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Extension of the Reactor Dynamics Code MGT-3D for Pebblebed and

Blocktype High-Temperature-Reactors

by

Dunfu Shi MSc

Abstract:

The High Temperature Gas cooled Reactor (HTGR) is an improved, gas cooled
nuclear reactor. It was chosen as one of the candidates of generation IV nuclear
plants [1]. The reactor can be shut down automatically because of the negative
reactivity feedback due to the temperature’s increasing in designed accidents. It is
graphite moderated and Helium cooled. The residual heat can be transferred out of
the reactor core by inactive ways as conduction, convection, and thermal radiation
during the accident. In such a way, a fuel temperature does not go beyond a limit
at which major fission product release begins.

In this thesis, the coupled neutronics and fluid mechanics code MGT-3D used
for the steady state and time-dependent simulation of HTGRs, is enhanced and
validated [2]. The fluid mechanics part is validated by SANA experiments in steady
state cases as well as transient cases. The fuel temperature calculation is optimized
by solving the heat conduction equation of the coated particles. It is applied in
the steady state and transient simulation of PBMR, and the results are compared
to the simulation with the old overheating model. New approaches to calculate
the temperature profile of the fuel element of block-type HTGRs, and the calcula-
tion of the homogeneous conductivity of composite materials are introduced. With
these new developments, MGT-3D is able to simulate block-type HTGRs as well.
This extended MGT-3D is used to simulate a cuboid ceramic block heating exper-
iment in the NACOK-II facility. The extended MGT-3D is also applied to LOFC
and DLOFC simulation of GT-MHR. It is a fluid mechanics calculation with a
given heat source. This calculation result of MGT-3D is verified with the calcula-
tion results of other codes. The design of the Japanese HTTR is introduced. The
deterministic simulation of the LOFC experiment of HTTR is conducted with the
Monte-Carlo code Serpent and MGT-3D, which is the LOFC Project organized by
OECD/NEA [3]. With Serpent the burnup of the reactor core is calculated start-
ing from the first loading. From this calculation the nuclide inventory is obtained
and the result is interfaced to MGT-3D. The steady state and time dependent
calculation is conducted with MGT-3D. The elapsed time and peak power level
at the occurrence of the re-criticality of the LOFC experiment are compared to
the simulation results. Up to now, these results meet the experimental values best
compared with the other participants.



Erweiterung des gekoppelten Neutronik- und Fluidmechanikprogramm

MGT-3D für Kugelhaufen-HTR und HTR mit prismatischen Blöcken

von

Dunfu Shi MSc

Kurzfassung:

Der mit Helium gekühlte, grafitmoderierte Hochtemperaturreaktor (HTGR)
gehört zu den innovativen, gasgekühlten Reaktorkonzepten. Er ist einer von sechs
ausgewählten Konzepten des Generation IV International Forums (GIF) [1]. Auf-
grund seines stark negativen Temperaturkoeffizienten wird der Reaktor in Ausle-
gungsstörfällen durch eine Erhöhung der Brennstofftemperatur automatisch abge-
schaltet. Eines seiner herausragenden Sicherheitsmerkmale ist das Konzept der
passiven Nachwärmeabfuhr. Die entstehende Wärme kann in einem Störfall selbst-
tätig durch Wärmeleitung, Konvektion undWärmestrahlung aus dem Reaktorkern
abgeführt werden. Während eines solchen Ereignisses bleiben die Temperaturen
der Brennelemente unterhalb einer Temperatur, bei der eine signifikante Spaltpro-
duktfreisetzung einsetzt.

