in
order to calculate the reactivity feedback coefficients. These coefficients will indicate the
change in reactivity of the system as a result of a change in temperature. The reactivity
coefficients are mathematically described as:

α =
1

K∞

∆K∞
∆T

(3.2)

The total reactivity feedback coefficient in the HTR is made of different contributions,
e.g. from the fuel, moderator and reflector. These different contributions can be studied
separately by changing the temperature of only a certain part of the fuel pebble, while
maintaining the rest at a reference temperature. In this single pebble model, only the fuel
and moderator contributions are present (no reflector is being modeled). To calculate
the fuel reactivity coefficient only the temperature of the fuel (ThO2 and UO2) will
be changed; and for the moderator reactivity coefficient, only the temperature of the
graphite and helium will be modified. This can be expressed as:

αtotal = αfuel + αmod =
1

K∞

∆K∞
∆Tfuel

+
1

K∞

∆K∞
∆Tmod

(3.3)

The helium coolant is included in the moderator reactivity feedback since it is nearly
neutronically inert, which means that changes in its temperature have almost no appre-
ciable effect on the reactivity.

In these calculations, for each fuel composition, the temperature will be changed
in the range of 700K to 1700K, which will cover the normal operational temperature
range (700K 1200K), and even higher temperatures that might be encountered during
accidents. Temperatures higher than 1800K cannot appear in an HTR core because of
its passive cooling characteristics and are, therefore, not included in the calculations;
also, such high temperatures will produce failure of the fuel kernels and release of fission
products and should therefore be studied with a different model.

In figure 3.2 the results of these calculations are shown. In plot A, it can be seen
that the fuel reactivity coefficient is always negative for all heavy metal loadings and
enrichments; this can easily be explained with the well-know phenomena of the nuclear
Doppler effect: When the temperature of the fuel increases, there are more neutrons be-
ing absorbed in the fuel resonances when they are being moderated from high energy to
low energy, therefore decreasing the amount of neutrons available for the chain reaction,
thus decreasing the multiplication factor. The absorption rate in the fuel resonances de-
pends on the speed of the neutrons relative to the speed of the fuel nuclei (232Th), and
since higher fuel temperatures mean that the fuel nucleus are vibrating more strongly,
then there is a wider range of neutron speeds that coincide with the absorption peaks.
This means that the range of energies at which neutrons are captured increases; although
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Figure 3.2: Reactivity feedback coefficients for temperature changes (from 700 to 1100K)
in the fuel, moderator and complete pebble as a function of the heavy metal loading for
different enrichments

in reality, the capture cross-section at the resonance peak is reduced with increasing tem-
perature, the overall probability of capture increases. The overall result of the Doppler
effect is a reduction in the resonance escape probability (p) in the four factor formula
(equation 3.1), and hence in the multiplication factor. When the heavy metal loading in
the pebble is increased, the fuel reactivity coefficient becomes stronger; this is expected
because more fuel (232Th) is available for neutrons to be captured in the resonances.
For the same reason, when increasing the enrichment, the reactivity coefficient becomes
less strong: less 232Th is available for neutrons to be absorbed in the resonances, in
addition to a larger effect of the fission resonances because of the increase in 233U . The
effect in the reactivity coefficient of changing the enrichment is not as strong as changing
the heavy metal loading, simply because the 233U is only a small part of the fuel when
compared to 232Th.



In plot B of figure 3.2, it can be seen that the moderator reactivity coefficient is al-
ways positive for all heavy metal loadings and enrichments. Nevertheless, with increasing
heavy metal loading the reactivity coefficient decreases, becoming less strong. The same
behavior is observed when the enrichment is increased. This can be explained because
a larger amount of fuel, whether Thorium or uranium, will increase the resonance ab-
sorption, therefore decreasing any reactivity effect. A positive reactivity contribution is
usually an unwanted design parameter; nevertheless, in order to determine if this repre-
sents a safety concern, it is necessary to look into the total reactivity coefficient of the
system, which includes all the different contributions.

In plot C of figure 3.2, the total reactivity coefficient is plotted and it can be seen that,
as expressed in equation 3.3, it corresponds to the addition of both contributions (i.e. fuel
and moderator). The total reactivity coefficient becomes less positive (or more negative)
with increasing heavy metal loading and enrichment, this is because the more fuel in the
pebble the bigger the (negative) effect of the fuel reactivity coefficient and the smaller
the (positive) effect of the moderator reactivity coefficient. An important safety aspect
is that for low heavy metal loadings and low enrichments; the total reactivity coefficient
can be positive! This is an unacceptable situation because it would lead to an unstable
reactor in which, if the temperature increases, the nuclear reaction can grow. This means
that in order to have a negative reactivity feedback coefficient, the minimum heavy metal
loading per fuel pebble should be higher than 15g for all practical enrichment values.
For all the following calculations in this thesis, the selected fuel pebble composition will
be 30g of heavy metal loading with 2.5%W 233U. This value of heavy metal loading is
almost the maximum value allowed per pebble, from a fuel fabrication perspective, and
it is selected because a larger heavy metal loading has a better conversion to 233U. For
this large amount of heavy metal loading, the final concentration of 233U after a long
irradiation corresponds to 2.5%W.

Graphite’s scattering cross-section

Although the positive moderator reactivity coefficient, for any heavy metal loading larger
than 15g, is not strong enough to make the total reactivity positive, it can have an impact
on safety if the reactor parameters are not carefully selected. It is therefore important to
understand the reasons behind this reactivity increase when the moderator temperature
increases, to avoid possible circumstances that could increase this positive reactivity
contribution. In figure 3.3 the elastic microscopic scattering cross-section of graphite
at different temperatures is shown. For low neutron energies (10−4 to 100 eV), there is
a difference in the elastic cross-section for different temperatures. When the graphite
temperature increases, an elastic scattering reaction is more probable, meaning that the
moderation of slow neutrons is enhanced, however, since the graphites energy, due to its
temperature, is higher than the energy of these slow neutrons, the increased scattering
events will result in neutrons with higher energies after the collision with the graphite.
This type of reaction is usually known as upscattering collisions. The consequence of
this enhanced upscattering is a shift in the neutron spectrum to higher energies.
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Figure 3.3: Graphite microscopic elastic cross-section at different temperatures

Neutron spectrum shift

In figure 3.4, the (normalized) neutron spectrum, obtained from the CSAS output file
of the previous calculation, is shown for three different moderator temperatures (700K,
1100K and 1700K). The spectrum shifts to higher energies when the moderator temper-
ature increases as a result of the upscattering collisions. A harder spectrum in the core
leads to more fission events of 233U, with respect to absorption in 232Th; this increases
the multiplication factor, and explains the positive value of the moderator reactivity
coefficient. This increase in fission events is related to the resonances in 233U. In figure
3.5, the macroscopic cross-sections of 233U for fission, and of 232Th for absorption are
shown. When the neutron spectrum shifts to higher energies, more neutrons will have
an energy close to the first fission resonance of 233U, which results in more fission events.
This low energy fission resonance is a particular characteristic of 233U, and is not present
in the commonly used 235U, whose lowest resonance is at 10eV.

3.1.3 Fuel burnup

In any type of nuclear reactor, the fuel composition will change with time due to the
burnup of the fuel. During this burnup process the fissile material will be consumed
producing fission products, which can decay and become different isotopes, and some
of the fertile material will be converted into new fissile isotopes. Some of the fission
products have very large absorption cross-sections, which has a negative effect on the
neutron economy and therefore the reactivity. In order to compensate for this decrease in
reactivity due to burnup, and to sustain the chain reaction, the reactors must introduce
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Figure 3.6: Infinite multiplication factor for several fuel burnups and heavy metal load-
ings at a pebble temperature of 1100K

reactivity to the core, which is usually done by removing some control rods or, in the
specific case of pebble bed reactors, by adding fresh fuel pebbles and removing burned
ones.

This effect of decreasing neutron multiplication due to fuel burnup, will also be
present in a Thorium-fueled HTR, and is therefore important to know how big this de-
crease in reactivity will be in order to compensate it in secure manner. For this purpose,
a K∞ calculation will be performed for different fuel compositions, corresponding to
several burnup values from 0 to 128GWd

ton . The burnup composition values were obtained
by a depletion calculation in SCALE with the ORIGEN-S module for 4 different heavy
metal loadings for the starting fresh pebble (i.e. 7, 14, 23 and 30g) with an enrichment
of 2.5%W 233U. A complete description of the methodology used for this calculation
is described [22]. The fuel pebble temperature will be fixed to 1100K for all the K∞
calculations.

