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Abstract

High-Temperature Gas-Cooled Reactors (HTGRs) are promising for multiple ap-
plications, including power generation, water desalination, the chemical industry, or
hydrogen production. Existing safety standards in the nuclear industry require that
reactor safety be maintained under all conditions.

In high-temperature reactors, the temperature of the fuel, in the form of TRI-
structural ISO-tropic (TRISO) capsules is an important issue, as overheating them
can risk the release of radioactive fission products from the fuel. On the other hand,
these reactors have inherent safety features due to the negative temperature coeffi-
cient. This coefficient consists of phenomena that cause power to decrease with fuel
temperature growth, such as the temperature Doppler effect and hardening of the
neutron energy spectrum. To consider these phenomena, it is necessary to carry out
coupled thermal-fluid and neutronic calculations.

A significant challenge in modeling high-temperature reactors is their complex struc-
ture, which consists of fuel elements with TRISO particles. While accounting for
this dual heterogeneity is not a challenge in neutronic calculations, it is very difficult
in thermal-fluid calculations, even using Computational Fluid Dynamics (CFD) cal-
culations. It should also be noted that the aforementioned CFDs, due to their high
requirements, are not suitable for modeling the entire reactor, but can be effectively
used for more accurate calculations of a smaller component, such as a fuel rod.
This thesis presents the characteristics of high-temperature gas-cooled reactors, their
history, and the phenomena affecting the temperature coefficient. An example of
integrated calculations, which was the PUMA project using MCB and POKE soft-
ware, is also presented. To demonstrate the relevance of the relationship between
power distribution and temperature distribution, simulations of reactor operations
with an innovative control rod structure were carried out. The result was a sig-
nificant equalization of power distribution and a reduction of temperatures in the
core. The purpose of this work was to demonstrate that accurate CFD calculations
can support integrated thermal-fluid and neutronic calculations by more accurately
representing the smaller reactor component.

A single fuel rod model in OpenFOAM was run for the previously presented cal-
culations in MCB and POKE to more accurately represent the local temperature
distribution. Temperatures lower than in POKE were obtained, nevertheless with
a simplification of the homogeneous heat distribution. To verify this simplification,
the Serpent program was used, providing the ability to perform integrated calcula-
tions with OpenFOAM using the multi-physics interface and the ability to work on

a random TRISO distribution. These calculations resulted in temperatures higher

17



by only about 10 K, which can be regarded as a margin of error during normal
reactor operation. However, the studies should be continued in order to determine
the meaning of other factors connected with the properties of the mesh or TRISO

particles and to allocate the methodology to a full core model.
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Streszczenie

Reaktory Wysokotemperature Chlodzone Gazem (HTGR) sa obecnie obiecujaca
technologia do wielorakich zastosowari, wliczajac w to produkcje energii, odsalanie
wody, przemyst chemiczny czy produkcje wodoru. Obowigzujace w przemysle
jadrowym standardy bezpieczenstwa wymagaja, aby w kazdych warunkach zachowaé
bezpieczenstwo reaktora.

W reaktorach wysokotemperaturowych istotng sprawg jest temperatura kapsutek
TRISO, gdyz przegrzanie ich moze grozi¢ uwolnieniem radioaktywnych produktéw
rozszczepienia z paliwa. 7 drugiej strony, reaktory te charakteryzuja si¢ inher-
entnymi cechami bezpieczeristwa wynikajacymi z ujemnego wspolczynnika temper-
aturowego. Na ten wspolczynnik sktadajg sie zjawiska powodujgce zmniejszanie
mocy ze wzrostem temperatury paliwa, takie jak temperaturowy efekt Dopplera
czy utwardzenie spektrum energii neutronéw. Do uwzglednienia niniejszych zjawisk
konieczne jest przeprowadzenie zintergrowanych obliczen cieplno-przeptywowych i
neutronicznych.

Znaczacym wyzwaniem w modelowaniu reaktoréw wysokotemperaturowych jest ich
zlozona struktura, na ktorg sktadajg sie elementy paliwowe z czastkami TRISO. O
ile uwzglednienie tej podwdéjnej heterogenicznoscei nie stanowi wyzwania w oblicze-
niach neutronicznych, to jest bardzo trudne w obliczeniach cieplno-przeptywowych,
nawet z wykorzystaniem numerycznej mechaniki ptynéw (CFD). Nalezy réwniez
zauwazy¢, ze wspomniane CFD z racji na swoje wysokie wymagania nie sg odpow-
iednie do modelowania calego reaktora, ale moga by¢ skutecznie wykorzystane do
doktadniejszych obliczeri mniejszego elementu, takiego jak pret paliwowy.

W niniejszej pracy przedstawiono charakterystyke reaktoréw wysokotemperatur-
owych chlodzonych gazem wraz z ich historig oraz zjawiskami majacymi wplyw
na wspoétezynnik temperaturowy. Przedstawiono tez przyktad zintegrowanych ob-
liczeni, jakim byl projekt PUMA, wykorzystujacy programi MCB oraz POKE. Dla
pokazania istotnosci zwigzku z miedzy rozkladem mocy a rozkiadem temperatury
przeprowadzono symulacje operacji reaktora z innowacyjng struktura pretéw kon-
trolnych. Efektem bylo znaczace wyréwnanie rozkladu mocy i zmniejszenie temper-
atur w rdzeniu. Celem niniejszej pracy bylo wykazanie, ze doktadne obliczenia CFD
moga wspiera¢ zintegrowane obliczenia cieplno-przeplywowe i neutroniczne poprzez
doktadniejsze odwzorowanie mniejszej sktadowej reaktora.

Do przedstawionych wczesniej obliczen w MCB i POKE wykonano model poje-
dynczego preta paliwowego w OpenFOAM, ktorego zadaniem bylo dokladniejsze
odwzorowanie lokalnego rozkladu temperatury. Uzyskano temperatury mniejsze niz

w POKE, niemniej przy uproszczeniu jednorodnego rozktadu ciepta. Aby zwery-
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fikowa¢ to uproszczenie wykorzystano program Serpent, dajacy mozliwo$é prze-
prowadzenia zintegrowanych obliczeri z OpenFOAM z wykorzystaniem specjalnego
interfejsu oraz mozliwosci pracy na losowym rozkladzie TRISO. W wyniku tych ob-
liczert uzyskano temperatury wigksze jedynie o ok. 10 K, co mozna traktowaé jako
margines bledu podczas normalnej operacji reaktora w analizowanym przypadku.
Wymagane jest jednak przeprowadzenie dalszych badari celem zidentyfikowania roli
czynnikéow zwigzanych z siatkg czy wlasciwosciami TRISO, a takze uwzglednienie

przedstawionej metodologii w obliczeniach calego rdzenia.
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1 Introduction

High Temperature Gas-Cooled Reactor (HTGRI) can be used for various co-generation
industrial applications. Among them the GEMINI initiative working on nuclear
cogeneration|17] or the development of hydrogen production technology applying
HTGR performed by Japan Atomic Energy Agency (JAEA) [42]. There have been
decades of experience with this technology that has proven its safety and reliability
[35]. One example is the High Temperature engineering Test Reactor (HTTRI) in Ja-
pan, which served several safety experiments, including continuous work at a reactor
output coolant temperature of 950°C[42]. One of the most significant components of
HTGRs is their fuel in the form of TRistructural-ISOtropic (TRISQ)) particles, which
can contain confined fission products at very high temperatures (above 1600°C)[1].
Hence, it is essential for reactor safety performance analysis to predict and ac-
curately calculate the temperature distribution in the core in order to assess and
reduce the risk of TRISO particle failure. To do this, one should consider not only
the thermal-hydraulic properties of the core, but also neutronic properties due to
existing feedback between the temperature and the power. This can be achieved by
performing coupled neutronic and thermal-hydraulic calculations [16, 47, 29]. An
example of the coupled calculation is the MCB - neutronic burnup codel4], intern-
ally coupled with the POKE, system thermal-hydraulic code system [38], designed
specifically for prismatic HTGR cores. Those codes proved their applicability for
full-core reactor analysis, however, simulations of accidents or local coolant flow
disturbance are beyond the applicability of the POKE. The Computational Fluid
Dynamics (CED)) codes can cover a wide range of thermal-hydraulic phenomena, but
at a high computational cost. This makes them unpractical for full core analysis|44]
unless far simplifications are being done (for example porous media models combin-
ing solids and fluids into one medium and introducing porosity coefficient into fluid
transport equations) [13]. Henceforth, the CFD analysis could be performed locally,
i.e for a part of the analyzed core (single fuel block, column, rod, etc.), to support
full-core models. A coupling of CFD and neutronic codes has also been done, which
is the case of the Serpent neutronic code and the OpenFoam CFD [47] 32, 30].

In the thesis, the neutronic and thermal-hydraulic properties of HTGRs will be
discussed, as well as phenomena responsible for power and temperature feedback.
The above codes will be described followed by a description of the basics of Monte
Carlo methods used by Monte Carlo Continuous Energy Burnup (MCB]) and Ser-
pent codes, and the basics of CFD used by the OpenFoam. The development of
neutronic and CFD models of an HTGR fuel rod will be presented as well as the

coupling methodology. Simulations of an entire reactor core in MCB and POKE will
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be performed with additional OpenFoam localized calculations. Then, the power
discretization will be investigated in simulations using the same OpenFoam model
and an analogical model in the Serpent code, with application of the Serpent multi-

physics interface.

1.1 Motivation

HTGR cores are characterized by significantly different neutronic and thermal-
hydraulic properties compared to other systems like Light Water Reactors or Fast
Breeding Reactors. Due to the long neutron migration length in graphite, long-
range neutronic spatial effects should be taken into consideration. Yet, deep neutron
thermalization imposes high flux gradients and other important effects. The double
heterogeneity of the reactor core caused by a fine structure of fuel compacts contain-
ing TRISO fuel particles also should be taken into consideration for assessing the
neutron spectra effects. Those features can be significant for the thermal-hydraulic
performance of the reactor due to existing feedback between core temperature and
power distributions. The feedback is caused by the Doppler broadening effect and
the fact that the energy of the thermalized neutron is the thermal equilibrium en-
ergy of the core, which obviously depends on the core temperature. Due to declared
TRISO particles properties, such as high resistance to their damage, it is essential to
identify and assess physical conditions that can cause release of radioactive material

from the fuel.