In dieser Dissertation wird das gekoppelte Neutronik- und Fluidmechanikpro-
gramm MGT-3D zur Simulation des stationären und zeitabhängigen Verhal-
tens von HTR erweitert und validiert [2]. Der Fluidmechanik-Teil wird u.a. an-
hand des SANA-Experiments für den stationären und zeitabhängigen Fall vali-
diert. Die Berechnung der Brennelementtemperatur wird durch das Lösen der
Wärmeleitungsgleichung der sogenannten ”coated particles” optimiert. Diese wird
im stationären und zeitabhängigen Fall zur Simulation des PBMR angewendet.
Die Ergebnisse werden mit dem vorherigen, einfacheren Überhitzungsmodell ver-
glichen. Neue Ansätze zur Berechnung des Temperaturprofils von prismatischen
Brennelementen sowie die Berechnung der homogenen Leitfähigkeit des Verbund-
materials werden vorgestellt. Mit dieser neuen Entwicklung ist MGT-3D in der
Lage auch prismatische Brennelemente fluidmechanisch abzubilden. Dieses so er-
weiterte MGT-3D wird zur Simulation eines NACOK-II-Experimentes genutzt.
Des Weiteren wird MGT-3D für die Simulation eines LOFC- und eines DLOCF-
Störfallszenarios im GT-MHR angewendet. Diese Berechnung wird mit Ergebnis-
sen anderer Programme verifiziert. Die Simulation des LOFC-Experimentes am
japanischen HTTR wird mit dem Monte-Carlo-Programm Serpent und mit MGT-
3D ausgeführt. Das Experiment und die begleitenden Simulation gehören zum
LOFC-Projekt der OECD/NEA [3]. Mit Serpent wird der Abbrand des Reaktor-
kerns ab der Erstbeladung berechnet. Aus dieser Rechnung wird das Nuklidinven-
tar an MGT-3D übergeben. Die stationäre und zeitabhängige Berechnung wird mit
MGT-3D durchgeführt. Der Zeitpunkt und die Höhe der Leistungsspitze des Ein-
tritts der Rekritikalität im LOFC-Experiment werden mit den Simulationsergeb-
nissen verglichen. MGT-3D beschreibt die experimentellen Werte, insbesondere im
Vergleich mit den Ergebnissen der anderen Teilnehmer, sehr gut.
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GA General Atomics