In figure 3.6 the result of the K∞ calculations are presented. As expected, for all
heavy metal loadings, the multiplication factor decreases with burnup due to the con-
sumption of fissile material and the parasitic absorption in the fission products. For fresh
pebbles, i.e. a burnup value of 0 GWd

ton , we can see the same effect as in figure 3.2, in which
increasing the heavy metal loading results in a lower values of K∞. An important behav-
ior, for all heavy metal loadings, is that at low burnups, up to approximately 20GWd

ton , the
decrease in K∞ is faster than for higher burnups simply because of the build up of fission



products. At the beginning of the reactor operation, the fission products start to build
up, but since they are usually radioactive, they will eventually decay into some other
isotopes. Eventually, an equilibrium concentration of fission products is reached because
of this continuous production and decay of the fission products. Before this equilibrium
concentration, there is a higher concentration of fission products, and therefore they will
capture more neutrons, decreasing K∞ rapidly. After the equilibrium concentration is
reached the decrease in K∞ will be slower, mostly just due to consumption of the fissile
material.
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Figure 3.7: Reactivity feedback coefficients for temperature changes (from 700 to 1100K)
in the fuel, moderator and complete pebble as a function of burnup for different heavy
metal loadings

The previous calculation will now be repeated for several temperatures in order to
calculate the reactivity feedback coefficients. These coefficients will indicate the change
in reactivity of the system as a result of a change in temperature and different burnup
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values. Just as with the calculations in the previous section, the different reactivity con-
tributions will be studied by changing only the temperature of the fuel or the moderator.

In figure 3.7 the reactivity coefficients of both contributions and the total system are
presented. In plot A, it can be seen that the fuel reactivity coefficient is negative for
all burnup values, but it becomes slightly less strong for large burnup values. This is
because at higher burnup values, there is slightly Thorium available.

In plot B, it can be seen that the moderator reactivity coefficient increases rapidly
for low burnup values, reaching a maximum at around 20GWd

ton , and then slowly de-
creases for higher burnup values. The increase in the moderator reactivity coefficient is
an unexpected result since the amount of graphite in the core is not affected by burnup,
nevertheless, this increase shows a similar behavior as the fission products built up with
respect of the burnup value, showing a clear relation between these two phenomena. In
figure 3.8, the macroscopic cross-sections of fission of 233U, and of absorption of 232Th
and 233Pa (the precursor isotope of 233U) are shown. At an energy of approximately
0.8eV, 233Pa has a small resonance for absorption, this resonance is at a lower energy
than the first fission resonance of 233U, which is responsible for the positive moderator
reactivity coefficient due to the spectrum shift. This means that, at low temperatures,
part of the big peak of the neutron spectrum at thermal energies (see figure 3.4) is over
this absorption resonance of the 233Pa, which will produce a large decrease in K∞; when
the temperature in the moderator increases, the neutron spectrum shifts to higher ener-
gies, which will bring the peak of the neutron spectrum at thermal energies to the fission
resonance of the 233U (approximately 1eV) and away from the absorption resonance of
the 233Pa, resulting in more fission events and less parasitic absorptions. These two
effects produce a larger moderator reactivity coefficient, but only relative to its value
at lower temperatures.

In plot C, the total reactivity coefficient shows an increase for low burnup values as
a result of the large positive contribution of the moderator reactivity coefficient. For all
higher burnup values the total reactivity coefficient decreases slowly. For the selected
fuel composition of 30g of heavy metal loading, the total reactivity coefficient remains
negative, despite of the initial build up of fission products.

3.1.4 Moderator pebbles

An important parameter in every nuclear reactor design is the moderator to fuel ratio.
In an HTR, this ratio can be easily changed, when compared with other reactor designs
(e.g. BWR or PWR), since it is possible to add graphite pebbles without any fuel (also
know as dummy pebbles) to increase the amount of moderation. Modifying the amount
of moderation can be beneficial to increase the reactivity of the core when needed, for
example after a long operation time, but it is important to be careful not to add too
much moderation that could lead to unsafe situations. This is of particular interest in
a Thorium-fueled HTR because, based on the previous result, the moderator reactivity
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coefficient is positive, meaning that too much moderation could potentially produce an
unstable reactor core.

For this purpose, the effect of the amount of moderator pebbles in the multiplica-
tion factor and reactivity coefficients will be studied. A fictitious amount of moderator
pebbles that will surround the fuel pebble will be introduced by increasing the outer
graphite shell of the fuel pebble. The total volume of a graphite pebble (dummy peb-
ble) will be distributed through the fuel pebble surface, hence increasing its radius or
more precisely the outer graphite coating thickness. This allows us to simulate different
amounts of dummy pebbles around a single fuel pebble. As in the previous calculations,
a K∞ calculation will be performed for a fuel pebble at 1100K, with 2.5%W 233U en-
richment and for 4 different heavy metal loadings (7, 12, 24 and 30g). The amount of
dummy pebbles around a fuel pebble will be varied from 0 to 9, which corresponds to an
increase in radius of 3.4cm. It is important to keep in mind that the maximum physical
number in the core is approximately 6 moderator pebbles per fuel pebble; nevertheless
in this calculations more pebbles will be simulated to understand the tendency of the
reactivity coefficients to very large moderation values.

In figure 3.9 the results of the K∞ calculation are presented, and they resemble
the well-know curve of the moderation-to-fuel ratio phenomena. When the amount of
moderation in the core increases, the resonance escape probability (p) increases as well,
because the fast neutrons are slowed down more efficiently to thermal energies, meaning
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Figure 3.9: Infinite multiplication factor for different number of moderator pebbles
around a fuel pebble at a temperature of 1100K

that less neutrons are lost in the resonances; at the same time, the thermal utilization
factor (f) decreases since more neutrons are lost by absorption in the graphite since there
is more of it. These two opposing contributions to K∞ result in an optimal moderation
point. This effect can be seen in figure 3.9: if there is a larger heavy metal loading more
moderation is necessary to achieve the optimal moderation point. The part on the left
of this optimal point corresponds to the under-moderated zone in which the effect of
increasing the neutron escape probability dominates; on the other hand, the right part
of the curve corresponds to the over-moderated zone in which the effect of decreasing
the thermal utilization factor dominates. The HTR design usually operates at a very
undermoderated values to increase the neutron economy and to obtain low fuel cycles.

The previous calculation will be repeated for several different temperatures in or-
der to calculate the reactivity feedback coefficients. These coefficients will indicate the
change in reactivity of the system as a result of a temperature increase for different
amounts of moderation in the core, i.e. the number of dummy pebbles around a fuel
pebble. Just as with the calculations in the previous section, the different reactivity con-
tributions will be studied by changing only the temperature of the fuel or the moderator.
In figure 3.10 the results of the calculations are presented. In plot A, it can be seen that
the fuel reactivity coefficient becomes less negative with increasing number of moderator
pebbles, this is because a better moderation will decrease the resonance absorption rate.
The neutron energy distribution will be smaller, meaning a less effective Doppler effect
and, hence a less negative fuel reactivity coefficient.
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Figure 3.10: Reactivity feedback coefficient for temperature changes (from 700 to 1100K)
in the fuel, moderator and complete pebble for different enrichments and number of
moderator pebbles around a fuel pebble

In plot B, it can be seen that the moderator reactivity coefficient increases with the
number of moderator pebbles. This is an expected behavior since adding more graphite
will increase the reactivity effect of the moderator, making it even more positive.

In plot C, the total reactivity coefficient is shown. For any heavy metal loading,
and with three moderator pebbles per fuel pebble, the total reactivity will be positive.
This means that, for a 30g heavy metal loading and in order to maintain the safety
characteristic of a negative reactivity coefficient, the amount of moderator pebbles, per
fuel pebble in the core, can never be larger than 2. This is in agreement with the de-
sign parameter of the Chinese HTR-PM (Appendix A), where the amount of moderator
pebbles per fuel in the core is 0.43, although it is important to remember that this value
is for a Uranium-fueled core and it is also a value well below the maximum.
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3.2 XSDRN 1D model

The calculations in the previous section determined that, depending on the fuel compo-
sition, it is possible to have a negative total reactivity coefficient. Those results will be
extended in this section using a 1D model, in order to identify if those characteristics
are maintained in a finite (radial) size core. In addition, the possibility of modeling a
reflector around the core will allow the study of its influence in the multiplication factor
and in the total reactivity coefficient.

The model to be used in this section (figure 2.3) will have the following characteristics:
2 material regions i.e. fuel pebbles (1.5m width) and reflector (1m width); a vacuum
boundary on the side of the reflector zone and a reflected boundary on the side of the
fuel pebbles to simulate a cylindrical core; each zone will have 20 spatial intervals and
the calculations will be performed for 48 neutron energy groups. A buckling correction
will be used for the axial leakage of the core. The cross-sections that characterize each
material region were obtained, for each temperature and heavy metal loading, from the
previous model calculations with CSAS.