1.2 Objective of the thesis

The research goal of the thesis is the examination of the possibility of coupling
neutronic and localized CFD calculations for prismatic HTGR core. Localization of
CFED calculation is to consider a part of the core (block, column, rod, etc.), taking

the boundary and initial conditions from the model of the full core.

1.3 Research hypothesis

Coupled neutronic and localized CFD calculations in OpenFoam can supplement
full core performance analyses in MCB and POKE with increased resolutions in
locations of possible hot spots, where necessary, possibly enabling the simulation
of the coolant flow disturbance. Yet, this approach can offer a good compromise
between resolution of calculated results around important locations in affordable

and computational requirements of CFD calculations.
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1.4 Outline

The structute of the thesis is as follows:

In section 2 a general characterization of HT'GRs is provided with regard to its
design, history, thermal-hydraulic and neutronic properties, and occuring temperat-
ure feedback.

In section 3 an example of coupled thermal-hydraulic and neutronic calculation on
HTGRs are presented with regard to the applied coupling schemes and methods.
In section 4 the Monte Carlo for neutronic calculations is briefly explained as well
as the MCB code, and the neutronic model of a HT'GR reactor in the MCB is de-
scribed.

In section 5 the CFD method for thermal-hydraulic calculations is briefly explained
and the conjugated heat transfer model for HT'TR fuel column in OpenFoam is
described in detail. The description of the model contains necessary informations
regarding the applied solver, geometry and mesh, applied material propeties and
boundary condition.

In section 6 the Serpent code is briefly described with its multi-physics interface,
and the HTTR fuel rod model is described.

In section 7 the results are discussed and the work is concluded.
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2 Review of High-Temperature Gas-Cooled React-
ors (HTGRs)

The key characteristics of HT'GRs are the fully ceramic fuel in the form of TRISO
particles, graphite moderator, gaseous coolant, and high reactor outlet temperature
(typically between 750°C and 950°C)[20]. HTGRs possess inherent safety features
and superior fission product retention within the fuel and graphite in comparison to
conventional reactor technology [18].

TRISO-coated particles consist of a dense spherical heavy metal kernel of heavy
metal oxides, carbides, or a mixture of both. The fuel kernel is surrounded by
four coating layers: a porous pyrocarbon buffer layer, a highly isotropic Inner
Pyrolityc Carbon ([PyC]), a Silicone Carbide (SiC) layer, and an Outer Pyrolityc
Carbon (OPyC)). The coating layer of the TRISO fuel particles inhibits fission
product release and migration from the fuel. Typical TRISO-coated particles have
an overall diameter in the range of 500-1000 m|28|. The TRISO particles distribu-
tion in HTGRs cores is shown in fig.

There are two general types of HTGRs cores - prismatic and pebble bed. The pris-
matic core type is a grid of hexagonal fuel blocks. The blocks are stacked on top of
each other to form a prismatic shape and coolant flows through channels between the
blocks. Fuel blocks typically consist of a graphite matrix with TRISO fuel particles
dispersed therein. The prismatic core design is modular, allowing for easy replace-
ment of individual fuel blocks for easy maintenance and refueling. The pebble bed
core type uses fuel particles packed into graphite spheres the size of a tennis ball and
placed in a cylindrical vessel. Coolant flows through the gaps between the spheres,
transferring heat from the fuel particles to the further energy conversion system.
Due to high outlet reactor temperature, HTGRs have a wide range of potential ap-
plications for industrial processes. Among them, one can mention: district heating,
seawater desalination, pulp and paper production, oil recovery from oil sands, oil
recovery from oil shale, oil refining, chemicals production, soda ash production via
Solvay process, aluminium production, ammonia production, hydrogen production,

lime, and iron and steel making [20].

2.1 Background and development of HTGRs

A high-temperature, gas-cooled, graphite-moderated reactor is one of the first pro-
jects to use nuclear fission for civilian purposes. As early as 1947, a helium-cooled
nuclear reactor project was designed in the United States, fuelled with uranium

dispersed in beryllium oxide or graphite pebbles. In the early 1950s, Britain de-
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Figure 1: TRISO-coated fuel for pebble-bed type and block-type HTGRs
source: Gougar, H.D., “High Temperature Gas-cooled Reactor — History, Physics,
Design Features”, Idaho National Laboratory, INL/MIS-19-52882, 2019

veloped the Magnox 11 power reactor, which used natural uranium metal cooled
with carbon dioxide. The first of four Magnox reactors built at Calderhall, Eng-
land, was connected to the grid in August 1956 (60 MW electrical output). A
notable feature of the Magnox reactor is that it would have been safe, of course, if
the CO2 inventory had been maintained, even in the event of an unprotected loss
of coolant. The Dragon reactor in the UK was the first high-temperature helium-
cooled reactor to reach criticality (1966). The Peach Bottom HTR, developed by
General Atomics, reached criticality in May 1967. Because it used helium, an inert
gas, Peachbottom tolerated temperatures at least twice as high as in the Magnox
reactor. During the same period, Germany used technology invented in the United
States in the 1940s to develop a design pebble-bed core. The result was the ex-
perimental Arbeitsgemeinschaft Versuchsreaktor (AVR]). It was connected to the
grid in December 1967. The AVR experienced several safety incidents during its
operation, including a fuel pebble failure in 1978 and a coolant leak in 1986. Des-
pite this, higher-capacity industrial models were designed. Namely, the Fort Saint
Vrain (ESV]) power plant in Colorado (USA) and Thorium High-Temperature Re-
actor (THTR) in North Rhine-Westphalia, Germany. The Fort Saint Vrain reactor
originally had a power capacity of 330 MW. Its core was coated with graphite rods
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(compacts) and consisted of fuel in the form of spherical particles contained inside,
which were embedded in prismatic graphite blocks. The THTR had a power capa-
city of 300 MW and a pebble core. The power shift from 15 MW (AVR) to 300 MW
was achieved by increasing the core diameter and power density. The Fort Saint
Vrain reactor was connected to the grid in 1976. After 13 years of operation, it was
closed in 1989 due to the prohibitive cost of incrementally upgrading prototypes and
fixing design flaws. THTR operated for only four years after its 14-year construction
period (1971-1985), which featured tightening safety requirements after the Three
Mile Island accident. The THTR also suffered from various technical issues that
greatly reduced its lifespan. Several safety problems occurred during the THTR’s
operation, including a ruptured fuel grid in 1986 and a coolant leak in 1988. These
incidents contributed to the decision to shut down the reactor in 1989 [35], 40].
Currently operating HT'GRs are Japanese HI'TR with prismatic core and Chinese
HTR-10 and High-Temperature Gas-Cooled Pebble-bed Module (HTR-PM]) with
pebble bed cores.

The main purpose of HI'TR is to build and extend the technological base of an
advanced HTGR and conduct various irradiation experiments for innovative high-
temperature fundamental research. Construction was completed in May 1996. Fuel
loading began on July 1, 1998, from the core peripherals. The first criticality was
achieved on November 10, 1998, with a 19-row annular core. The first full load op-
eration was completed on December 7, 2001, with an average core exit temperature
of 850 °C, and the HTTR operating license was granted on March 6, 2002. The re-
actor exit coolant temperature was 950°C at the maximum power of 30 MW. It was
achieved for the first time in the world on April 19, 2004. From January to March
2010, the HTTR worked normally under high temperatures and full load conditions
for 50 days [14, 24]. The reactor was shut down after the Fukushima accident in
2011, but its operation was resumed on July 30,2021 |25]. The research using HTTR
is conducted in terms of confirmation of inherent safety of HTGRs, and hydrogen
production|26].

The HTR-10 is China’s first major step in modular HTGR development. Planned
as part of China’s High-Tech Research and Development Program, it was approved
by the State Council in March 1992 and built on the site belonging to the Institute
of Nuclear Technology of Tsinghua University. The INET is responsible for
the overall design, construction and operation of this test reactor. Construction of
the facility was completed in 2000 and the first criticality occurred in December
2000. The HTR-10 Design Criteria and Safety Analysis Report were approved in
August 1992 and March 1993, respectively. A basic design and budget estimate were
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completed and subsequently approved by the National Education Commission and
the National Science and Technology Commission in 1994[14].

The HTR-PM is a demonstration nuclear power plant owned by a consortium led
by China Huaneng, China Nuclear Engineering Corporation, and INET. The con-
struction started in 2012. The HTR-PM consists of two pebble-bed HTGRs (each
of 250 MWt) connected to a single 210 MWe steam turbine. The first criticality was
reached in September 2021, and the initial full power in December 2022 [49, [50].

2.2 Thermal-hydraulic properties

Graphite is a carbon allotrope composed of a series of hexagonal network carbon
atoms as shown in Figure The layered structure of graphite results in strong
anisotropic properties, such as thermal expansion and thermal conductivity. Nev-
ertheless, because of their extremely high thermal conductivities, graphite and its
composites are considered to be the most promising thermal management materi-

als [36]. Helium as an inert gas does not cause materials corrosion, even at high

® Upper layer (A) © Lower layer (B)

Figure 2: Schematic diagram of graphite structure. |36]

temperatures. Moreover, it is not subject to phase transformations in any reactor
working conditions, assuring a single-phase flow. Due to its small viscosity, it can

flow through small coolant channels or spaces between graphite pebbles.