GFR Gas-cooled Fast Reactor

GT-MHR Gas Turbine-Modular Helium Reactor

HTGR High Temperature Gas-cooled Reactor

HTR High Temperature Reactor

viii



List of Tables

HTR-Modul Hochtemperaturreaktor-Modul

HTTR High Temperature Engineering Test Reactor

IAEA International Atomic Energy Agency

IHX Intermediate Heat Exchanger

INL Idaho National Laboratory

JAEA Japan Atomic Energy Agency

LFR Lead-cooled Fast Reactor

LOFC Loss of Forced Coolant

LWR Light Water Reactor

MCS Main Cooling System

MGT Multi-Group-TINTE

MHTGR Modular High-Temperature Gas-cooled Reactor

MINATOM Russian Federation Ministry for Atomic Energy

ML-1 Army’s Mobile Low Power Reactor

MPI Message Passing Interface

MSR Molten Salt Reactor

NACOK Naturzug im Core mit Korrosion

NEA Nuclear Energy Agency

OECD Organisation for Economic Co-operation and Development

PBMR Pebble Bed Modular Reactor

PCRV Prestressed Concrete Reactor Vessel

PCS Power Conversion System

PGC Primary Gas Circulator

PHCS Primary Helium Cooling System

PIRT Phenomena Identification Ranking Tables

PIV Particle Image Velocimetry

PPWC Primary Pressurized Water Cooler

ix



List of Tables

PRM Power Range Monitoring

PWCS Pressurized Water Cooling System

RCCS Reactor Cavity Cooling System

RHS Right Hand Side

RPV Reactor Pressure Vessel

SANA Selbststätige Abfuhr der Nachzerfallsleistung

SCS Shutdown Cooling System

SCWR Supercritical Water-cooled Reactor

SFR Sodium-cooled Fast Reactor

SHCS Secondary Helium/Helium Cooling System

SPWC Secondary Pressurized Water Cooler

TAREF Task Group on Advanced Reactor Experimental Facilities

THTR Thorium Hochtemperatur Reaktor

TINTE Time Dependent Neutronics and Temperatures

TRISO Tri-structural-Isotropic

USNRC United States Nuclear Regulatory Commission

VCS Vessel Cooling System

VHTR Very High Temperature Reactor

VSOP Very Superior Old Programs

VTT Valtion Teknillinen Tutkimuskeskus

WRM Wide Range Monitoring

x



Chapter 1

Introduction

Energy is the basic driving force of industry, and industrial development is always ac-
companied by energy-related innovations [5, 7, 8]. Today, fossil fuels that produce a
large amount of CO2 provide 80% of the global energy consumption. With the concern
of global warming caused by greenhouse gas emissions into the atmosphere, the new
energy alternatives that do not discharge CO2 are proposed to be developed as priority
in many countries. Additionally, the climate disasters have occurred more frequently in
recent decades, which confirms mankind to promote the utilization of nuclear energy and
green energies such as solar energy, wind energy, hydro-power, and geothermal energy.

By the end of 2012, 437 reactor units with a total power of 373 GW were operating
worldwide. They supplied 11.3% of the global electricity production in 2012 [9]. The
utilization of nuclear power avoids the emission of more than 2.4 billion tons of CO2,
which corresponds to 8% of the worldwide CO2 emissions. The diversities of the energy
supplies can guarantee the energy security of the country, which is an important issue
for all of the governments. Nuclear energy is expected to play an important role in the
mixed energy supplies of many countries. Since the Fukushima Daiichi nuclear disaster,
people have paid even more attention to the safety aspects of nuclear reactors. More
than 10 years ago, six nuclear reactor systems that offer significant advances in sustain-
ability, safety, reliability and economics were selected by the Generation IV International
Forum (GIF) as the most promising concepts for the next-fourth-generation of nuclear
reactors [1]. They include the Gas-cooled Fast Reactor (GFR), the Lead-cooled Fast
Reactor (LFR), the Molten Salt Reactor (MSR), the Supercritical Water-cooled Reac-
tor (SCWR), the Sodium-cooled Fast Reactor (SFR) and the Very High Temperature
Reactor (VHTR).

The VHTR, or High Temperature Gas-cooled Reactor (HTGR) system is character-
ized by its thermal neutron spectrum, graphite moderated core, helium coolant and
high coolant outlet temperature of about 1000 ◦C. It is the advanced type of gas-cooled
nuclear reactor. It is assumed that the construction of small-sized, modular plants can
reduce the capital cost of the plants, which makes the concept of HTGR attractive for
industrial applications. HTGR has the following advantages:

• Safety aspects: the reactor has a large negative temperature coefficient of reac-
tivity. Therefore, it can be shutdown without scram in the loss of forced coolant
accident. The power density of the reactor is low, and it has a high heat capacity
and thermal conductivity due to a large amount of graphite. The residual heat
can be removed from the reactor and transferred to the outside structures by
natural convection, heat conduction and thermal radiation. The reactor core can
withstand temperature much higher than 1400 ◦C due to the ceramic coating on
the fuel kernel. The helium coolant is an inert gas which does not react with the
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components. The absorption cross section of helium is very low, and helium is dif-
ficult to activate, which makes the reactor easier to be maintained during normal
operation.

• Flexible fuel cycle design: the reactor can be fueled with low enriched uranium,
high enriched uranium and thorium. The reactor fuel can be deeply burned and
has the flexibility to adopt U/Pu fuel cycles.

• High thermal efficiency: the gas outlet temperature of HTGR is higher than that
of LWR. If the steam cycle is applied, the steam temperature can reach 500 ◦C
and the thermal efficiency of the reactor can be more than 40%. By using the high-
efficiency direct Brayton cycle, the thermal efficiency can be further increased.

• Versatility: with the high outlet coolant temperature, HTGR can supply, besides
electricity, high-quality process heat and steam needed in numerous industrial
such as coal gasification, refining of crude oil, seawater desalination, metallurgical
processes, or in hydrogen production, e.g. via the thermo-chemical sulfur-iodine
cycle [10].