3.2.1 Effective multiplication factor

The previously calculated infinite multiplication factor (K∞) can only describe infinitely
large reactors because it assumes that no neutrons can escape (leak) out of the reactor.
To completely describe the neutron multiplication in a real and finite size reactor it is
necessary to include the neutron leakage effects. When the multiplication factor takes
leakage into account it is referred to as the effective multiplication factor (Keff ) and is
formally defined as the ratio of neutrons produced by fission in one generation to the
neutrons lost through absorption and leakage in the next generation. It can be described
by the six-factor formula (equation 3.4), which is similar to the four factor formula but
including two more neutron loss mechanism: fast neutrons leaking out of the reactor,
represented by the fast non-leakage probability (PFNL); and thermal neutrons leaking
out, represented by the thermal non-leakage probability (PTNL).

Keff = K∞PFNLPTNL = ηfpεPFNLPTNL (3.4)

The first calculation with this model gives the effective multiplication factor for
different heavy metal loadings at different temperatures. In figure 3.11 the results are
presented. The behavior of Keff , with respect of the amount of heavy metal loading,
is very similar than the previous results of K∞ (figure 3.1): for increasing heavy metal
loading the multiplication factor increases up to a maximum, which for Keff occurs at
a larger heavy metal loading (15g) when compared with K∞ (5g). The main difference
between Keff and K∞ is that, as expected, Keff is smaller that K∞ because the finite
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Figure 3.11: Effective multiplication factor for different heavy metal loadings and pebble
temperatures

size of the core allows neutrons to leak out, which means that less neutrons are available
for the chain reaction, meaning a lower multiplication factor.

3.2.2 Fuel, moderator and reflector contributions

The previous calculations will now be repeated for different temperature changes in or-
der to calculate the contributions to the reactivity coefficient, which in this model also
includes the reflector contribution. The selected temperature changes are from 700K to
1100K, from 700K to 1500K and from 700K to 1700K. For the reflector reactivity coeffi-
cient, the temperature of the reflector will be changed while the rest of the core remains
at the reference temperature (1100K). The equation of the total reactivity coefficient
(equation 3.3) can now be extended to include the reflector reactivity contribution:

αtotal = αfuel + αmod + αrefl =
1

Keff

∆Keff

∆Tfuel
+

1

Keff

∆Keff

∆Tmod
+

1

Keff

∆Keff

∆Trefl
(3.5)

In figure 3.12 the results for all the reactivity contributions are presented. In plot
A, it can be seen that the total reactivity coefficient is always negative for all heavy
metal loadings. The total reactivity coefficient increases (becomes less negative) with
increasing heavy metal loading, reaching a maximum at approximately 15g and then
decreasing slightly for all larger heavy metal loadings. This behavior is very different
when compared with the total reactivity coefficient calculated with the single pebble
model (figure 3.2 - C), in which it was positive for low heavy metal loadings. These
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Figure 3.12: Reactivity feedback coefficients for different heavy metal loadings and tem-
perature changes in the fuel, moderator, reflector and complete pebble

differences can be explained by looking into the reactivity contributions of the system,
i.e. fuel moderator and reflector.

In plot B, the fuel reactivity coefficient is plotted as a function of the heavy metal
loading. This coefficient is slightly less negative than the coefficients calculated with the
single pebble model (figure 3.1 - A), simply because of the smaller multiplication factor
(Keff < K∞). Nevertheless, it shows the same behavior as in the K∞ calculations,
being negative for all heavy metal loadings, since its contribution due to the Doppler
effect is not affected by the finite size of this model.

In plot C, the moderator reactivity coefficient is shown. It can be seen that this re-
activity coefficient is negative for almost all heavy metal loadings. This is a completely
different behavior when compared with the single pebble calculations, in which it was
a positive reactivity contribution (figure 3.1 - B). Apparently, a finite size of the core
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Figure 3.13: Leakage in the different model zones at different moderator and reflector
temperatures

has a strong impact on the moderator reactivity coefficient, making it the largest neg-
ative contribution of the system for low heavy metal loadings (less than 15g). In plot
D, the moderator reactivity coefficient is shown. It can be seen that it is positive for
all heavy metal loadings and that it decreases rapidly when increasing the heavy metal
loading. In order to explain these two effects: the positive contribution of the reflector
and the now negative contribution of the moderator, it is necessary to look into the leak-
age effects, since this is the main change with respect to the previous single pebble model.

From the XSDRN output files it is possible to obtain the information about the leak-
age term in the Keff calculation. This leakage data is available for each material zone
(i.e. core and reflector) and for the total system. The leakage from the core zone refers
to the net amount of neutrons crossing the core boundary into the reflector. The leakage
from the reflector refers to the net amount of neutrons crossing both of its boundaries:
into the core zone on its left boundary, and out of the system into its right vacuum
boundary. The total leakage of the system refers to the net amount of neutrons crossing
the right vacuum boundary of the reflector zone.

In figure 3.13 the leakage data of the previous calculations, from both material zones
and total system, is plotted with respect of temperature. In plot A, it can be seen that,
when the moderator temperature is increased, the leakage from the core into the reflec-
tor and the total system leakage increase. In plot B, the same effect of a higher leakage
term can be seen when the reflector temperature is increased. The conclusion from these
two plots is that the graphite, either from the fuel pebbles or the reflector, allows more
neutrons to leak when its temperature is increased. In order to fully understand why this
effect can produce a negative (moderator) reactivity coefficient and a positive (reflector)
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Figure 3.14: Leakage from the core zone into the reflector zone at different reflector
temperatures

reactivity coefficient is necessary to look at the energy of the neutrons that are leaking
out of the core.

In figure 3.14, the net leakage data from the core into the reflector zone, is plotted for
different reflector temperatures as a function of the neutron energy. The positive values
in this graph correspond to the net amount of neutrons leaking out of the core zone and
entering the reflector zone; and the negative values correspond to the neutrons coming
from the reflector (being reflected) into the core zone. It can be seen that when the
temperature of the reflector is changed, the energy distribution of the leaked neutrons
is modified. For low reflector temperatures there are more neutrons at approximately
1eV leaking from the core into the reflector, which are then reflected back with a lower
energy (0.1eV). This decrease in energy is simply because of the scattering events in the
graphite before reentering into the core zone. Nevertheless, the opposite effect occurs
when the temperature of the reflector is higher: more neutrons at approximately 0.1eV
leak from the core into the reflector, and are reflected back into the core with higher
energies (1eV). This increase in the energy of the reflected neutrons is due to the increase
of the upscattering events, as described in the previous section (3.3).

In figure 3.12, the reflector reactivity coefficient (plot D), is positive because with
higher reflector temperatures the reflected neutrons will have a higher energy, therefore
producing a harder neutron spectrum in the core, which leads to more fission events of
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Figure 3.15: Effective multiplication factor for different reflector widths and tempera-
tures

233U over absorption in 232Th, as explained in the previous section (figures 3.4 and 3.5).
Even though the total system leakage will increase with a higher reflector temperature,
the positive effect of a harder neutron spectrum in the core is higher, therefore making a
positive reactivity contribution. On the other hand, in figure 3.12, the moderator reac-
tivity coefficient (plot C), is negative because an increase in the moderator temperature
will only enhance the total system leakage, which is a negative reactivity contribution,
but will not produce a harder spectrum from the reflected neutrons. In this case, the
reflected neutrons will re-enter the core zone with a lower energy since the reflector is at
a lower temperature than the moderator in the core.

3.2.3 Reflector width

Including a reflector around the core has shown to have an important effect in the reac-
tivity of the system since it gives a positive contribution. A main characteristic of any
core reflector is its width (thickness), since the amount of neutrons reflected back into
the core depends on it, and it should therefore have an effect on the multiplication factor
and the reactivity. To understand this effect, the previous calculations of Keff and the
reactivity coefficients will be repeated for 4 different temperature while increasing the
reflector width in steps of 20 cm, from 0 to 200cm. The core zone will be exactly the
same as in the previous calculation.