2.3 Neutronic properties

The process of moderation is decreasing the energy of neutrons as they collide with
the nuclei of the moderator. The probability of fission, known as fission cross-
section, grows as the energy of neutron decreases [15]|. Figure |3| shows the fission
cross-section for U-235 as a function of an incident neutron energy, from which one

can see that for sufficiently low energies, the cross-section is inversely proportional
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to the neutron energy. Thus, moderation essentially increases the effectiveness of the
fission chain reaction. Neutrons whose energy is equal to the thermal equilibrium
energy of the medium are thermalized. The most common moderator used in the
nuclear industry is water, but more specifically, hydrogen atoms contained in water.
Graphite used in HTGRs can differ significantly as moderators. With each collision,
neutrons transfer a part of their energy to the collided nucleus. The amount of the
transferred energy depends on the mass of the moderator’s nuclei. The lower the
mass, the more efficient the moderation, thus hydrogen would be the most efficient
moderator. On the other side, one should take into account the neutron absorp-
tion of a moderator, and taking that into account, deuterium can be considered
an even more efficient moderator. Graphite used in HTGRs has higher mass, thus
poorer moderating properties[33]. As a consequence, many (above 100) collisions
are required to thermalize a neutron. Nevertheless, due to the high moderator-to-
fuel volume ratio, HTGRs are characterized by deep neutron thermalization, which
means that a high fraction of neutrons in the core is thermalized. This imposes a
short distance that a neutron can travel in the reactor, and as a consequence high
flux gradient, especially in the vicinity of control rods and reflectors. Another spe-
cific feature of HT'GRs is double heterogeneity caused by a fine structure of the fuel,
causing relatively low average power density [5].

In LWRs moderator serves as a coolant at the same time. This is not the case for
HTGRs, as helium has far too small density to act a significant role in the process

of moderation, even though it possesses decent other moderation properties [33].

2.4 Temperature feedback

As it was discussed in the previous paragraph, the behavior of a reactor highly
depends on numerous cross-sections of the fuel and the moderator. Moreover, the
cross-section highly depends on neutron energy. In fact, the actual dependence is
on the relative speed between the neutron and the nucleus [34]. Thus, the random
thermal motion of a medium should be taken into consideration for phenomena oc-
curring in a reactor. Moreover, as it was mentioned, thermalization occurs when
a neutron reaches the energy of the thermal equilibrium. It means that the higher
temperature, the higher the equilibrium energy of neutrons, and in a consequence,
the lower the probability of fission. This is also known as the hardening of the
neutron spectrum. Another important phenomenon is the Doppler broadening of
resonance capture cross-section, which is the probability of capturing a neutron of
intermediate energy (i.e. during the moderation process). This effect is caused by

the fact that as the temperature of the fuel rises, so does the thermal vibration of
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Figure 3: Fission cross-section of U235.

source:|15]

the fuel nuclei. As a result, the range of neutron energies that correspond to the in-
creased thermal vibration of the fuel nuclei expands, as do the resonance peaks in the
absorption cross-sections of the fuel nuclei [10]. It is especially significant in the case
of graphite-moderated reactors since a high number of neutron collisions increases
the time of exposition of the neutron to the resonance capture. It is worth mention-
ing that thermal expansion has a significant effect on liquid-moderated reactors, like
light water reactors, due to the increase in the distance that neutron travels between
collisions. This effect is essential in the case of boiling water reactors, as the mod-
erator density rapidly decreases during the boiling process [11]. Nevertheless, this
phenomenon is far less important in the case of graphite-moderated reactors due to
the small thermal expansion coefficient of graphite. Moreover, differently compared
to light water reactors, the thermal expansion of the helium coolant does not play
any other significant role other than transporting heat from the graphite core struc-

ture.
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3 Coupled Thermal-hydraulic and neutronic calcu-

lations of HTGRs

High operating temperatures of HTGRs require high-temperature resistant mater-
ials in order to prevent a release of the radioactivity of fission products and to
ensure the endurance of a reactor structure. Thus, the assessment of temperature
distribution and its maxima is an essential part of research conducted on HTGRs.
Specific features of both prismatic and pebble-bed cores impose challenges in their
thermal-hydraulic modeling. This is especially addressed toward cross and by-pass
flow in prismatic cores, as well as irregularities of pebble-bed cores. This chapter’s
discussion will focus mainly on prismatic cores since the work done in the thesis was
devoted to a prismatic core. Graphite blocks are vulnerable to shrinking with fast
neutron irradiation. This introduces gaps between block columns and layers, and as
a consequence, by-pass and cross-flow occur [27]. In order to familiarize the reader
with coupled calculations for HT'GR, this chapter presents example calculations us-
ing coupled MCB and POKE calculations for the PUMA project. These codes will

be used later in the work.

3.1 PUMA project

The Monte-Carlo Continuous Energy Burn-up (MCB) code is used for calculat-
ing a nuclide density evolution with time. It internally integrates the MCNP and
Transmutation Trajectory Analysis. The code concerns all possible nuclides that can
emerge in the system, and there is no predefined list required, as long as all transmu-
tation chains are being formed automatically online. In reality, the change of nuclide
composition evolution in a reactor core can be described as a continuous function
of time. MCB approximates that function by the time step procedure. Other fea-
tures of the code are two sources of decay scheme, the possibility to load numerous
cross-section data, and coupling with POKE for prismatic HTR thermal-hydraulics.
Reaction rates are calculated by continuous energy method, fission product yield
from incident energy-dependent distributions of fission products, and heating by
using KERMA factors. It is also possible to simulate the fuel shuffling or CR op-
erations using material processing with material allocation to geometry cells during
burn-up. In order to calculate the time evolution, an extended linear chain method
based on the Bateman approach is used. Coupling was made in the level of source
code, but all the data exchanged between codes are saved in external files, in order
to allow the user to recalculate. Reactor geometry and thermal-hydraulics specifica-

tions are loaded from the POKE input, while MCB delivers only power distribution.
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Nevertheless, the initial temperature profile has to be defined by the user. Then
the POKE calculates the required parameters and new temperature profile. Then
cross-sections are adjusted to the new temperature and are used for new power
distribution iteration, and burnup calculation provides more realistic results. The
law of large numbers is assumed in statistical fluctuation in Monte Carlo modeling,
so standard formulations of statistical measures of probability are used. However,
HTR is one of the nuclear systems which contains a systematic term in fluctuations
of power distribution, which is propagated in consecutive neutron generations. The
term tends to conserve itself or increase oscillations since the neutron heating rate
is used in the process of source normalization to the constrained power, and the
process is linked with the production and depletion of 135Xe in a deeply moderated
HTR core, but only numerical oscillations instead of physical (which can also oc-
cur). When the fundamental distribution of the source is difficult to achieve, another
source of oscillations occurs due to the neutron source convergence problem. Both
effects can be reduced by the improvement of the source normalization procedure.
The procedure is shown in Figure [, where BOS means Beginning of Step and EOS
is End of Step, and it all is called the bridge scheme of burnup.

Input: . Calculate functions at BOS
¢ density N, | reaction rate vector r,
. power P heating rate vector i,

neutron source S,=f(N. N, P

I

Caluclate EQS number density
in first approximation:
Hf=ﬂfﬂu, Sl;,,rp,. h,-}

I
Caluclate functions at EOS
in first approximation;:
reaction rate vector r,

heating rate vector i,
neutron source S=fil, f, F)

||

Calculate step avearge functions:
Sﬂ"-"’ raw hﬂ‘l'

J',.
Fa
F
Fa

Caluclate EOS number density : ./ Output.
N =2g(NG S Faia b » density N, /

Figure 4: Diagram of bridge scheme for burnup step .

The model for calculations was prepared with recommended design options con-
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cerning only axial fuel shuffling and 4-batch refueling scheme, and features that are
difficult to consider in other methods are especially considered, for example, Control
Rods operations. The reference PUMA reactor core comprises five radial rows of
fuel blocks in eight axial layers. Radially every block is divided into two halves,
and axially into three regions, which gives 240 fuel zones. The core was filled with
TRISO particles in an 18% volume fraction. However, every fuel block also has its
internal structure. The 4-batch axial-only fuel shuffling was simulated due to its
simplicity, reduction of space of an operator error, and short time required. The
scheme is shown in the Figure |5 CR channels are axially divided separately with
insertion level adjustment of 50cm bins. Burnable poison Eu203 was added in the
inner region of fuel blocks. Two fuel compositions were modeled, first without and
second containing minor actinides, and their cycles lengths to 420 and 350 days

respectively.

Triple-burned

Triple-burned

Figure 5: Scheme of 4-batch axial-only block shuffling .

The process of transmutations in a deep burn design has significant meaning in
that the heavy metal nuclides are able to fission out quickly or create either non-fissile
or fissionable nuclides in that process. The consequence of the first case can be the
increase of afterheat, nevertheless, the second case can reduce reactivity loss. In this
model, the burnup rate can change depending on position even four times, which has
a relevant meaning for power distribution. Fission is the main reaction responsible
for burnup and heavy metal destruction, thus it terminates the possibility of further
transmutation. If a heavy meat avoids fission it can become an active actinide,

especially plutonium isotopes, which have a high probability of avoiding fission, and
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in consequence, creating non-fissile ones. As it was told earlier, burnup strongly
depends on the position, so the same can be seen in the case of branching 238Pu,
241Pu, and 241Am, and decay as well. In regions with low burnup increased fissile
destruction by neutron capture is observed, which leads to a bigger reactivity swing,
thus lower achievable burnup. It was determined that, without consideration of
burnable poisons and fuel shuffling, the temperature in the vicinity of the reflector
achieves an unacceptable level of 1300°C. The Monte-Carlo analyses have shown
that fuel that does not contain minor actinides can achieve 1680 full power days
of irradiation divided into 4 batches, but when MA is considered, the time reduces
to 1400 days. The concentration of 135Xe can have spacial oscillations caused by
local tilts of neutron flux, which changes the balance between its production and
destruction rates. On the other hand, global chances of neutron flux also affect
135Xe concentration, thus inducing power oscillations. Those oscillations have a
collective nature due to their area exceeding block dimensions in the same direction.
Usually, the CR operation strongly affects power peaks, especially in PUMA-like
systems due to short neutron transport length. Simulations were made for fuel with
MA, the CR was inserted 100cm more every 50 days, except for the beginning of
the cycle, when 135Xe had to be stabilized. In the beginning, the CR was fully
withdrawn, and in the end, fully inserted. The result showed that at the beginning
burnable poisons reduce neutron flux in the inner block, thus power distribution
is quite well balanced. Nevertheless, lower temperature in the upper region causes
greater power generation. Insertion of the CR gave significant changes, causing a
power increase in the outer and bottom parts of the core. The power increase in
outer blocks is caused by their suppression early in the cycle. What is more, fuel
located in the lower part is about 12% deeper burned tan in the upper, and radially
the burnup spread is about 22%. Temperature reactivity coefficients were negative

in all conditions, and the greatest achievable burnup is 65%.
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4 MCB/POKE calculations

Providing coupled thermal-hydraulic and neutronic calculations is essential for sim-
ulating HTGRs due to the interdependencies and complex interactions between the
thermal-hydraulic and neutronic behavior of the reactor. It provides possibility of
accurate prediction of temperature distribution, which is crucial for ensuring safe
and efficient operation. In order to do it, a power distribution should be calculated.
It depends on various factors like fuel burnup and control rod positions. In this
chapter, a coupled MCB/POKE calculation is presented, which uses the MCB code
to calculate the power profile considering the two factors mentioned earlier, and uses
the POKE code to determine the temperature profile. The calculations were per-
formed on the Go_HTR reactor model, and the purpose of the work was to propose

a control rod operation strategy to ensure possible flattening of the power profile.