However, thought on a volume basis, the spend fuel output of HTGR is much larger than
that of LWR. With the same power level, the vessel of HTGRs is much larger than the
LWR. Therefore, the waste will be more compared with LWR when decommissioning
the plants. Additionally, it is more difficult to reprocess the fuel materials than that of
LWR due to the coating structures.

This chapter gives a short overview of the developmental history of the High Tem-
perature Gas-cooled Reactors (HTGRs), a brief description of the design base of three
representative HTGRs and the topics discussed in this thesis. In the first section, the
past HTGR designs are introduced according to their developing sequence. In the second
section, the basic design data of HTGRs which are referred to this thesis is presented.
The third section introduces the objectives and the outline of this thesis.

1.1 History of HTGR

The development of the graphite-moderated, gas-cooled reactor has a long history.
The first man-made critical assembly, Chicago pile-1 (CP-1), was a graphite-moderated
thermal reactor. The Calder Hall power station was the first nuclear reactor to generate
electricity in the world. Hence, it was a milestone in the utilization of nuclear energy on
an industrial scale. The reactor started operating in 1956. It used graphite as moderator
and CO2 as coolant. The coolant outlet temperature was about 335 ◦C. The advanced
gas-cooled reactor (AGR) adopted magnox alloy to clad the fuel rods. It can enhance the
temperature of the steam to 538 ◦C. The gas outlet temperature of the AGR is limited,
since the Boudouard reaction occurs at high temperature regimes causing corrosion of
the graphite. AGRs were basically operated in France and England, the first starting in
1957 in Chimon, France.

The research of high-temperature, gas-cooled reactors started in the 1950s, represent-
ing a significant improvement compared to the AGRs. It uses helium as a coolant which
is an inert gas and has better cooling performance than carbon dioxide. The fuel is
coated by ceramics which can withstand very high temperatures. Thus, the outlet tem-
perature of the coolant can be very high. The first HTGR demonstration test reactor
“Dragon” was initiated in 1959 as an international project by the OECD countries and
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was built in England. The reactor was designed for a power of 20 MW . First critical-
ity was achieved in 1964 and the reactor operated at full power from 1966 [11]. The
reactor used a prismatic core with an equivalent diameter of 1.08 m composed of 37
fuel element clusters. Each hexagonal fuel block consists of seven fuel rods. The inlet
and outlet temperature of the helium were 350 ◦C and 750 ◦C respectively. It was the
prototype of HTGRs and proved the concept of HTGRs. The researchers collected lots
of information about the fuel performance of coated particles, the reactor materials and
the system operation from the Dragon reactor.

Later, another two HTGR test reactors with different fuel element designs were con-
structed, which were the Peach Bottom 1 in the U.S. and the AVR in Germany. The
Peach Bottom was a commercial power reactor with an electrical power of 40 MW . It
achieved the first criticality in March 1966. Its fuel block also had a hexagonal shape,
but the fuel rod and the coolant hole were distributed differently compared to the fuel
design of Dragon. The BISO coated particles were embedded in the graphite matrix
of the fuel rod. The reactor ran successfully with the ceramic coated particles, which
proved that the coating layers are able to retain the fission products.

The AVR (Arbeitsgemeinschaft Versuchsreaktor) used an alternative concept of fuel
element proposed by Schulten [12]. The BISO, later TRISO coated particles were em-
bedded in the inner zone with the diameter of 5 cm of the graphite sphere with the
diameter of 6 cm. The reactor core was composed of 100,000 spherical fuel elements,
which were shuffled during operation and withdrawn once the final burnup was achieved.
The electrical power and thermal power of the reactor were 15 MW and 46 MW . The
first criticality was achieved in August 1966, and the reactor operation was terminated in
1989. The designed helium outlet temperature was 850 ◦C which was raised to 950 ◦C in
1974. Several kinds of fuel compositions such as U/Th, UC2/UO2 with BISO or TRISO
coated particles were investigated in the reactor. Many experiments were conducted in
the AVR, including the simulation of a LOFC accident scenario, which demonstrated
the inherent safety characteristics of this reactor.