In figure 3.15, the effective multiplication factor for different reflector thicknesses is
presented. It can be seen that when the thickness of the reflector is increased, there
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are more neutrons being reflected back in to the core, which increases the multiplication
factor. Nevertheless, Keff reaches a maximum value of approximately 0.98 for a reflector
thickness of 120cm, meaning at any further increase in thickness will not have a great
impact on the multiplication factor and therefore the reactivity. This result also confirms
that the dimension of the reflector used in the previous calculations (1m width) was a
good value for reflecting most of the neutrons, reaching almost the maximum value of
Keff
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Figure 3.16: Reactivity feedback coefficients for temperature changes (from 700 to
1100K) in the fuel, moderator, reflector and complete pebble for different reflector widths
and heavy metal loadings

The previous calculation will now be repeated for several heavy metal loadings to
calculate the reactivity feedback coefficients as a function of the reflector width. In figure
3.16, the calculated reactivity coefficients are presented. The total reactivity coefficient,



shown in plot A, remains negative for every reflector thickness although it becomes less
negative for large reflector thicknesses. In plot B, the fuel reactivity coefficient shows
a slight decrease in its negative contribution. When the fuel temperature is increased
the Doppler effect decreases the fission events but, since there is less leakage due to a
thicker reflector, those extra neutrons that do not leak out contribute to produce fission
events, therefore producing a small positive reactivity contribution that decreases the
negative fuel reactivity coefficient. In plot C, the moderator reactivity coefficient shows
a similar effect as the fuel reactivity coefficient. The decrease in the leakage, due to a
higher reflector thickness, only decreases the negative effect of the moderator reactivity
coefficient. In plot D, the reflector reactivity coefficient is presented. It can be seen that
starting from zero, where there is no reflector, the reactivity contribution of the reflector
increases with its thickness simply because there is more of it to produce the positive
reactivity effect.

3.2.4 Water ingress accident scenario

Based on the previous calculations, it can be concluded that a Thorium-fueled HTR
can be designed with negative reactivity coefficients, for a safe and normal operation,
by carefully selecting the fuel pebble composition and other parameters that have an
impact on the reactivity e.g. the number of moderator pebbles in the core or the reflec-
tor thickness. Nevertheless, the safety design requirements of the HTR demand that it
should be able to cope with the reactivity changes of the worst possible accident sce-
nario. As described in chapter 1, this accident scenario corresponds to a clean break of
the main steam pipes, which will lead to a considerably large ingress of steam into the
core. This situation will affect the reactivity of the core because the water is a good
neutron moderator, therefore changing the neutron spectrum. In order to study this
increase in moderation due to a water ingress, a Keff calculation will be performed for
four different temperatures (700K, 1100K, 1500K and 1700K) and for different water
ingress values, from 0 to 4000Kg, which corresponds to the maximum possible value
according to [15]. In the model, the water ingress will be simulated by getting a new set
of cross-sections for the core zone, in which the steam cross-sections will be included in
the helium part of the pebble model.

In figure 3.17, the results of the Keff calculations are shown. The Keff in this situ-
ation shows a very similar behavior as in figure 3.9, resembling the typical moderation-
to-fuel ratio curve. This is an expected behavior since the addition of water, which is
a good neutron moderator, will have a similar effect as adding more moderator peb-
bles, with the important difference that water absorbs more neutrons than graphite,
therefore resulting in a smaller increase of Keff . The optimal moderation point, where
Keff is the largest, is reached with approximately 2000Kg of water. At this maximum
Keff point, and for a temperature of 700K, the system reactivity corresponds to 0.1341,
which is a substantial reactivity increase of 0.0775, when compared with the reactivity
of the system with no water ingress (approximately 0.0566). This maximum reactivity
increase has to be inherently compensated by the negative temperature coefficient of
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Figure 3.17: Effective multiplication factor as a function of water ingressed into the core
for different temperatures

the system to maintain a safe situation. From figure 3.17 it can seen that the decrease
in reactivity from 700K to 1700K, at a water ingress of 2000Kg, is not large enough
to compensate for the increase in reactivity from 0Kg of water to 2000Kg. This means
that this reactivity increase cannot be counterbalance by inherently means alone! and
it would also depend on other active safety mechanisms like the control rods. Since for
a safe HTR the reactivity effect of any water ingress must be controllable by passive
means, it is obvious that the fuel pebble composition has to be changed in order to
produce the required negative reactivity response. It is important to notice that the
final heavy metal loading and %W of 233U is therefore design based on its capabilities to
compensate this accident scenario, which will limit the breeding capabilities of the HTR.

The previous Keff values will be used to calculate the total reactivity coefficient of
the system for a temperature change from 700 to 1100K. The different reactivity contri-
butions (i.e. fuel, moderator and reflector) will not be calculated, because we are only
interested in the maximum (total) reactivity value that the system will have to com-
pensate during this accident situation. Moreover, the general effect of these reactivity
contributions can be inferred from the previous calculations for the amount of modera-
tor pebbles inside the core (figure 3.10) since, in both cases, Keff shows a very similar
behavior as a result of more moderation in the core.

In figure 3.18 the total reactivity coefficient as a function of the water ingress values
is shown. It can be seen that, when the temperature increases, the reactivity coefficient
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Figure 3.18: Total reactivity coefficient as a function of water ingressed into the core for
a temperature change from 700K to 1100K

is negative even for the largest possible water ingress. The high neutron absorption
of the water, when compared with the graphite of the moderator pebbles, allows this
reactivity coefficient to be always negative; this is not the case for the moderator pebble
reactivity coefficient (figure 3.10 - C), which can be positive when there are more than
three moderator pebbles per fuel pebble in the core. It is important to mention that,
in this accident scenario, the steam entering the core will be at approximately 800K,
while the core will be at 1150K, which means that the steam will actually cool down
the core. Therefore, the temperature change will be from a higher temperature to a
lower temperature and, based on the results in figure 3.18, the reactivity coefficient
should be positive in this situation. Nevertheless, this positive reactivity coefficient
will not represent a problem, because it will produce a temperature increase in the
core (including the ingressed steam), which will produce in return a negative reactivity
coefficient that will regulate the reactor.

3.3 Dalton 2D model

In the previous sections, several calculations with two different models have been per-
formed to study the reactivity coefficients of an HTR for different fuel compositions,
burnup values and amount of moderator pebbles. Nevertheless, these results don’t fully
represent an operational HTR since in a real situation all these effects influence the core
reactivity at the same time. During the operation of the HTR, fresh fuel pebbles are
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added on the top part of the core to refuel the system, while pebbles at the bottom are
removed and, depending on their burnup value, either discarded as waste or recycled
back into the core. This refueling changes the core composition over time, adding not
only fission products, but also modifying the amount of fuel available in the core. In ad-
dition, some moderator pebbles might have been added to compensate for the decrease
in reactivity due to burnup. After some time an equilibrium core is reached, meaning
that the HTR has been in operation long enough for the fuel composition to reached an
equilibrium concentration of fissile material and fission products, and the reactivity has
been readjusted by means of moderator pebbles.
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Figure 3.19: Effective multiplication factor as a function of the total, moderator, fuel
and reflector temperature. 30g heavy metal loading and 8%W 233U)

3.3.1 Equilibrium core

In order to study this equilibrium situation the 2D Dalton model, described in 2, will
be used. The model to be used is very similar to the 1D XSDRN model: 2 material



regions (i.e. core and reflector), a reflected boundary condition on the left side of the
core zone and a vacuum boundary on the right side of the reflector zone, and the same
radial dimensions with the addition of an axial finite size of 11m. Nevertheless, the core
region will have two different zones: a driver zone, in which the fuel pebbles are produc-
ing the chain reaction; and a breeder zone of fuel pebbles with no 233U. In this breeder
zone the fuel pebbles will absorbed many of the neutrons coming from the driver zone to
breed fissile material. After several cycles in the breeder zone the pebbles are removed,
reprocessed to modify their fuel composition (30g heavy metal loading and 8%W 233U),
and finally added to the driver zone of the core. The driver zone will have 3 moderator
pebbles per fuel pebble. The equilibrium core nuclei concentrations were obtained from
[22], and were calculated with similar depletion calculations performed as described in
section 3.1.3, the fuel pebbles will remain in the driver zone for a certain residence time,
and they will be recycle approximately 5 times before being discarded.

In figure 3.19 Keff is plotted as a function of temperature of the moderator, fuel,
reflector and total system. This results are in agreement with the previous XSDRN 1D
model:Keff decreases for increasing fuel and moderator temperatures, and increases for
larger reflector temperatures; nevertheless the value of Keff in the Dalton model will
be smaller due to the additional leakage in the axial direction. With these results it is
possible to obtain the total reactivity coefficient for this equilibrium core situation, which
corresponds to −2.59×10−5 1

K . From literature [23], the total reactivity coefficient for the
HTR-PM is approximately 3.81×10−5 1

K . The value of the reactivity coefficient obtained
with the Dalton model is very close to the real value of the HTR-PM, considering that
some parameters for the equilibrium core situation, such as the number of moderator
pebbles or burnup values, were not optimized with respect to the reactivity coefficients.
It is also important to remember that the reference value of 3.81 × 10−5 refers to a
different fuel composition: 7g of heavy metal loading (238U).
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Chapter 4

Dynamic HTR model

In a dynamic model, the interactions between the variables of a system are present as
feedback effects. These feedbacks occur when a variation in a given parameter initiates
a change in another variable that, in return, will have an affect on the original param-
eter. These feedbacks can be positive or negative depending on whether they increase
or decrease the original change. For a nuclear reactor, understanding the dynamics is a
fundamental part for analyzing its safety, since they will describe and predict its perfor-
mance and behavior in time. A dynamic model can provide valuable information about
the inputs and the outputs of the system and the interactions between its different vari-
ables. This information is useful to predict the changes in parameters, when a variable
is modified, to make sure they are under the design safety limits, and also, to identify if
these changes are slow enough to be compensated by control actions.