4.1 Monte-Carlo method

The Monte Carlo method is a computational technique used in neutronic calcula-
tions to simulate the behavior of neutrons within a nuclear system. It is a statistical
approach that relies on random sampling and probability distributions to approx-
imate the behavior of the neutrons. The primary goal of neutronic calculations is
to simulate the transport of neutrons within a nuclear system. Neutrons can un-
dergo various interactions, including scattering, absorption, and fission. The Monte
Carlo method simulates each individual neutron’s history by tracking its position,
direction, energy, and other relevant properties as it moves through the system. The
Monte Carlo method uses random sampling to simulate the behavior of neutrons.
At each step of the simulation, various physical quantities, such as the neutron’s
scattering angle or its interaction type, are sampled randomly from appropriate
probability distributions. These distributions are based on known nuclear data,
such as cross-section data, which describe the likelihood of specific interactions oc-
curring. The neutron’s trajectory is tracked as it moves through the nuclear system.
Starting from a known neutron source, the initial position, direction, and energy of
the neutron are specified. The neutron’s interactions with the surrounding materials
are simulated by randomly sampling the appropriate probability distributions. For
example, the scattering angle and energy of a neutron after a scattering event are
determined through random sampling. At each interaction, the Monte Carlo method
determines the type of collision that occurs, such as scattering, absorption, or fission.
The probability of each type of collision is based on the corresponding cross-section

data. By tracking the number and types of collisions, the method builds statistical
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information about the neutron population and their behavior within the system.
As the neutrons propagate through the system, various quantities of interest, such
as reaction rates or flux distribution, are tallied and accumulated. These tallies
provide statistical estimates of the desired parameters. By collecting data from a
large number of neutrons, the Monte Carlo method can achieve high precision in
its estimates. Once a sufficient number of neutrons have been simulated, statistical
analysis is performed on the collected data to calculate the desired quantities. This
analysis involves averaging the tallied values, calculating uncertainties, and estimat-
ing the confidence intervals for the results. The Monte Carlo method is an iterative
process that repeats the particle tracking and statistical analysis steps to refine the
results. By increasing the number of simulated neutrons, the precision of the results
can be improved. The strength of the Monte Carlo method lies in its ability to
handle complex geometries, materials, and interactions. It provides a detailed and
accurate representation of neutron behavior within a nuclear system. However, it
can be computationally intensive and requires significant computational resources
due to the large number of neutrons that need to be simulated to achieve accurate

results.

4.2 Full core model

The work was performed using the internal coupling of the MCB code with the
thermal-hydraulic code POKE [38|. The model is based on the HTGR design,
called Go_ HTR (6|, developed in the Polish national research program on HTR
industrial applications as a heat source, and created by the team from the Akademia
Gorniczo-Hutnicza (AGH UST]). The core design used in current studies is based
on the fuel rod and block structure designed by the Japan Atomic Energy Research
Institute (JAERI) [9], where fuel rods with annular fuel compacts are surrounded
by a graphite sleeve and inserted into a cooling channel. The space on the inner
side of fuel compact is a gaseous void. Helium is used as the coolant. The detailed
structures of fuel rods and TRISO particles are shown in Figure [6] In the model,
TRISO particles were arranged in a simple cuboid lattice, as it is shown in Figure
[

A special feature of the Go_ HTR design is the implementation of half-fuel blocks.
Those blocks contain CR holes and four rows of fuel compacts instead of seven. They
are located in the outermost ring of fuel blocks and serve to make the shape of the
active core more cylindrical. Helium is used as the coolant.

Specification of the modeled reactor core is presented in Table Fuel rods were

grouped into 240 burnable zones: 10 radial zones according to their radial position,
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each divided into 24 axial zones. Every burnable zone covers one-third of the height
of a graphite block. The radial configuration of the reactor core is presented in
Figure [§] The letters A, B, C, and D visible in the figure refer to the control rod
groups. The control rods have their radial structure divided into just sections: the
inner made of B4C in a graphite matrix and the outer made of tungsten. The control
rods were grouped into four groups denoted by letters A, B, C, and D. Two groups
outside of the active core, A and B, contain six rods each, alternating three in half-
fuel blocks and three in moderator blocks. In the active core, two groups, C and D,
consist of three alternating control rods each. The numbering of the radial zones
starts from the innermost zone 1 (dark yellow rods) and ends with the outermost
zone 9 (dark green rods). The exception is a special zone consisting of rods (light
yellow) surrounding inner control rods. Purple rings represent control rods, and
purple dots represent Burnable Poison (BPJ). 10000 neutron histories were simulated
in 30 inactive and 90 active cycles. The neutron source is distributed uniformly in a
cylinder covering the entire active core. Built-in Watt function was used for source
neutrons energy distribution. The inlet coolant temperature is 395K, pressure is 4
MPa, and total flow rate is 100 %g.

Table 2: Specifications of the Go_ HTR design [19].

Parameters Values
Power [MW| 180
Fuel enrichment [%)] 12

Upper /lower reflector thickness [cm)| 120.1

General Core radius [cm] 200
Active ore height [cm] 792.8
Initial heavy metal mass [kg| 902.07
Initial 1235 mass |kg] 108.25
Apothem [cm] 18.1
Heigh [cm] 99.1
Fuel block Fuel compacts pitch [cm] 5.15
Control rod hole radius [cm)] 5.08
Graphite density [g cm ™| 1.74
Height (full compact) [cm] 93.3
Height (compact with BP rod) [cm)] 88.4
Fuel compact Inner radius [cm)| 0.5
Graphite sleeve inner radius [cm] 1.3
Graphite sleeve outer radius [cm)] 1.7
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Table 2 continued from previous page

Parameters Values

Radius of the coolant channel hole [ecm| — 2.05

Packing fraction [%] 15
Fuel kernel radius [pm] 250
Fuel kernel density [g cm ™3] 10.65
Porous carbon outer radius |pm]| 345
Porous carbon density [g cm ™3] 1.05
TRISO capsules [PyC outer radius [pm)] 375
Pyrocarbon density |g cm ™3| 1.9
SiC outer radius [pm)| 420
SiC density g cm ™3| 3.18
OPyC outer radius [pm)| 460
Burnable poison rod radius [cm] 0.7
. Burnable poison rod hole radius [cm] 0.71
Burnable poison )
Eu,03 density [g em™] 7.42
Burnable poison rod heigh [cm] 93.3
Inner B4C radius [cm] 1.97
Inner tungsten radius |cm)| 3.8
Outer radius [cm] 4.3
Lenght [cm] 800
W182 26.5
. WI183 14.3
Tungsten isotope
, W184 30.6
Control rods mass fraction [%]
W186 28.4
He4 0.2
Tungsten density [g cm ™3| 19.3
B,C-graphite matrix density |g cm ™3| 1.31
_ _ B10 3.35
B,C-graphite matrix
| . B11 13.35
isotope mass fraction |%]
C12 83.3

In order to conviniently represent evolution of the power profile, axial and radial

power distribution parameters were defined with formulas and respectively:

7{7fnaz — . hl
Oa;m'al _ Zifl ipamal,z (1)
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Figure 8: Go_ HTR core configuration \\
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Where i refers to burnable zone. The average height of the axial zone is defined

Oradial -

as the distance between the top of the core and the axial center of the burnable
zone, as shown in Table [3]

The positions of the burnable radial zones were assumed as the average distance
between the center radial of the core and each fuel rod in the zone and are presented
in Table [d CR refers to the special burnable zone surrounding control rods in the
active core. In other words, the axial power distribution parameter is the normalized
sum of the power momenta in the burnable zones in the considered direction. The
parameter value lower than one means that the power profile is concentrated in the

upper half of the core; otherwise, the power profile is concentrated in the bottom
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Table 3: Average positions of axial burnable zones.

1 1 2 3 4 5 6 7 8
hi(m) 0.1652 0.4955 0.8258 1.1562 1.4865 1.8168 2.1472 2.4775
1 9 10 11 12 13 14 15 16
hi(m) 2.8078 3.1381 3.4685 3.7988 4.1292 4.4595 4.7898 5.1202
1 17 18 19 20 21 22 23 24

hi(m) 5.4505 5.7808 6.1112 6.4415 6.7718 7.1022 7.4325 7.7628

Table 4: Average positions of radial burnable zones.

1 1 2 3 CR 4 5 6 7 8

9

ri(m) 0.1 0.3096 0.4496 0.5595 0.5955 0.7134 0.8336 0.9647 1.0316

1.0803

half of the core. The radial power distribution parameter lower than one means that
the power profile is shifted toward the center of the core, whereas higher shows that
the power profile is tilted toward the outer region of the core. In the same way, the

Xe-135 concentration was analyzed.

Control rod operation was implemented in the calculations in order to observe
its impact on the power profile and reactivity evolution. The control rods operation
strategy is presented in table b and referred further as to St_solid. Moreover, two
additional one-day burnup timesteps were implemented in order to reduce xenon

numerical oscillations.

The initial power and temperature profiles after the B,C absorber withdrawal
are presented in Figure [9a] and Figure [9b] respectively. Point 0 in the axial direction
is the top of the active core. As one can observe, the power density decreases with
distance from the center in the core in the radial direction. It is also the smallest in
the top and bottom parts of the reflector. Nevertheless, it does not have a maximum
in the axial center of the core due to the application of the burnable poison rods.
The radial distribution parameter calculated according to Equation (2]), which in
this case is 0.92, and the axial parameter is 1.02, which means that the distribution
is slightly tilted downward. The temperature also decreases in the radial direction,
but increases in the axial direction, from 900 K in the top part of the core to the
maximum of 1350 K in the radial center of the bottom part of the core.