In Germany and the U.S., planning and designing of larger-size, follow-on HTGRs
were starting eventually leading to the construction of commercial-scale prototype HT-
GRs, which were “Thorium Hochtemperatur Reaktor” (THTR-300) and “Fort St.Vrain
Reactor” (FSVR). The THTR inherited the same fuel design feature of AVR using the
pebble bed core and was fueled with a mixture of thorium and high-enriched uranium.
The electrical power of the THTR was 300 MW . The power plant started to generate
electricity in September 1985, and was permanently shut down in 1989 due to political
and economical reasons. The FSVR used the same hexagonal fuel and reflector graphite
block like Peach Bottom 1. The primary circuit was contained in an innovative pre-
stressed concrete RPV similar to the THTR. Its electrical power was 330 MW . It was
built by General Atomics and operated from 1977 until 1989.

Japan began the HTGR program in 1970s. Its High-Temperature Engineering Test
Reactor (HTTR) achieved first criticality in 1998 and reached full thermal power of
30 MW in 1999 [13]. The prismatic core of the HTTR is composed of 150 fuel element
blocks where the fuel rod and coolant gas are located in the same channel, which is dif-
ferent from the U.S. fuel block design. The HTTR achieves high gas outlet temperatures
of upto 950 ◦C. It is the only operating HTGR with hexagonal fuel blocks today.

As a consequence of the operation experiences of HTGR test reactors, which were ba-
sically positive, and of the large, commercial HTGRs, which were comparatively poor,
the modular HTGR concept has been proposed by Siemens/Interatom in the beginning
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of the 1980s [14]. The basic feature of the modular HTGR was that, due to its slim core
geometry, the residual heat can be transferred out of the reactor passively and with the
maximum fuel temperature during serious accidents remaining below the limits that may
impair the fuel. The simplified design of the system can reduce the construction invest-
ment. Its electrical power was between 100 MW and 300 MW . A larger power demand
can be realized by building several modules on the same site. Various conceptional de-
signs for a modular HTGR have been or are being developed in different countries. Away
the most elaborated designs are the HTR-module by Siemens/Interatom, the Modular
High-Temperature Gas-cooled Reactor (MHTGR) by General Atomics, the Pebble Bed
Modular Reactor (PBMR) in South Africa, and the Gas Turbine High Temperature
Reactor (GTHTR-300) by JAEA in Japan, while the HTR-Module and the PBMR have
a pebble bed core, the MHTGR and the GTHTR-300 are equipped with a hexagonal
fuel block core. They represent two different developing directions of HTGRs.

1.2 The Design Data of the PBMR, GT-MHR and

HTTR

There are three kinds of HTGR designs that can be distinguished by their different fuel
element concepts [15]. They are represented by the PBMR with spherical fuel elements,
the GT-MHR with separated fuel and coolant channels and the HTTR with coaxial fuel
and coolant channels. In this thesis, the extended model of MGT-3D is validated/verified
against the benchmark data of these three designs. The basic features and design data
are introduced in this section.

The Pebble Bed Modular Reactor

The Pebble Bed Modular Reactor (PBMR) has been developed by PBMR Ltd, South
Africa [16]. The designed thermal power is 400 MW . The reactor uses the Brayton
power conversion cycle and is expected to achieve an efficiency of more than 41%. The
main design data are presented in Table 1.1. The spherical fuel elements according to the
German reference design for the HTR-Module are located in the annular core between
a fixed central reflector and the side reflector. The annular concept allows an increase
of the reactor power, while still temperature peak in the center of the core. The reactor
is fueled with low enrichment UO2 located in the kernels of the coated particles. The
reactor core contains about 452,000 fuel pebbles of which each one is fueled with about
9 g uranium. The reactor uses the on-line refueling and the fuel pebbles pass several
times through the reactor core before discharged. The multi-pass fueling scheme can
flatten the burnup profile.