In this chapter, a simple dynamic model of an HTR will be described to study the
time response of the reactor to changes in its operational parameters, such as pressure,
temperature or flow. The model will make use of the previously calculated reactivity
feedback coefficients, and will incorporate all the relevant phenomena, such as thermo-
hydraulics, kinetics and heat transfer. The model will include the reactor core and the
coolant units, and it will be separated in sections to simply the study of the core response
to changes in the helium pressure, temperature, flow and the system’s reactivity.

4.1 Modeling methodology

In literature there are plenty of dynamic models for the HTR [24] [25] [26]. Nevertheless,
these models are too complicated and detailed for a first approach on safety and control
[27]. These high degree models are based on conservation equations for mass, energy and
momentum, coupled with the relevant phenomenology correlations, which are solved by
finite difference methods. For this study, a simpler dynamic model can be implemented.
The HTR can be modeled as a lumped system, separated in sections, in which each sec-
tion has uniform averaged properties for pressure, flow and temperature, and is described
by the corresponding conservation equations [21] [28]. In addition, this model should
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include the effects of neutronics, reactivity feedbacks and thermalhydraulics. The re-
sulting model will be a set of ordinary differential equations (ODE) describing the states
of the system. These state equations can then be solved by numerical methods with
commercial software like MATLAB.

In order to simplify the mathematical equations that describes the behavior of the
HTR, while still maintaining a degree of accuracy to trust the results, some assumptions
have to be made. The model derivation and assumptions described in this chapter are
based on different publications [21] [28]. The major assumptions in this simplified model
are:

• The reactor is divided in several nodalized and lumped sections, each one with
uniform properties of flow, temperature and pressure.

• The core model includes two nodes: core and reflector. In the core node the fuel
and moderator are averaged by uniform properties to represent the fuel pebbles.

The complete nodalized system of the HTR dynamic model is shown in figure 4.1.
It has 8 different sections: Lower plenum, lower header, outlet header, upper header,
downcomer, core, reflector, and riser. In table 4.1, a list of the most relevant symbols and
subscripts used in the equations of the dynamic model is presented. A more extensive
list can be found in the Nomenclature section.

Symbol Parameter Unit Subscripts

C Specific heat
[

J
KgK

]
f fuel

G Mass flow
[
Kg
s

]
m moderator

P Pressure [Pa] r reflector

PNom Nominal power [W] c core

T Temperature [K] ss Steady state

V Volumen
[
m3
]

1 Lower plenum

n Neutron density - 2 Lower header

α Heat transfer coeff. or
[
W
m2K

]
3 Riser

Reactivity coeff.
[

1
K

]
4 Upper header

ξ Pressure loss coeff. - 5 Downcomer

ρ Density or
[
Kg
m3

]
6 Outlet header

Reactivity -

Table 4.1: Relevant symbols and subscripts used in the mathematical dynamic model of
the HTR
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4.2 Mathematical modeling

The basic principles behind the model developed in this chapter are the conservation
equations of mass and energy for 1D systems in each section, and the loss of pressure
equation [21] [28]. The following equations will be applied to every section of the model
to describe the change of mass and energy with respect of time.

dm

dt
= Gin −Gout (4.1)

d(mh)

dt
= Ginhin −Gouthout +Qin −W (4.2)

Pout = Pin − ξ
G2
in

ρin
(4.3)

4.2.1 Lower plenum

In this reactor section, the cold helium coming from the steam generator enters the lower
part of the reactor vessel. This section is modeled just as a chamber with no pressure
drop or energy exchange with the environment. Therefore, the mass and energy balances
are:

Figure 4.1: Primary system reactor zones for dynamic modeling



V1
dρ1

dt
= Gin −G1 (4.4)

V1Cp
d(ρ1T1)

dt
= GinCpTin −G1CpT1 (4.5)

Pin = P1 (4.6)

Substituting equation 4.4 in 4.5:

dT1

dt
=

Gin
ρ1V1

(Tin − T1) (4.7)

4.2.2 Lower header

The lower header section is a chamber that deviates most of the helium flow from the
lower plenum to the riser, while the remaining small portion of the flow is deviated to the
outlet header. This chamber will be modeled with no pressure loss or energy exchange
with the environment, and the amount of helium going to the outlet header will be
defined with the leakage ratio γ. Therefore, the equations describing this section are:

G2→3 = G1(1− γ) (4.8)

G2→6 = G1γ (4.9)

T2 = T1 (4.10)

P2 = P1 (4.11)

4.2.3 Riser

The riser is a series of channels in the reflector in which the cold helium flows upwards
to the upper header while, at the same time, cooling down the reflector. The riser will
be modeled as a concentric cylinder on the outside part of the reflector. It has a pressure
drop, heat exchange with the reflector and no heat exchange with the environment (outer
part of the riser). Therefore, the mass and energy balances are:

V3
dρ3

dt
= G2→3 −G3 (4.12)

V3Cp
d(ρ3T3)

dt
= G2→3CpT2 −G3CpT3 + α3A3(Tr − T3) (4.13)

P3 = P2 − ξ3
G2

2→3

ρ2
(4.14)

Substituting equation 4.12 in 4.13:

dT3

dt
=

1

ρ3CpV3
[G2→3Cp(T2 − T3) + α3A3(Tr − T3)] (4.15)
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4.2.4 Upper header

In the upper header the helium coming from the riser channels is mixed and evenly
distributed in all the downcomer channels to pass trough the core. It will be modeled
as a well-mixed chamber with no pressure loss or heat exchange with the environment.
Therefore, this section is described as:

G4 = G3 (4.16)

T4 = T3 (4.17)

P4 = P3 (4.18)

4.2.5 Core

In this model, the core refers only to the fuel pebbles in the reactor, meaning that the
helium in between the pebbles is not part of the core section, but part of the downcomer.
The core is modeled as a lumped solid area with a uniform porosity ε, and an internal
heat production. In this section, the fission energy release from the fuel pebbles, in the
form of heat, is transferred to the down coming helium in the downcomer by convection,
and to the reflector by conduction. The energy balance can written as:

VcρcCc
dTc
dt

= PNomnr − α5A5(Tc − T5)− αcAc(Tc − Tr) (4.19)

Where: nr is the normalized neutron density and Vc = (1− ε)Vvessel. Rewriting the
previous equation:

dTc
dt

=
1

ρcCcVc
[PNomnr − α5A5(Tc − T5)− αcAc(Tc − Tr)] (4.20)

The reactor point kinetics equations can be used to describe the neutron density in
the core and, therefore, the nuclear chain reaction. In this model, the neutrons will be
mono-energetic and with 6 precursors groups for delayed neutrons. The system’s kinetics
can be described as:

dn

dt
=
ρ− β

Λ
n+

6∑
i=1

λici (4.21)

dci
dt

=
βi
Λ
n− λici, i = 1, 2, .., 6 (4.22)

The reactivity feedback coefficients are a function of the steady state temperatures of
the core and reflector, when the temperature in those sections deviates from the steady
state values, a reactivity response is added to the system. In addition, an external



reactivity can be included in the model to simulate a control rod insertion or extraction.
The reactivity equation can therefore be expressed as:

ρ = ρrod + (αf + αm)(Tc − Tc,ss) + αr(Tr − Tr,ss) (4.23)

4.2.6 Downcomer

The downcomer is the void part of the reactor core in between the fuel pebbles, and it
is described as the porosity (void fraction) of the core volume. In this part the fission
energy is transferred from the fuel pebbles to the helium flowing downwards, therefore
cooling the core and obtaining higher helium temperatures at the outlet. The downcomer
section also has a pressure drop across the pebble bed. Therefore, the mass and energy
balances are:

V5
dρ5

dt
= G4 −G5 Where : V5 = εVV essel (4.24)

V5Cp
d(ρ5T5)

dt
= G4CpT4 −G5CpT5 + α5A5(Tc − T5) (4.25)

P5 = P4 − ξ5
G2

4

ρ4
(4.26)

Substituting equation 4.24 in 4.25:

dT5

dt
=

1

ρ5CpV5
[G4Cp(T4 − T5) + α5A5(Tc − T5)] (4.27)