The evolution of radial and axial power profiles, as well as profiles of xenon are
presented in Figure [10a] and the evolution of power peaking factor and ks, are
presented in Figure [I0b] One can clearly see the influence of control rod operation

on the axial power and xenon profiles, as they fluctuate with the start of operation
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Table 5: Specification of St_solid control rod operation strategy.

Day, CRs Group 3, A 8, A 15, A 25, A 35,A 45, A 55,A 65, A
Withdrawn part of CR [%)] 6.25 12.5 18.75 25 31.25 37.5 43.75 50
Day, CRs Group 72, A 79, A 86, A 93, A 98, A 103, A 108, A 113, A
Withdrawn part of CR [%)] 56.25 62.5 68.75 0] 81.25 87.5 93.75 100
Day, CRs Group 118, B 123,B 128, B 133, B 138, B 143, B 148, B 153, B
Withdrawn part of CR [%]  6.25 12.5 18.75 25 31.25 37.5 43.75 50
Day, CRs Group 158, B 163, B 168, B 173, B 178, B 183, B 188, B 193, B
Withdrawn part of CR [%)] 56.25 62.5 68.75 ) 81.25 87.5 93.75 100
Day, CRs Group 198, C 203, C 208, C 213, C 218, C 223, C 228, C 233, C
Withdrawn part of CR [%)] 6.25 12.5 18.75 25 31.25 37.5 43.75 50
Day, CRs Group 238, C 243, C 248, C 253, C 258, C 263, C 268, C 273, C
Withdrawn part of CR [%)] 56.25 62.5 68.75 0] 81.25 87.5 93.75 100
Day, CRs Group 278, D 284, D 290,D 296, D 302, D 308, D 314, D 320, D
Withdrawn part of CR [%]  6.25 12.5 18.75 25 31.25 37.5 43.75 50
Day, CRs Group 326, D 332,D 338, D 344,D 350,D 356, D 362, D 368, D
Withdrawn part of CR [%)] 56.25 62.5 68.75 75 81.25 87.5 93.75 100

10178} 1amod

(a) Power distribution.

Figure 9: Power and temperature distribution
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Figure 10: Results of control rod operation strategy St _solid.

of each control rod group. As the control rods are withdrawn, the absorber is
removed from the bottom of the core, where the power profile tilts. At the same
time, there is an accumulation of xenon, through which the power tilts to the upper
part of the core during the last phases of the withdrawal of the control rods. The
process is repeated with the start of the operation of the next group of control rods.
It can be inferred that the radial power profile flattens as the outer control rods
are removed, but later it becomes tilted again toward the core center as the inner
control rods are withdrawn. In order to visualize the meaning of the result, power
and temperature profiles from day 233 are presented in Figures and [I1b] The
axial power distribution parameter, in this case, is 0.635, and the radial distribution
parameter is 1.02, which confirms that the power is strongly tilted upward the
core, but does not significantly change in radial direction. The last is reflected in
temperature distribution, as it also does not significantly change in radial direction,
but gradually increases in axial direction. One could state that a situation when
the temperature is the highest where the power is the lowest, and the opposite, the
temperature is the lowest where the power is the highest, is counter-intuitive. This
situation is caused by the temperature feedback and proves the necessity of applying

coupled thermal-hydraulic and neutronic calculations.

4.3 Structured control rods

In order to limit the xenon oscillation caused by the control rod operation, the
concept of structured control rods was proposed. The annulus of the control rod
was divided into 4 concentric annuli, hereafter referred to as CR layers. The volume

shares of each layer were determined by trial and error, and the following division
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Figure 11: Results of control rod operation strategy St _solid at day 233.

was finally proposed (starting from the outer layer): 45%, 33.6%, 14.3%, and 7.1%.
The structure of a control rod is presented in Figure[I2] Later layers are referenced
by Roman numbers I, II, III, and IV, respectively. This structure was tested for the
St_opt strategy, as described in Table [7]

Table [0] presents the worth of each radial layer of control rods in each group cor-
responding to control rod parts operated in the St _opt strategy and the reactivity
swings thus obtained. Every reactivity worth value is calculated as the difference in
reactivity of the fresh core with all rods completely withdrawn and reactivity of the
core with single specific rod parts inserted. The reactivity worth of the B4C radial
layer is much higher than the corresponding reactivity swing in St _opt; however,
it should be noted that the method of determining the worth influences the results
. The worth of tungsten radial layers decreases as the volumetric fraction of the
radial layer decreases. Nevertheless, there is an almost opposite tendency in the

case of reactivity swings.

The results of the optimal strategy with structured rods are shown in Figure 77.
With a given control rod structure and operation strategy, axial power oscillations
were not eliminated but significantly reduced. In order to visualize the effect of
the application of structured control rods, the power profile with minimum power
peaking factor is presented in Figure [I4a] and the corresponding temperature profile
in Figure
The power peaking factor in the St _opt strategy is the highest in the beginning of
the reactor operation, and the lowest in the middle of the operation. However, one
can observe that the power peaking factor fluctuates in the last second half of the
operation when only external control rods are in the core. Moreover, despite high

differences in the amount of the absorber in each control rod layer, the reactivity
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Table 6: The worth of control rod parts and the reactivity swings in St _opt.

. Reactivity Worth of the Corresponding Reactivity
Control Rods Group Radial Layer

Control Rod part [pcm]  Swing in St _opt [pcm]

All B,C 36735 7337
I 3049 942

II 2667 1851

A I1I 1805 1998

v 866 2008

I 3154 1266

II 2567 1879

b 111 1794 2125
v 906 2025

I 4495 1950

II 3166 2920

¢ 111 2396 2686

v 1523 2477

I 4370 2128

b II 3656 3237

11 2292 3134

v 1239 2672

Table 7: Specification of St _opt control rod operation strategy.

Day, CR Group 3, A 8, A 15, A 25, A 35, A 45 A 55 A 65, A
Withdrawn CR Layer 1 I I I 11 11 11 I
Withdrawn part [%)] 25% 50% 75% 100% 25% 50% 75% 100%
Day, CR Group 72, A 79, A 86, A 93, A 98, A 103, A 108, A 113, A
Withdrawn CR Layer I11 111 III 111 v v v v
Withdrawn part [%] 25% 50% 75% 100% 25% 50% 75% 100%
Day, CR Group 118, B 123,B 128,B 133,B 138, B 143 148, B 153, B, IV
Withdrawn CR Layer I I 1 I 1I 11 1I 11
Withdrawn part [%)] 25% 50% 75% 100% 25% 50% 75% 100%
Day, CR Group 158, B 163, B 168,B 173, B 178, B 183,B 188, B 193, B
Withdrawn CR Layer 111 11 1 11 v v v v
Withdrawn part [%] 25% 50% 75% 100% 25% 50% 75% 100%
Day, CR Group 198, C 203, C 208, C 213, C 218,C 223,C 228, C 233, C
Withdrawn CR Layer I I 1 I 1I 11 11 11
Withdrawn part [%] 25% 50% 5% 100% 25% 50% 75% 100%
Day, CR Group 238, C 243,C 248,C 253,C 258,C 263,C 268,C 273, C
Withdrawn CR Layer 111 111 111 111 v v v v
Withdrawn part [%] 25% 50% 75% 100% 25% 50% 75% 100%
Day, CR Group 278, D 284,D 290,D 296,D 302,D 308, D 314,D 320,D
Withdrawn CR Layer I I 1 I 1I 11 1I 11
Withdrawn part [%] 25% 50% 5% 100% 25% 50% 75% 100%
Day, CR Group 326, D 332,D 338, D 344,D 350,D 356,D 362,D 368, D
Withdrawn CR Layer 111 111 111 111 v v v v
Withdrawn part [%] 25% 50% 75% 100% 25% 50% 75% 100%
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Figure 12: Figure 3. Visualization of the volumetric fractions of the radial layers of
the control rods.The innermost central section (green) is made of B4C dispersed in

graphite, while the others are made of tungsten. ||

swing did not differ significantly, ensuring proper control of reactivity.
It can be seen that the flattened power profile results in an overall reduction of
temperature in the core, ensuring the safe operation of the reactor.

The power peaking factor in the St _opt strategy is the highest in the beginning
of the reactor operation, and the lowest in the middle of the operation. However, one
can observe that the power peaking factor fluctuates in the last second half of the
operation when only external control rods are in the core. Moreover, despite high
differences in the amount of the absorber in each control rod layer, the reactivity

swing did not differ significantly, ensuring proper control of reactivity.
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Figure 13: Results of control rod operation strategy St _opt.
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Figure 14: Results of control rod operation strategy St opt at day 227.
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5 Design of the conjugated heat transfer model on
HTGR fuel rod

As it is stated in the TAEA report [44], CFD can support full core analyses by
performing more detailed calculations of specific locations in the core. This approach
can be utilized in the case of specific fuel rods of HT'GRs, as it is essential to estimate
the maximum temperature of the fuel. In this section, the basics of CFD will be
presented, as well as the specification of applied tools and a detailed description
of the CFD model, which is based on a single fuel column of the full core model
presented in the previous chapter. Although CFD modeling gives many possibilities
in detailed calculations, it was not fully utilized in the work, as a few simplifications

were made:

No by-pass flow.

No cross flow.

Compressible flow of the coolant.

Lack of dependence of properties of solid materials on irradiation.

The above simplifications were applied due to technical difficulties. Thus, the
research presented in the work should be continued in the future in order to account
for the enumerated phenomena. However, in order to reduce errors resulting from

the last simplification, the work was focused on the initial state of the reactor.

5.1 Introduction to CFD

CFD is a branch of fluid mechanics that involves the numerical simulation of fluid
flow and heat transfer phenomena. It utilizes mathematical models and algorithms
to solve the governing equations of fluid motion and provides insights into the be-
havior of fluids in various engineering and scientific applications.