The inner and outer radius of the annular core are 1 m and 1.85 m, respectively.
The effective cylindrical core height is 11 m, and the thickness of the side reflector is
about 0.9 m. 24 control rods are located in the side reflector to control the reactivity of
the reactor and to guarantee the hot shutdown of the reactor. There are eight reserved
shutdown holes for the falling of small absorber spheres in the central reflector which
is used for cold shutdown. During the normal operation of the reactor, the absorber
spheres fabricated from B4C and graphite are placed in the storage tank of the top
reflector. The valves of the tank will be opened, and the absorber spheres will fall into
the reserved shutdown holes by gravity if the cold shutdown is triggered.

The coolant flow is blown into the inlet and distributed to the gas riser tubes which are
arranged in the side reflector. The rising coolant meets in the top cavity of the reactor
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Figure 1.1: Schematic of the PBMR reactor [17]
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Thermal power 400 MW
Electrical power 165 MW
Efficiency >41%
Helium inlet temperature 500 ◦C
Helium outlet temperature 900 ◦C
Helium mass flow rate 192 kg/s
Pressure 9 MPa
Average power density 4.6 MW/m3

Fuel element Pebbles

Table 1.1: The main design data of PBMR [16]

pressure vessel (RPV). Then it passes through the reactor core from top to bottom,
which can counter the rising movement of graphite pebble due to the blowing effect of
the coolant flow. The heated helium flows from the outlet of the RPV to the power
turbine, which drives the generator and the low and high pressure compressors. Finally,
the helium is cooled and compressed before re-entering the reactor.

The RPV is cooled by the Reactor Cavity Cooling System (RCCS) during normal
operation and accident scenarios. The RCCS is designed to maintain the RPV and
concrete temperature. The heat is transferred from the surface of RPV to the water
cooling pipes by conduction, thermal radiation and natural convection. Both active and
passive system design models are applied. The RCCS can work for several days including
the boil off time before water makeup is needed. Hence, it is important for protecting
the investment. If the RCCS fails, the concrete provides an ultimate heat sink.

The Gas Turbine-Modular Helium Reactor

The Gas Turbine-Modular Helium Reactor (GT-MHR) has been developed from the
MHTGR by using the gas turbine design, aiming to achieve higher efficiencies up to
50% [18]. The GT-MHR includes the reactor system and the power conversion system
(PCS). They are located in separate steel vessels connected by a cross duct. The design
data of the reactor operating at full power is presented in Table 1.2. These parameters
were chosen to minimize the construction costs as well as the operation costs per power
unit. The designed thermal power of the reactor is 600 MW and the power conversion
efficiency can reach 48%.

Thermal power 600 MW
Electrical power 286 MW
Efficiency 48%-50%
Helium inlet temperature 490 ◦C
Helium outlet temperature 850 ◦C
Helium mass flow rate 320 kg/s
Pressure 6.9 MPa
Average power density 6.6 MW/m3

Average burnup 642 MWd/kg
Fuel element Hexagonal fuel block

Table 1.2: The main design data of GT-MHR [15]
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Figure 1.2: Schematic of the GT-MHR reactor [19]
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In the GT-MHR, the hexagonal fuel blocks are assembled in the core in a annular ring.
Graphite blocks are placed in the center of the reactor core as inner reflector. There are
102 fuel columns and 10 layers. 48 control rod guide holes and 18 reserved shutdown
holes are located in the inner and outer circles close to the fuel assembly circle. Two
types of fuel blocks are loaded, one with 108 coolant holes, 202 fuel rods, and 14 burnable
poison sticks, and another with 89 coolant holes, 164 fuel rods and 10 burnable poison
sticks. At the top and bottom of the fuel columns, there are graphite reflector blocks as
well. The reactor core is refueled after 280 days. The power profile is flattened by the
annular core and the re-arrangement of the fuel blocks during the refueling process. The
reactor internals consisting of inner reflector, fuel blocks, outer reflector, permanent side
reflector and core support structure are placed in the steel RPV.