4.2.7 Reflector

The reflector is a cylindrical graphite structure surrounding the reactor core, and it is
designed to reflect neutrons back into the core to increase the neutron economy. The
reflector will be modeled as a solid graphite structure that is heated by the core on its
inner side, and cooled down by the helium in the riser on its outer side. Therefore, the
reflector can be described as:

VrρrCr
dTr
dt

= αcAc(Tc − Tr)− α3A3(Tr − T3) (4.28)

Rewriting the previous equation:

dTr
dt

=
1

VrρrCr
[αcAc(Tc − Tr)− α3A3(Tr − T3)] (4.29)
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4.2.8 Outlet header

The outlet header is a chamber where the hot helium, coming from the downcomer, is
mixed with the leaked helium from the lower header. It can be modeled as a well-mixed
chamber without pressure drop or energy exchange with the environment. Therefore,
this section is described as:

V6
dρ6

dt
= G5 −G2→6 −G6 (4.30)

V6Cp
d(ρ6T6)

dt
= G5CpT5 −G2→6CpT2 −G6CpT6 (4.31)

P6 = P5 (4.32)

Substituting equation 4.30 in 4.31:

dT6

dt
=

1

ρ6V6
[G5(T5 − T6) +G2→6(T2 − T6)] (4.33)

4.2.9 State equations and inputs

For the HTR dynamic model, the state variables are Tc, Tr, T1, T3, T5, T6, n and
cr,i(i = 1, 2...6). The complete mathematical model in state variables is therefore defined
by equations 4.7, 4.15, 4.27, 4.33, 4.20, 4.21, 4.22 and 4.29, and it can be expressed as:



ẋ1

ẋ2

ẋ3

ẋ4

ẋ5

ẋ6

ẋ7

ẋ8...13



=



Ṫc

Ṫr

Ṫ1

Ṫ3

Ṫ5

Ṫ6

ṅ

ċi



=



1
ρcCcVc

[PNomnr − α5A5(Tc − T5)− αcAc(Tc − Tr)]
1

VrρrCr
[αcAc(Tc − Tr)− α3A3(Tr − T3)]

Gin
ρ1V1

(Tin − T1)

1
ρ3CpV3

[G23Cp(T2 − T3) + α3A3(Tr − T3)]

1
ρ5CpV5

[G4Cp(T4 − T5) + α5A5(Tc − T5)]

1
ρ6V6

[G5(T5 − T6) +G26(T2 − T6)]

ρ−β
Λ n+

∑6
i=1 λici

βi
Λ n− λici, i = 1, 2, .., 6



(4.34)

The input variables of the model are the helium flow (Gin), temperature (Tin) and
pressure (Pin) and the reactivity due to the control rods (ρrod). In chapter 5, several
changes in the input values will be simulated to study the response of the state variables.
To calculate the reactor power, the (normalized) neutron density (nr) will be used as a
proportionality constant, since the neutron density is directly proportional to the amount
of fission events and, therefore, the power produced in the core.



4.3 Model parameters

In order to solve the state equations of the dynamic model, it is necessary to define
the different reactor parameters present in the state equations, such as volumes, ar-
eas, nominal power, etc. Just as with the models described in Chapter 2, the dynamic
model will make use of the design parameters of the Chinese HTR-PM to describe a
real life situation and to obtain realistic and useful results. The relevant parameters
of the HTR-PM for the calculations are: thermal and electrical nominal powers, fuel
pebble dimensions and composition, core design and dimensions, reactivity control sys-
tems, reflector dimensions, pressure vessel design, and the operational parameters of the
coolant. A complete and detailed list of the HTR-PM design parameters is presented in
Appendix A [17] [20] [21].

In addition to the reactor design parameters, the reactor kinetics equations of the
model require the decay constants and the delayed neutron fraction of each precursor
group, depending on the fissile material in the core. In this case, the fuel pebble will
contain 30g of heavy metal loading (233Th) and 2.5%W 233U. The corresponding needed
values for 233U are presented in table 4.2 [29].

233U

Precursor Delayed neutron Decay

group fraction constant
[

1
s

]
1 0.0002236 0.0126

2 0.0007124 0.0334

3 0.0005902 0.1308

4 0.0008242 0.3027

5 0.0001898 1.2695

6 0.0000598 3.1364

Total 0.0026

Table 4.2: Delayed neutron fraction and decay constants of the precursors of 233U [29]

4.3.1 Temperature and pressure dependent parameters

Several of the physical properties of the materials present in the dynamic model depend
on temperature and/or pressure, and cannot be taken as constants during the dynamic
simulation. It is therefore important to include an equation in the model that will
describe this dependency for every parameter. For simplicity, the equations used are just

56



CHAPTER 4. DYNAMIC HTR MODEL 57

polynomial expressions from several reference sources [28], [30], [31], [32], [33], [34], [35].
These equations include, among other properties, the thermal conductivities, densities
and specific heat capacities for the helium, graphite and fuel. The complete set of
equations is listed in Appendix B.

4.3.2 HTR heat transfer parameters

From a thermalhydraulics point of view, the study of the heat transfer in the pebble
bed of an HTR is a complicated task. An extensive research in this topic was done in
Germany by The Nuclear Safety Standards Commission (Kerntechnischer Ausschuss -
KTA) in the 1980’s, from which several equations were obtain to describe the loss of
pressure and heat transfer mechanisms in the pebble bed and in the riser. This same
equations will be used in the dynamic model of the HTR to simplify the heat transfer
physics in the core. These set of equations is listed in Appendix B.

4.3.3 Reactivity feedback coefficients

The effective multiplication factor data, obtained with XSDRN calculations in chapter
2, will be used in the dynamic model to calculate the corresponding reactivity feedback
coefficients including all the contributions (i.e. fuel, moderator and reflector) according
to the formula:

αtotal = αfuel + αmod + αrefl =
1

Keff

∆Keff

∆Tfuel
+

1

Keff

∆Keff

∆Tmod
+

1

Keff

∆Keff

∆Trefl
(4.35)

The values of Keff were calculated with XSDRN for a limited number of tempera-
tures (700K, 900K, 1100K, 1300K, 1400K, 1500K, 1600K and 1700K), but in order to
use them dynamically in the HTR model is necessary to have a higher resolution with
respect of ∆T . To this purpose, an interpolation of the data obtained with XSDRN is
performed in Matlab to be able to calculate αfuel, αmod and αrefl with a ∆T of up to
1K. In addition to the interpolation, the calculation of Keff in XSDRN, for changes in
reflector temperature, was extended to a temperature range of 300K to 1700K, because
it is expected that the reflector temperature, in steady state operation, will be near
350K. In figure 4.2, the XSDRN calculated values and the interpolated data are shown.

4.4 Simulation software

The simulation of the HTR model consists in solving iteratively the dynamic model state
equations, together with the parameter equations of the previous section, by numerical
methods. For this purpose MATLAB (MAtrix LABoratory), a numerical computing
environment and programming language developed by MathWorks, will be used because
of its powerful capabilities for dynamic modeling with control and system analysis pur-
poses. MATLAB has several built-in functions for the numerical solution of Ordinary
Differential Equations (ODE). These solver functions include: ode45, ode23, ode113,
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ode15s, ode23s, ode27t or ode23tb. The selected solver for our dynamic model state
equations is ode45. It is the most widely used solver and it is suitable for a wide variety
of initial value problems in practical applications [36]. Ode45 is a one-step solver which
only needs the solution at the immediately preceding time point for the calculation. It is
based on an explicit Runge-Kutta (4,5) formula, the Dormand-Prince pair. Ode45 uses
as input a function of the independent parameter, which defines the system’s derivatives
(state equations); the initial values of the state equations; and a vector to specify the
interval of integration.
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Chapter 5

HTR dynamic behaviour

In a nuclear power plant, there are many different equipments needed to produce ther-
mal energy from the nuclear fuel. All these equipments are closely interconnected and,
therefore, changes in any of their parameters will have an influence on the rest of the
reactor. The result of chapter 3 have shown that, when carefully selected, the reactivity
coefficients of the Thorium-fueled HTR are capable of compensating typical changes in
the core temperature. However, it is important to analyze their response in a dynamic
model to study the time response and the influence of the variables in the core temper-
ature. An important aspect that will be obtained from the dynamic model simulation
is the different time scale of the parameters changes. The reactivity response is usually
very fast, when compared with the heat transfer in some materials. These difference in
time scales might have an influence in the operability of the reactor.

In this chapter, several test simulations will be performed with the dynamic model
described in the previous chapter to analyze the time response of the HTR. In every
simulation, the steady state of the system will be perturbed by a step change in one of
the different input parameters, while the rest remain constant. These step input signals
can be positive or negative to represent a decrease or an increase in the given parameter.
The four input parameters that will be changed during these simulations are the helium
inlet pressure, helium inlet flow, helium inlet temperature and the reactivity insertion
due to the control rods. All the simulations in this section will be run for 3700s, and the
step input signal will start at 3300s. The first 3000s of the simulation will not be shown
in any of the results because this is the time that the model takes to stabilize and reach
its steady state.