The fundamental equations governing fluid flow are the Navier-Stokes equations,
which describe the conservation of mass, momentum, and energy. These equations
are a set of partial differential equations that relate the velocity, pressure, density,
and temperature of a fluid to its motion and thermodynamic properties.

One advantage using CFD is that it is possible to obtain detailed local inform-
ation on the simulated system. In a fluidized bed it is possible to simulate not

only the conversion but also the local temperature, the entrainment of particles,
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the backmixing and bubble formation. This detailed information will help by build-
ing a qualitative understanding of the process, and a parameter study can reveal
additional information such as the bottle necks and the operational limits of the
equipment [2].

The CFD process involves several steps:

e Problem Definition: The first step is to clearly define the problem and es-
tablish the goals of the simulation. This includes specifying the geometry of
the system, the fluid properties, boundary conditions, and any other relevant

parameters.

e Discretization: The continuous fluid domain is divided into a finite number
of discrete elements or cells using a grid or mesh. This is known as the dis-
cretization process, and it forms the foundation of CFD simulations. Different
types of grids, such as structured grids (e.g., Cartesian or cylindrical) or un-
structured grids (e.g., triangular or tetrahedral), can be used depending on

the complexity of the problem.

e Governing Equation Discretization: The next step involves approximating the
governing equations (e.g., Navier-Stokes equations) in discrete form for each
cell in the grid. This is typically done using finite difference, finite volume, or
finite element methods, which convert the partial differential equations into a

set of algebraic equations.

e Numerical Solution: The discrete algebraic equations are solved iteratively us-
ing numerical techniques. The choice of solver depends on the specific problem
and the numerical scheme used. Common solvers include the pressure-velocity
coupling technique, such as the Semi-Implicit Method for Pressure Linked
Equation (SIMPLE]) algorithm, which ensures the satisfaction of mass conser-

vation.

e Boundary Conditions: Appropriate boundary conditions are applied to the
fluid domain to mimic the real-world scenario. These conditions define the
fluid behavior at the boundaries of the computational domain and include
specifications such as inlet velocity, pressure, temperature, and wall conditions

(e.g., no-slip or free-slip).

5.2 Geometry and mesh

The chtMultiRegionFoam solver was used for CFD calculations and is dedicated to

steady or transient fluid flow and solid heat conduction, with conjugate heat transfer
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between regions, buoyancy effects, turbulence, reactions, and radiation modeling.
The solver employs a discrete solution approach. This implies that the equations
for each variable defining the system are solved sequentially and the answers are
included in the ensuing equations. The coupling between a liquid and a solid uses
the same technique: To specify the boundary conditions for the temperature in the
fluid, the equations for the fluid are first solved using the temperature of the solid
from the previous iteration. The boundary condition for the solid temperature is
then defined by solving the equation for the solid using the fluid’s temperature from
the previous iteration. Iterations of this process are carried out until the specified
convergence is achieved. . The model developed for coupled calculations consists
of four regions, three solids, and one fluid. Solid regions are the fuel, the graphite
sleeve (referred further as the sleeve), and the graphite matrix (referred further as
the matrix). The fluid region is coolant. The fuel, sleeve, and coolant are concentric
annuli incorporated into the matrix hexagon. However, the top and bottom parts
of the fuel annulus are replaced with the sleeve region. This was done to represent
plugs at the ends of each fuel rod. The overview of the geometry is shown in Figure
where the fuel, the sleeve, the coolant, and the matrix are represented with grey,
blue, red, and green colors respectively. The mesh spacing in the vertical direction
is presented in Figure [I6] on a section of the inner part of the rod. The maximum

aspect ratio in the mesh is 32.7 and the maximum skewness is 0.07.

Figure 15: Overview of the geometry of the OpenFoam model.

In order to reduce computational requirements, the geometry was cut in half
vertically and the symmetry boundary condition was applied on the cut surfaces.
The mesh in all regions is uniform in the vertical direction, but it is condensed near
the borders dividing regions, as well as external borders in horizontal directions. The
mesh size in the fuel region was set in a way that the biggest cell mesh is comparable
in volume with a TRISO particle. In total, the mesh consists on 5654400 vertices.

In CFD it is important to take into consideration the influence of shear stresses near
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Figure 16: The mesh on a vertical cross-section of the OpenFoam model.

the wall, thus the location of the outermost mesh nodes in the coolant region was
set to satisfy the parameter y+=1. Normally, mesh sensitivity analyses should be
performed in order to determine adequate mesh density. However, it was not done
in this thesis due to the time consumption of this procedure. Moreover, the CFD
analyses themselves were not the exact objective of the thesis. Nevertheless, the

author is aware that this should be done in future work.

5.3 Properties of the CFD model

The model was set in steady-state mode, thus the SIMPLE algorithm was used
in the coolant region. The k-omega SST model was used for turbulence simulation
as it provides a better prediction of flow separation than most Reynolds Averaged
Navier-Stokes (RANS]) models, and it has high accuracy to expense ratio . The
dependence of materials on the temperature was included using tabulated data from
equations given in [3]. For the sleeve and the matrix regions thermal conductivity
and specific heat were obtained with formulas for the grade H-451 graphite, equa-
tions [3] and [ respectively.

kg = 3.28248 - 107°T2 — 1.24890 - 10~'T + 1.692145 - 10? (3)

Coo = (0.54212 — 2.42667 - 10757 — 90.2725T " — 43449.37 2+
+1.59309 - 107T~% — 1.43688 - 1097 *) * 4184
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The fuel region consists of several different materials due to the presence of
TRISO particles incorporated in graphite. The heat conductivity and specific heat
of the kernel material, UO,, are obtained from equations and @ respectively.

115.8 T ~57 g

= +7410.5- —— ¢ 100 5
7.5408 + 17.692 - 715 + 3.6142 - 11 1000 ©)

RUO,

—18531.7
€

T2

548.68

T2

Coro, = 302.27 - +8.741-107 - 18531.7 +27-8.463-107°  (6)

In case of porous carbon and pyrolitic carbon, equations and were used
for their thermal conductivities respectively. Equation was applied for specific

heat in both of the above cases, the same as in case of the grade H-451 graphite.

kpC = 122157057 PPC 7
F 557 (1930 — ppc) + ppc] (7)

O = 244377057 PPyC 8
Y 22 (1930 pryc) + pPyC] ®)

Thermal conductivity and specific heat of the SiC are obtained from equations

@ and respectively.

17885
Rsic = T —f— 2 (9)
3.1946 - 107
Cpsic = 925.65 + 0.3772T — 7.9259 - 107°T? — — (10)

However, accurate representation of each material in the mesh would not only
be a tremendous task but would also require enormous computational effort during
simulation. Thus, a simplification of the homogenization of materials was provided.
Thermal conductivity and specific heat of the homogenized fuel material were calcu-
lated as the weighted average of UO,, PC, PyC, SiC, and graphite, where respective
mass fractions were used as weights. In the same way, the density of the homo-
genized fuel was obtained, referred further as to effective density. Mass fractions,
densities, and effective density are presented in Table [§]

Thermophysical properties of fluids depend not only on temperature but also on
pressure. In the work, the thermal conductivity of the helium coolant was obtained
from equation (|11J).

k:appaHe = 2.682 - 10—3<1 +1.123- 10—8p>T0.71(1—2-10—9p)) (11>
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Table 8: Densities of materials in the OpenFoam model.

Material UO, PC PyC SiC  Graphite Effective
Mass Fraction [%] 21.2 14 52 3.6 686 100
Density [%] 10970 970 1900 4210 1740 3782

Dynamic viscosity of the coolant was obtained from equation .

e = 3.674 - 1077707 (12)

The specific heat capacity and density of the coolant C,y. was set to constant

values 5195 kgLK and 4.2 % respectively.

Heat transfer by radiation was simulated using the Discrit Ordinance Method
(DOM)) [12], and the emissivity of the graphite was assumed to be 0.8 [46].

5.4 Boundary conditions

As mentioned earlier, half of a fuel rod with a surrounding coolant channel and
graphite matrix is modeled by applying the symmetry boundary condition. This
approach reduces by half the required computational domain, and in consequence,
computational requirements. Thus, it is possible to model each individual fuel rod
from the Go_ HTR model presented earlier. Taking into account the division of rods
into radial burnable zones used there, it can be concluded that each rod is adjacent
to at least two rods from the same zone and other rods from at most two other
zones. The resulting symmetry requires a maximum of three outer boundaries. A
constant heat flux (Neumann boundary condition) or a constant temperature (Di-
richlet boundary condition) can be assumed at each boundary separately. The fluxes
or temperatures can be read from another program, such as the POKE mentioned
earlier.

The gaseous void in the center of the fuel rod is not included in the mesh. Instead,
the adiabatic boundary condition is applied at the inner side of the fuel. The as-
sumption of lack of heat exchange between fuel and the void is justified since there
is no forced flow in the void as it is closed from all sides, horizontally with fuel and
vertically with graphite plugs. Thus, as there is no heat transfer by convection, it
is assumed that the void is in thermal equilibrium with the inner side of the fuel.
A geometrical simplification was provided that parts of graphite plugs are also not

included in the geometry. Enumerated boundaries are presented in Figure [I7] on
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the mesh horizontal cross-section. The blue part represents the graphite sleeve with

plug, the red represents coolant and the green represents the graphite matrix.

External Boundary 2

Adiabatic

Symmetry Symmetry

Figure 17: The mesh on a horizontal cross-section and boundary conditions of the

OpenFoam model.

Regarding the top and bottom boundaries of solid regions, also adiabatic bound-
ary condition was applied. This is not the most realistic approach. However, it
is a conservative assumption regarding the top boundary since heat flux from the
graphite plug to the upper plenum of the reactor is expected. Regarding the bottom
part of the geometry, a small heat flux can be expected from the fuel rod below, but
this issue should be resolved with the expansion of the domain to the entire fuel rod
column, which is not within the objective of this research.