The power conversion system is used to convert the thermal energy into electrical en-
ergy by the Brayton cycle, just like in the PBMR. The turbo-compressor, recuperator,
precooler, intercooler and associated supports and ducts are integrated in a single vessel
placed side-by-side with the RPV. The turbine is joined rigidly to a synchronous gener-
ator by a bearing. The high pressure, hot helium from the outlet of the primary circuit
flows into the power conversion system and drives the turbine to generate electricity.
Then the cooled, compressed helium flows into the primary circuit from the cold duct.

Two auxiliary cooling systems including the reactor shutdown cooling system (SCS)
and RCCS are installed with different functions. The SCS is composed of a helium loop
located at a bottom part of the RPV and driven by forced circulation, and a cooling water
loop that exchanges heat with the helium loop in a helium/water heat exchanger. It cools
down the RPV and PCS in fuel reloading or repair operations. The RCCS consists of
two independent water cooling systems which include the surface cooler, pipelines, and
water circulates. Each of the RCCS has a heat removal capacity of 4MW . It ensures that
the maximum fuel temperatures, RPV surface temperatures and concrete temperatures
remain below 1600 ◦C, 540 ◦C and 150 ◦C, respectively, under normal operation as well
as in accident scenarios.

The High Temperature Engineering Test Reactor

The High Temperature Engineering Test Reactor (HTTR) project was initiated in
1987 according to the Long-term Program for Development and Utilization of Nuclear
Energy issued by the Japan Atomic Energy Commission [20]. The reactor’s construction
began in 1991. The designed thermal power is 30 MW and the maximum outlet gas
temperature can reach 950 ◦C (see Table. 1.3) which can be used at a later stage to
conduct the research on process heat utilization with HTGR.

Thermal power 30 MW
Helium inlet temperature 395 ◦C
Helium outlet temperature 850/950 ◦C
Helium mass flow rate 12.4/10.2 kg/s
Pressure 4 MPa
Average power density 2.5 MW/m3

Fuel element Hexagonal fuel block (31 pins and
33 pins)

Fuel Low enriched UO2 (3− 10%)

Table 1.3: The main design data of HTTR [15]
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Figure 1.3: Schematic of the HTTR reactor [21]
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The HTTR utilizes the pin-in-block type hexagonal fuel element. There are two types
of fuel blocks, one with 33 fuel pins and another with 31 fuel pins. The coolant flows
through the annular space between the fuel rod and the graphite block. The TRISO
coated particles embedded in the graphite matrix of the fuel rod are fueled with low
enriched uranium dioxide. The fuel blocks and the control rod guide blocks are mixed-
distributed in the reactor core. Each control rod guide block has two control rod guide
holes and one reserved shutdown hole. The steel RPV contains the reactor core, the
replaceable reflector blocks, the permanent reflector, the restrain device and the support
structure.

The reactor cooling system consists of a main cooling system (MCS), an auxiliary
cooling system (ACS) and two independent vessel cooling systems (VCS). During normal
operation, the reactor core is cooled by the MCS: the helium enters the reactor and rises
up from the empty space of the side restrain system; then it flows through the reactor
core from top to bottom and exits at the outlet. The ACS is activated automatically in
response to the reactor scram signal. The residual heat of the reactor core is removed
by the cooling circuit of the ACS and released into the environment. The VCS protects
the reactor core and RPV against thermal damage by the residual heat after the scram.
It can remove the residual heat upto a the power of 0.6 MW .