5.1 Changes in pressure

The steady state value of the helium inlet pressure is 7MPa. From this initial value, the
helium pressure will be increased by 10% and 30% during the simulation to study its
influence in the reactor temperatures and the response of the reactivity coefficients to
these changes. The rest of the input variables will remain constant.
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Figure 5.1: Dynamic HTR model time response to different step helium pressure inputs

In figure 5.1, the results of the two simulations are presented for the temperatures of
the core, reflector, downcomer and outlet. It can be seen that the pressure changes, even
large ones like the 30% increase, cause negligible changes in all the model’s temperatures.
The reason for these negligible changes of less than 1K, is that the pressure only affects
the helium properties; mainly viscosity and density, but it does not affect considerably
the heat transfer coefficients of the system.

5.2 Changes in helium inlet flow

The steady state value of the helium inlet flow is 96 Kg
s . In this simulation the helium

inlet flow will be increased and decreased by 10% and 30% from its initial value to study
its influence on the reactor temperatures, and the response of the reactivity coefficients
to these changes.
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Figure 5.2: Dynamic HTR model time response to different step helium flow inputs



In figure 5.2, the results of the four simulations are presented for the most relevant
temperatures in the model: core, reflector, riser, downcomer, and outlet; as well as the
reactor core power, which is calculated with the relative neutron density. It can be seen
that when the flow increases, the core temperature decreases, because a larger amount
of helium going through the pebble bed will enhance the heat transfer from the pebbles
to the helium. This decrease in the core temperature produces a positive reactivity con-
tribution, which increases the core power and the temperature up to a new and slightly
lower steady state value. For a higher flow input step the temperature decrease is larger,
which produces a larger positive reactivity effect. For this situation the reactor again
settles to a very similar steady state value and at approximately the same time (50s).
For decreases in the flow, the opposite effect is achieved: a less efficient heat transfer
from the pebble to the helium, a higher temperature in the core and, therefore, a nega-
tive reactivity effect. The settling time in this case is longer (150s) because, with a less
efficient heat transfer, it will take the pebbles a longer time to get rid of their excess heat.
In general, the core temperature presents a classic behavior of a second order system.

The downcomer and outlet temperatures have a very similar behavior, since they are
only separated by the outlet header, and it is analogous to the core temperature because
they directly depend on the amount of heat being produced in the core. The reflector
and riser temperatures decrease with a higher helium flow, and increase with a lower
helium flow. However, these changes are too small to have a significant impact on the
safety of the reactor. The reason for these very small changes is the high heat capacity of
the graphite, which makes the heat transfer in the reflector a very slow process. This is
the reason behind the continuous increase in reflector temperature even after the end of
the simulation (t=3700s). If the simulation is run for very long times this temperature
finally settle for a new steady state value slightly higher than before. This occurs after
a time of approximately 3000s after the input flow perturbation. Since the temperature
of the riser depend on the temperature of the reflector, the same small but constant
increase in its temperature can be seen, although in a less magnitude.

The core power shows a similar behavior as the core temperature, reaching an max-
imum peak of approximately 35% the nominal power. However, this high power peak
only lasts for less than a minute, and it does not represent a safety risk since its imme-
diate effect is an increase in the core temperature of only 7K. The large heat capacity of
graphite in the fuel pebbles makes the heat transfer a very slow process. The core power
eventually settles for a new steady state value proportional to the step flow increase.

5.3 Changes in helium temperature

The steady state value of the helium inlet temperature is 523K. In this simulation the
helium inlet flow will be increased and decreased by 10% and 30% from its initial value
to study its influence in the reactor temperatures, and the response of the reactivity
coefficients to this changes.
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Figure 5.3: Dynamic HTR model time response to different step helium temperature
inputs



In figure 5.3 the simulation results are presented for the most relevant parameters.
An increase in the helium inlet temperature will produce a smaller heat transfer between
the fuel pebbles in the core and the helium in the downcomer, since the temperature
difference between them will be reduced. This means that less heat will be removed from
the pebbles, therefore increasing their temperature. Just as in the previous results, an
increase in the core temperature induces a negative reactivity response that will reduce
the core power. In figure 5.3, for the core, downcomer and outlet temperatures, it can be
seen that after this first temperature increase, and after the corresponding decrease due
to the negative reactivity response of the core, the temperature will continue to increase
very slowly even after the end of the simulation time. The temperatures will eventually
settle to a new and slightly higher value after a long time (1500s). This continuous
temperature increase is because the hotter helium will slowly heat up the entire system
to reach a new steady state. This process is very slow due to the large heat capacity of
the graphite in the fuel pebbles and the reflector. For this reason, the same behavior
can be seen in the reflector and riser temperatures. In the riser temperature response,
the two different time scales can be seen: at t=3300s, the temperature increases almost
instantly due to the helium temperature step input; from that time onwards there is
only a very small increase due to the slow changes in the graphite reflector temperature.
In all the core parameters, the exact opposite effect will be achieved for a corresponding
reduction in inlet helium temperature.

In this simulation the reactor power follows a very similar and opposite behavior as
the core temperature: when the temperature increases, the core power is reduced due to
the reactivity coefficient response. In addition, the same slow and continuous increase
in the core temperature will produce a corresponding decrease in the core power.

5.4 Changes in reactivity

The steady state of dynamic model assumes no external reactivity insertion from the
control rods. In this simulation the reactivity of the core will be increased and decreased
to study its influence in the reactor temperatures, and the response of the reactivity
coefficients. These reactivity changes will correspond to ±0.1 and ±0.4 dollars. The
dollar is a reactivity unit defined as the ratio between the reactivity of the system and
the delayed neutron fraction (β). A value of 1$ is therefore equivalent to a chain reaction
driven entirely by prompt neutrons.

In figure 5.4 the results of the four simulations are presented for the most relevant
core parameters. An increase in the reactor reactivity will lead to more fission events,
which will increase the core temperature and, eventually, also the temperature of the
entire system. For a reactivity insertion of 0.1$, the initial core temperature increase, of
approximately 10K, is immediately compensated by the negative fuel temperature coeffi-
cient, which stabilizes the temperature to a new and higher steady state value. This new
higher core temperature produces a temperature increase in the reflector and the riser,
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Figure 5.4: Dynamic HTR model time response to different reactivity step inputs



which develops very slowly due to the large heat capacity of the graphite. These temper-
atures, just as in the previous results, eventually settle for a new steady state value. The
downcomer and outlet temperature show very similar behaviors, and proportional tem-
perature increases, with respect of the core temperature. A larger reactivity insertion
(0.4$) will induce a larger temperature change in all the reactor components. A nega-
tive reactivity insertion will produce a similar but opposite effect in all the temperatures.

As expected, a reactivity insertion induces an increase in the core power, which
reaches a peak value in less than 50s. This maximum core power can be very large for high
reactivity insertions (0.4$), nearly twice as large as the nominal power. Nevertheless,
this high peak is properly compensated by the feedback reactivity coefficients and only
produces a temperature increase of 30K in the core. The core power decreases rapidly
after reaching the maximum, and settles for a new and slightly higher power. This large
reactivity insertion is unlikely to occur in a real nuclear reactor, where the reactivity
changes are small and are done in a control manner. A negative reactivity insertion
produces a similar but opposite effect in the core power, with the difference that the
peak value is considerably smaller than its equivalent for a positive reactivity insertion.
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Chapter 6

Conclusions and
recommendations

6.1 Conclusions

The present study has shown that, with a proper selection of parameters, it is possible
to design a Thorium-fueled HTR that maintains many of its inherently safety features
and that is therefore safe to operate. The most significant difference in the safety of the
HTR, because of the use of Thorium fuels, is related to its reactivity response to temper-
ature changes. Nevertheless, these reactivity responses, although different in magnitude
with respect of uranium fuels, are not a limiting factor in the development of this tech-
nology, since they can perform satisfactorily under properly chosen design parameters
and operating conditions.

The calculation of the reactivity feedback coefficients as a function of the heavy
metal loading in the fuel pebble, was performed with two core models: the single pebble
model and the 1D XSDRN model. However, a very different result was found for the
moderator reactivity coefficient, which was positive in an infinite lattice and negative
for a finite lattice. The reason for this was found to be due to the leakage term, which
increases with higher temperatures. This leakage effect was large enough to offset the
positive effect of the spectrum hardening due to the enhance upscattering. The single
pebble model (infinite lattice) does not include this leakage term, therefore making the
moderator reactivity coefficient positive. These results show the importance of selecting
the proper model for each application, especially with important studies such as safety.