The inlet is situated on the top boundary of the coolant region. Inlet temper-
ature and pressure can be obtained directly from POKE. The inlet velocity can be
calculated from the inlet mass flow rate in certain coolant channels obtained from
POKE, using Equation ([13)), where the outer and inner radii of the coolant channel
were applied.

m

U= (13)

PHT (M oant — TSieeue)

The outlet is situated at the bottom boundary of the coolant region. The bound-
ary condition for temperature is the inletOutlet, which is a mixed boundary con-
dition that in case of a positive flux (out from domain) applies the zeroGradient
condition, and in case of a negative flux (into of domain) applies fixed inlet value
. In case of described case, a negative flux at the outlet boundary is not expec-

ted, thus practically an adiabatic boundary condition is appied. Fixed outlet flow
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rate is set to be the same as inlet, and the outlet pressure is calculated.

Internal borders between solid regions of sleeve and matrix, and fluid coolant

region are compressible::turbulent Temperature RadCoupledMixed, which enables heat
transfer by radiation. Moreover, a thin helium gap imposing a thermal resistance
layer of 0.0125 cm [23] was included within the internal boundary condition com-
pressible: :turbulent Temperature
CoupledBaffleMixed between the fuel and the sleeve region.
The most important part of this work is the determination of the detailed temper-
ature distribution in the fuel. Therefore, a simplified model of heat transport in the
fuel and sleeve was made, taking into account the aforementioned helium gap, for
validation with the distribution obtained analytically. The simplified model consists
only of cylindrical regions of the fuel and sleeve, with a constant temperature at the
outer boundary of the sleeve. The analytical distribution was obtained by solving
the Poisson equation for the fuel and the Laplace equation for the gap and the sleeve.
The analytical solution in cylindrical coordinates is Equation for sleeve region,
Equation for the gap and Equation for the fuel region.

P(r2ue - Tzoi ) Tsleeve
T(5) = Ty + -0~ ) Pt (14

ln(”"‘:‘leeve) ln Tgap
T(r) = Taeeve + P<T§”uel - r?}oid)( =+ ( - )

) (15)

2/€C 2/£He
ln(rsleeve ) ln(m) PT’Q ) r P(T,2 o 7,2>
T _ TS cove p 2 . 2 ) Tgap T void 1 fuel fuel
(7") l + (Tfuel rvozd) ( 2/{/0 2K/He 2/€fuel n r ) + 4Klfuel

(16)
The valudation was performed assuming the outer sleeve boundary temperature
of 500K and k. and power density in the fuel equal 3 kW. Results of the validation
are presented in Figure [I§|
Validation shows good agreement between analytical and calculated results.
However, the limitation of the OpenFoam is that it is for now impossible to set
the dependence of thermal conductivity of the thermal resistance layer on temper-

ature. Instead, the value needs to be fixed, which is a simplification.

5.5 Results

Calculations were made for a fuel rod located in the uppermost block of the central
fuel block column. The power density, inlet temperature, pressure, and mass flow

were obtained from the POKE results for beginning of the operation of the reactor.
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Figure 18: Validation results for simplified heat transfer model in the fuel, gap, and
sleeve.

Thus, the power density is 77.26 4%

, the inlet temperature is 395 K and inlet
pressure is 4 MPa, mass flow is 0.0358 %, which corresponds to the inlet velocity of
41.08 %*. The thermal conductivity of the thermal resistance layer between the fluid
and the sleeve was set to 0.31072 m—”;(, which corresponds to helium at 700K and
4 MPa [37]. The results of the axial and radial temperature profiles and pressure
profile are presented in Figure [19] Figure 20, and Figure [2I] respectively.

The data for Figure [19|were taken from the surface perpendicular to the Ezternal
Boundary 2 in the middle of its width. The Fuel Maximum data is taken along the
axis at the radius of 0.5 cm, which is at the inner adiabatic boundary. The Fuel
Central data is taken along the axis at a radius of 0.9 cm, which is the middle of
the fuel region. Analogically, the Sleeve Maximum is taken from the internal border
between the fuel and the sleeve at a radius of 1.3 cm, and the Sleeve Central is in
the middle of the sleeve region at a radius of 1.5 cm. Further, the Coolant Mazimum
data is taken from the internal boundary between the sleeve and the coolant, which
is at a radius of 1.7 cm. The Coolant Central and the Matriz Central are taken from
the middle of the coolant and the matrix regions, at radii of 1.875 cm and 2.3 cm
respectively. The data of Figure [20] are taken from the same surface, but at an axis
at a height of 50 cm, which is roughly the center of the rod. One can see that the
temperatures of solids at the inlet are close to the inlet temperature of the coolant.
However, the influence of the presence of graphite plugs over and under the fuel is
visible since there is a rapid change of temperature at the internal borders between

the plugs and the fuel. The temperature in the fuel region gradually increases in
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Figure 19: Axial temperature profile.

depth, achieving a maximum of 857.014 K. Similar behavior is reflected in the sleeve
region, but temperatures are significantly smaller due to the gaseous gap between
the fuel and the sleeve. The temperature of the coolant is the highest at the sleeve
wall and decreases with distance from the sleeve, to the temperature slightly lower
than the temperature of graphite.

The pressure decreases linearly with distance from the Inlet, which is expected

since by-pass and cross flows are not included . The minimum pressure is 3.98776
MPa.
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6 Coupled Serpent /OpenFoam calculations

Multi-physics applications were taken into consideration when creating Serpent 2.
The majority of temperature and density distributions provided by, for example,
thermal hydraulics or CFD solvers can be imported into Serpent using one of the
multi-physics interface file formats without loss of detail thanks to the ability to
represent arbitrary fine-grained density and temperature distributions. The multi-
physics interface is a set of routines, as well as input/output formats intended for
easily bringing in detailed temperature and density fields to Serpent and at the
same time automatically producing power distributions to be used in coupled codes
[22]. To get the converged coupled solution, special procedures are available for
managing the iteration between the coupled field solver(s) and the neutronics solver
(Serpent). With the help of the global multi-physics interface, temperature and
density solutions from any external solvers may be imported quickly. The underly-
ing geometry model can be overlaid with the solution fields (temperature/density)
using the multi-physics interface without requiring further input changes (such as

specifying several materials with varying temperatures). [§].

6.1 Serpent

Serpent is a computational tool developed by the VIT Technical Research Centre
of Finland for simulating neutron physics and conducting neutronic calculations. It
is a versatile and efficient Monte Carlo reactor physics code widely used in the nuc-
lear engineering community. Serpent utilizes the Monte Carlo method to simulate
the behavior of neutrons in complex geometries, providing detailed information on
neutron flux, reaction rates, and other relevant parameters |31].

The key features of the Serpent code include:

e Monte Carlo Method: Serpent employs the Monte Carlo method, a stochastic
simulation technique, to track individual neutrons through the system being
analyzed. It uses random sampling to model the behavior of neutrons, taking
into account various physical processes such as scattering, absorption, and

fission.

e Geometry Modeling: Serpent allows for the description of complex geomet-
ries using a combination of analytical surfaces, such as planes, cylinders, and
spheres, and Constructive Solid Geometry (CSGI) techniques. This enables
the representation of intricate nuclear systems, including reactor cores, fuel

assemblies, and other components with a high level of detail.
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e Material Definitions: The code supports the specification of material com-
positions using a variety of methods. These include isotopic compositions,
elemental compositions, and density distributions. The serpent also offers a
comprehensive library of nuclear data, including cross-section libraries, decay
data, and fission yield data, allowing users to accurately model and analyze a

wide range of materials and isotopes.

e Neutron Transport: Serpent simulates neutron transport by sampling the in-
teraction of neutrons with materials based on their cross-section data. It
tracks the individual neutrons as they undergo scattering, absorption, and
fission events, providing statistical estimates of various quantities of interest,

such as neutron flux, reaction rates, and power distribution.

e Cross-Section Data: Serpent utilizes cross-section libraries to provide accurate
nuclear data for various isotopes and reactions. These libraries contain inform-
ation about microscopic cross-sections, including total, elastic, inelastic, and
capture cross-sections. The serpent can use different types of cross-section lib-
raries, such as continuous-energy libraries or multi-group libraries, depending

on the requirements of the simulation.

e Burnup Calculations: Serpent has capabilities for performing burnup calcula-
tions, which simulate the depletion of isotopes and the evolution of neutron
flux and reaction rates over time. This feature allows users to analyze the
long-term behavior of nuclear systems, assess fuel depletion, and study the

effects of fuel burnup on reactor performance.

6.1.1 Fuel rod in Serpent

Because of the way the Serpent code works, it was necessary to model the entire
fuel rod, without being able to reduce the domain, as was done for the OpenFoam
calculations in the previous chapter. At the center of the geometry is a cylinder
responsible for the helium-filled gas space at the center of the fuel rod. As in the
previously discussed calculations, the cylinder is surrounded by concentric rings
corresponding in turn to the fuel, the sleeve, and the cooling channel. The whole
is placed in a graphite hexagon. To represent the location of the rod in the lattice
of rods in the block, a periodic boundary condition was used. However, the explicit
stochastic geometry functionality was used for the generation of randomized TRISO
arrangements. Dimensions and densities of TRISO layers as well as other materials

are the same as in previous calculations. The geometry is presented in Figure 22
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Figure 22: Fuel rod model with random TRISO arrangement in Serpent.

6.2 Power discretization for random TRISO particles arrange-

ment

As mentioned in the previous chapter, it is difficult to accurately account for TRISO
particles in a CFD model. However, using the ability to define heat sources in indi-
vidual cells of the OpenFoam mesh, it is possible to represent the heat distribution
generated in TRISO particles fairly accurately. In order to perform the power dis-
cretization with respect to TRISO particle positions, coordinates of TRISO particle
centers are required. Those can be generated with the explicit stochastic geometry,
using the Serpent disperse option. Then, cell centers of the OpenFoam mesh should
be obtained, and that can be done using the writeMeshObj applicability. The next
step is to calculate the distance between each mesh cell center to each TRISO center.
This, of course, is a simple, yet computationally demanding process, as there are
easily hundreds of thousands of TRISO particles and millions of mesh cells. One
way to optimize such an operation is to first simply calculate the differences between
the coordinates of cell and TRISO centers, and perform the calculation of distances
only if the differences are sufficiently small. Thus, the distances are calculated only
in certain areas around a mesh cell. The minimum calculated distance should then
be taken for a mesh cell, and compared to the TRISO kernel and layers dimensions.
If the distance is no greater than the radius of the TRISO kernel, the cell can be
identified as a kernel, and if the distance is within the range of a TRISO coating
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layer, the cell can be identified as a respective layer. If the distance is greater than
the external radius of a TRISO particle, then the cell can be identified simply as
graphite. With this procedure, it is possible to obtain materials file required for
the Serpent multi-physics interface type 8 [22]. During the procedure, the mesh
cells identified as fuel kernels can be further assigned in the mapping file for Serpent
multi-physics interface and then used as heat sources in the OpenFoam fuModels
file.