Based on the results we can conclude that the fuel pebble composition is one of
biggest design parameter related to safety for a thorium-fueled HTR. All the reactivity
coefficients are strongly dependent on the heavy metal loading and the amount of 233U.
Using a very low value of the heavy metal loading and enrichment should be avoided,
because they can result in a positive reactivity coefficient and therefore an unstable
reactor. On the other hand, the maximum possible amount of heavy metal loading and
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The decrease in reactivity due to fuel burnup is a common situation for any nuclear
reactor. This same behavior is also present in the thorium-fueled HTR, which means
that the same reactivity control strategies, such as the addition of moderator pebbles or
fresh fuel pebbles, can be implemented, although they should be readjusted to match the
specific reactivity necessities of the Thorium-fueled HTR. Nevertheless, special attention
should be paid to the addition of moderator pebbles in the core, since this might lead to
positive reactivity coefficients. Because of this effect, the addition of fresh fuel pebbles
might be a better reactivity control strategy for the thorium-fueled HTR.

The dynamic behavior of the HTR, obtained in chapter 5, shows that during normal
operation, and with typical or expected changes in the variables, the reactivity coeffi-
cients are capable of stabilizing the reactor in a safe manner and relatively fast. The
large heat capacity of the graphite is still a main safety characteristic that produces
gradual temperature transient due to the perturbations. This low thermal response
gives more time for control actions to take place and limits the transient from becoming
major incidents. This is very noticeable during a large reactivity insertion (0.4$), which
produces a power transient of almost the double of the nominal power but only results
an immediate core temperature increase of 30K. For all the tested changes in the input
variables, the core temperature never exceeds 1200K, which is much smaller than the
failure temperature of the fuel pebbles, which means that the fuel kernels will remain
intact and no fission products will be released. According to the results in chapter 2,
the reflector temperature reactivity coefficient is positive, nevertheless, because of the
very slow reaction time of the graphite, the reflector temperature changes very slowly,
meaning that the reactivity influence of the reflector will be minimal and it will not pose
any safety concern to the reactor operation.

In conclusion, the HTR is a safe reactor that can be design for a safe and reliable
operation when fueled entirely with thorium.

6.2 Recommendations

Safety is a fundamental aspect of nuclear energy, and one of the major concerns of the
general public, which limits its acceptance and implementation. For this reason a safety
study is a very important task on any nuclear rector design. The work presented in this
thesis is good initial approach to prove the safety capabilities of the HTR with thorium;
nevertheless, a more extensive work should be performed before the implementation of
this technology.

The core models used in this thesis were 1D and 2D models and, even though they
include the relevant physics behind the reactivity coefficients, more complex models,
such as a 3D model, should be developed to study the power and temperature distribu-
tion in the core since they will have an impact on the reactivity coefficients. In addition,
a much more extensive work should be done for the equilibrium core situation. The
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presence of a breeder zone in the core, the moderator pebbles, the fission products and
the mixed fresh and burned fuel pebbles in the core, make a complicated model with
many different reactivity coefficients that are closely related. A deeper safety analysis
with this model could give a closer result to determine the final reactivity coefficients
value for a thorium-fueled HTR. An interesting research topic would be to investigate
the fuel pebble composition to determine an optimal design between a safe reactor and
achieving high fuel burnups or a high fuel-breeding ratio.

The dynamic model used in this thesis, is a very simple approximation to the intricate
relations between variables and the feedback effects between the different parts of the
HTR core. This model can be extended to include other equipments of the HTR plant,
such as the steam generator or the turbine, which will help to perform simple load
following studies to describe the reactor behavior to changes in the electrical demand.
Even though the results with this model were satisfactory, a full transient analysis study,
with code packages like THERMIX, is highly recommended to assure that the system
remains within the design safety limits during the possible accident scenarios.



Appendix A

Design parameters of the
HTR-PM 1

Design parameter Design value Units

Thermal power 2x250 MW

Operation lifetime 60 years

Load factor 85 %

Fuel elements

Diameter of the fuel elements 6 cm

Nuclear fuel UO2

Heavy metal loading 7 g

235U enrichment 8.8 %

Neutron generation time 0.0011 s

Number of fuel pebbles 520000

Number of graphite pebbles 225530

Average discharge burn-up 80000 MWd/tU

Core design parameters

Diameter of central graphite column 220 cm

Active core diameter 300 cm

Average height of active core 1100 cm

Average core power density 3.22 MW/m3

1Data taken from [13] [20] [21]
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Average output power per fuel pebble 0.881 kW

Neutron leakage from the core 15.08 %

Reactivity control

Number of control rods 18

Number of absorber pebble units 18

Worth of control rods 5.25 %

Worth of absorber pebble units 11.32 %

Graphite reflector

Height of the graphite structure 152 cm

Nominal diameter 55 cm

Height of core cavity 114 cm

Coolant

Primary helium pressure 7 MPa

Reactor outlet temperature 750 ◦C

Reactor inlet temperature 250 ◦C

Primary helium flow rate 174 Kg/s

Leakage ratio (Lower header to outlet header) 0.1

Maximun fuel temperature (normal operation) 1045 ◦C

Maximum fuel temperature (accidents) 1500 ◦C

Reactor pressure vessel

Inner diameter 67 cm

Height 240 cm

Wall thickness 14.6 - 25 cm

Steam cycle

Main steam flow rate 155.4 Kg/s

Feed water temperature 205 ◦C

Main steam pressure at turbine inlet 13.5 MPa

Main steam temperature at turbine inlet 535 - 567 ◦C

Generator power 210 MW

Electrical efficiency 42 %



Appendix B

Physical properties equations

The following expressions are used in the dynamic model described in Chapter 4 to
represent the temperature and pressure dependent properties of the relevant materials
present in the HTR.

B.1 Helium properties

These expression are valid for 1bar ≤ P ≤ 100bar and 273K ≤ T ≤ 1800K.

Helium coefficient of thermal conductivity
[
W
mK

]
[30]

KHe = 2.682× 10−3(1 + 1.123× 10−3P )T (0.71(1−2×10−4P )) (B.1)

Helium Prandtl number [30]

PrHe =
0.7117

1 + 1.123× 10−3P
T−(0.01−1.42×10−4P ) (B.2)

Helium density
[
Kg
m3

]
[30]

ρHe = 48.14
P

T
(1 + 0.4446

P

T 1.2
)−1 (B.3)

Helium dynamic viscosity [Pa s] [30]

µHe = 3.674× 10−7T 0.7 (B.4)

Helium specific heat capacity (at constant pressure) [21]

Cp = 5195
J

KgK
(B.5)
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B.2 Graphite properties

Graphite thermal conductivity
[
W
m◦C

]∗
[33]

αgr = 61.1502− (5.0309× 10−2T ) + (0.2516× 10−4T 2)− (5× 10−9T 3); (B.6)

*The temperature in this expression is in ◦C.

Graphite density [21]

ρgr = 1750
Kg

m3
(B.7)

B.3 Specific heat capacities

Thorium oxide - for 298K ≤ T ≤ 1200K
[

J
KgK

]
[31]

Cp,ThO2 = 17.057 + 18.06× 10−4T − 2.5166× 105

T 2
(B.8)

Silicon carbide - for 300K ≤ T ≤ 1800K
[

J
KgK

]
[32]

Cp,SiC = −126.97 + 3.7396T − 4.1047× 10−3T 2 + 2.1063× 10−6T 3 +

−4.0566× 10−10T 4 (B.9)

Graphite: Reflector and moderator - for 250K ≤ T ≤ 3000K
[

J
KgK

]
[33]

Cp,gr = 4184(0.54212− 2.42667× 10−6T − 90.2725T−1 +

−4.34493× 104T−2 + 1.59309× 107T−3 − 1.43688× 109T−4) (B.10)

B.4 Heat transfer equations for a HTR

Heat transfer in the riser [28]

Nuriser = 0.094Re0.72Pr0.33 (B.11)

Heat transfer in the fuel pebble [34]

NuDowncomer = 1.27
Pr1/3

ε1.18
Re0.36 + 0.033

Pr1/2

ε1.07
Re0.86 (B.12)

Which is valid for:

100 < Re < 105 D

d
> 20

0.36 < ε < 0.42 H > 4d

(B.13)



Loss of pressure in the pebble bed [35]

∆P

∆H
= Ψ

1− ε
ε3

1

d

1

2ρ

(
G

A

)2

Ψ =
320(
Re
1−ε

) +
6(

Re
1−ε

)0.1 (B.14)

Which is valid for:

100 <
Re

1− ε < 105 0.36 < ε < 0.42

H > 5d (B.15)

Reynolds number [34]

Re =
(G/A)d

K
(B.16)

Nusslet number [34]

α =
NuK

d
(B.17)
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