Since the Monte Carlo method involves collecting collision data from a specific space
and averaging the results, high uncertainties are to be expected for too small a
space. A single OpenFoam grid cell is usually a small space, so kernel cells should
be grouped so that fission data is included in a larger grouping of cells, i.e. a larger
space. Such grouping can be performed in the mentioned mapping file, and groups
of cells are referred further as to power bins. On the other hand, the introduction of
power bins can influence the power profile, depending on how the bins are defined.
This problem shall be covered in detail in future studies, as in this work the concept
is introduced. The bins in this work are defined by the radial and axial position
ranges of mesh cell locations. This means that the domain is divided into radial and
axial zones, and cells identified as kernels are assigned to individual bins based on
their location in a particular zone. The procedure of generation of the power bins
is presented in Figure . Stage a) shows a horizontal fuel pellet cross-section so
that the division in two dimensions can be presented. Stage b) shows the division
of the domain into two radial and two axial zones, 4 zones in total, each described
with different frame colors (red, green, yellow, and purple). Stage c¢) shows TRISO
kernels assigned to the zones, however, it should be noted that a single kernel can be
divided into several zones. It should be understood that fission data taking place in
a single kernel is averaged to all kernels in the zone, in order to reduce uncertainties.
Finally, stage d) shows the OpenFOAM mesh cells assigned to power bins with the
color of the respective zone. It should be understood that all cells within a single

power bin have the same value of power density generation.

One can speculate that the accuracy of the power bins generation depends on
the sizes of the OpenFOAM mesh cells. This topic also should be studied in the
future. However, it is suggested that the maximum cell size should be small enough
so that the cell could be inscribed in the TRISO kernel so that no kernel would be

omitted during the power discretization.
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Figure 23: Procedure of power bins generation. a) horizontal fuel pellet cross-section,
b) division to power zones, c) assignment of cells identified as TRISO kernels to

power bin, d) power bins in the OpenFoam mesh.

6.2.1 Coupling with the fuel rod OpenFoam model

To represent the power distribution as adequately as possible taking into account
TRISO positions, the model in OpenFOAM was modified. Namely, the mesh was
thickened, but the geometry was also reduced to 1 fuel rod so that one external
boundary remained. The resulting mesh consists of 14757600 vertices. The sym-
metry boundary condition was replaced by a cyclic condition. These conditions
further map the rod surrounded by rods in the same firing zone, nevertheless, it
can no longer be applied to rods surrounded by rods of other zones. The mesh and
boundary conditions are presented in Figure 24} To ease the analysis of the results
for the purposes of this calculation, the graphite plugs at the ends of the fuel rods
were omitted. However, since total power was given in the OpenFoam calculations,
the power density may decrease, leading in a further decrease in temperature. This

subject needs to be corrected in future work.

Reducing the geometry in OpenFoam relative to the model in Serpent creates
the problem that the latter is not completely covered by the temperature mesh. To

solve this problem, a minor modification was made to the Serpent source code. A
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cyclic

Figure 24: Horizontal cross-section used for Serpent multi-physics interface.

six-fold rotation of the temperature mesh by 60 degrees was introduced. This causes
the entire domain to be covered by an angularly repeatable temperature mesh in
this particular case. To keep the calculations consistent, modifications were made
to the random distribution of TRISO capsules. First, particles that are crossed
by cyclic boundaries of the OpenFoam model were removed. Second, analogous
to the temperature mesh, the positions of those TRISOs that were covered by the
OpenFoam mesh were rotated six times by 60 degrees. The effect of this operation,
along with the corresponding mesh, can be seen in Figure |25 Black lines correspond

to the borders of rotation operations.

The sequential exchange of input and output files between the Serpent and the
external solver forms the foundation of the external coupling. Serpent offers a sep-
arate coupled calculation mode where Serpent interacts with an external code to
control the solution flow, preventing the need to restart Serpent after each neutron
transport solution (and hence necessitating the repetition of all the pre-processing).
After each neutronics solution in the coupled computation mode, Serpent will go to
sleep and wait for the new interface files [8]. The simplified coupling scheme used
in this work is presented in Figure 26| The file preparation part is the initial power
discretization described earlier. Power profile update is done by generating a fuMod-
els file from the multi-physics interface output file, and the temperature profile is
updated by linking temperatures obtained in the last written OpenFOAM results

catalog to the interface via ifc files.
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Figure 25: Fuel rod model with modified random TRISO arrangement and Open-
FOAM mesh in Serpent.

6.3 Results

The initial OpenFOAM calculations were done with uniform power distribution,
and based on the resulting temperature profile, several Serpent calculations were
run for different power bin arrangements. The number of neutron histories is 12000,
100 active and 20 inactive cycles are simulated. Results of averaged radial and axial
power profiles are presented in Figure 27/and Figure 28| respectively. In those figures,
Rad. is the number of radial bins, Ax. is the number of axial bins, Avg. u is average
power uncertainty, and pf is peaking factor.

In order to investigate the accuracy of the mesh cell adjustment to TRISO, a
separate power bin is set for all cells that are supposed to represent the graphite in
which TRISO particles are dispersed. It would be expected that no power would be
generated in the bin. However, due to the fact that hexagonal mesh cannot ideally
reflect fuel kernel spheres, it is possible that some fission in the Serpent simulation

may appear in a cell that is identified as graphite. In this study, the amount of
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Figure 26: Serpent and OpenFoam coupling block scheme.

power generated in such cells is 5.6% of total power. Nevertheless, this issue could
be considered as justified since, in fact, a small fraction of power in thermal reactors
is produced in a moderator, and in HTTR it is approximately 5% . It can be
noted that in the absence of the use of power binning (i.e., each OpenFoam mesh
cell is a separate binning), huge uncertainties of 95% were obtained despite the
not inconsiderable neutron population. On the other hand, it can be seen that
the fewer the bins, the smaller the uncertainty. Therefore, as few bins as possible
should be used to represent the power distribution fairly accurately. However, this
is a complicated task that should be carried out in future studies. In the case
of averaged radial distributions, one can see a slightly increased power density at
the inner and outer edges of the fuel rod. However, no significant differences in
power distribution can be seen between the number of radial bins. The axial power
distribution reproduces the randomness of the TRISO particle distribution, and
again, no significant differences in power distribution between the number of axial
bins can be seen. This means that just taking TRISO positions into account has

the effect of increasing the accuracy of the power distribution.

A configuration of 5 radial bins and 20 axial bins was selected for further calcu-
lations. The used criterion of convergence was that of the temperature difference in
each grid cell in the following time steps were not greater than 3 K. The coupling
resulted in a more random axial temperature distribution, which corresponds to the
randomness of the power distribution. Results are presented in Figure [29) for initial
temperature profile from uniform power profile, and in Figure [30] for temperature
profile after introducing power discretization. However, the maximum temperature

after coupling is 720.4 K, while in case of uniform power distribution it is 709.6 K.
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Radial Power Density Profile
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Figure 27: Averaged radial power profiles for several radial power bins arrangements.

This means that implementation of the power discretization showed the temperature

higher by a few percent, which can be included in safety margin in case of normal

operation of the reactor [27].
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Axial Power Density Profile
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Figure 28: Averaged axial power profiles for several axial power bins arrangements.
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Figure 29: Axial temperature profile after initial OpenFoam calculation with uni-

form power profile.
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Axlal Temperature Profile
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Figure 30: Axial temperature profile after coupled calculation profile.
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7 Conclusions

This paper presents the characteristics of HTGRs, with a discussion of the history
and neutronic, thermo-hydraulic properties and the feedback that occur between
them. An example of the use of coupled neutron and thermo-hydraulic calculations
using MCB and POKE codes within the PUMA project is further presented. The
relationship between power and temperature distributions is then shown based on
the Go_ HTR core model with structured control rods. The application of this in-
novative concept allowed for a significant flattening of the power distribution and
thus a reduction in the average core temperature, allowing for safer and more effi-
cient operation. The purpose of this dissertation was to demonstrate that local CFD
calculations can support analyses of the entire reactor core using coupled thermal-
fluid and neutronic calculations. This was accomplished in part by creating a model
of a single Go_ HTR fuel rod and using power data from the MCB and temperature
and flow data from the POKE. Full OpenFoam coupling with MCB and POKE was
not achieved here, but a significant portion of it was achieved. Some simplifications
were also applied, such as not including by-pass flow and cross-flow, and changes
in material properties under irradiation. Research is currently underway to include
py-pass and cross flow in CFD calculations, but including them in coupled calcula-
tions remains an open topic. Moreover, another challenge is the inclusion of TRISO
particle distribution in the CFD model. Accurately mapping TRISO geometry in
CFD is a challenging task; nevertheless, this paper develops a method to map the
power distribution that considers TRISO distribution. The da method, hereafter
referred to as power discretization, assumes that TRISO particles are grouped into
power bins. The optimal choice of the number of bins remains an open question,
which is a topic for further research. Another issue is the appropriate matching of
the OpenFoam mesh, as the accuracy of the representation of the power profile in
CFD calculations depends on it, but this too remains for further research. Never-
theless, with an arbitrary selection of 5 radial and 20 axial bins, a coupling of the
adjusted OpenFoam model and the corresponding single fuel rod model in Serpent
was performed, using a multi-physics interface. The use of power discretization yiel-
ded temperatures that were magnified by about 10 K relative to the use of a uniform
power distribution. This increase can be considered in the safety limit during normal
reactor operation. However, further studies may be required in order to determine
the impact of several factors on the maximum temperature. Those factors include
the TRISO packing factor, the size of TRISO kernels, and higher power densities.
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