1.3 The Outline of this Thesis

While designing nuclear power reactors, the pressurized loss of forced coolant (LOFC)
and de-pressurized loss of forced coolant (DLOFC) are two of the severe accident sce-
narios that engineers should evaluate. The deterministic simulation of the reactor under
these accident conditions requires coupled neutronics and fluid mechanics calculations.
MGT-3D is a three-dimensional, time dependent simulation code for pebble bed HTGR.
In this thesis, the code is benchmarked, optimized and modified for block type HTGRs
and applied to simulate the LOFC and DLOFC scenarios for prismatic block HTGRs.
The structure is as follows:

• The calculation theory of MGT-3D will be introduced. The calculation of MGT-3D
includes the neutron flux solution, the power production, gas flow calculation as
well as gas and solid temperature calculation. MGT-3D is also an important part of
the developing HTR code package (HCP) to study the dynamical behavior of HTR
[22]. The neutron flux is calculated by solving a neutron diffusion equation which
is driven by the transport equation. The powers generated by fission and decay
are distinguished by local and non-local nuclear heat according to their deposited
place. By solving the mass, momentum and energy conservation equations, the
gas flow, and gas and solid temperatures are calculated, and coupled together.
The heat source of fluid mechanics calculation is provided by the nuclear heat
production. The cross sections, which are used to calculate the power production,
are determined by the moderator and fuel temperatures. The numerical method
and the coupling approach are explained in Chapter 2.

• There are major differences between the MGT-2D and MGT-3D codes, especially
with regard to the fluid mechanics calculation. In order to validate and verify the
new code model, SANA experiments are chosen to benchmark MGT-3D. SANA
experiments with only a central heating element for the steady state and transient
case are simulated with both MGT-3D and MGT-2D, and compared with the
measured data. Then, MGT-3D is applied to SANA experiments with a central
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heating element and radial heating elements, which represents a true 3D geometry
and can not be calculated by MGT-2D.

• The fuel temperature has a strong influence on the resonance absorption cross
sections. A simplified overheating model was chosen in MGT-3D to calculate the
temperature increase in the surrounding graphite matrix [24]. The coated particle
is considered as an independent point heat source with specific heat and is shielded
by a heat resistant layer. The effective heat flux resistance of coated particles is
hard to determine. In order to obtain a precise fuel temperature, a new kernel
model has been developed to derive the temperature profile inside the coated
particle. In the new kernel model, the heat conduction equation of the coated
particle is solved numerically in both steady state and transient calculations.

• Due to the reason that R&D activities in German mainly focused on pebble bed
reactors, MGT-3D was developed to simulate pebble bed HTGRs and their relat-
ed experiments. As a part of this thesis, this code has been extended to prismatic
HTGR with block type fuel elements. The extension implemented into MGT-3D
includes two desirable aspects. The first refers to the unit cell which represents
the structure of hexagonal fuel block and which is obtained by analyzing the fuel
and coolant geometry. The heat is transferred from the fuel rod to the coolant
by conduction in the fuel rod and graphite moderator, thermal radiation across
the gap, and convection in the solid-gas boundary. The temperature profile of the
unit cell is determined in detail and coupled with the temperature calculation of
the homogeneous meshes. The 2D model to conduct the heterogeneous fuel tem-
perature for block type reactors including GT-MHR and HTTR is developed and
verified with CFX simulation. In the mean time, a method with 1D approximation
of the unit cell calculation is introduced as well. The second aspect refers to the
effective thermal conductivity of the homogeneous meshes, which is derived by
applying an analytical method. Due to the anisotropic structure of the fuel blocks
and replaceable reflector blocks, the effective thermal conductivities in axial and
transverse directions are calculated by different equations.

• The extended MGT-3D is applied to simulate the NACOK-II experiment, the
LOFC and DLOFC accident scenarios of the GT-MHR, and the LOFC accident
scenario of the HTTR. The NACOK-II facility has a cuboidal shape. The pseudo
X/Y/Z model by choosing a large initial radius coordinate has been established to
simulate the ceramic heating experiment of NACOK-II. The homogeneous ther-
mal conductivity of the ceramic block is calculated by the equation developed
in Chapter 3. A new approach is proposed to calculate the long range thermal
radiation transfer as well. Finally, the calculation results of fluid mechanics with
MGT-3D on the block type structure are compared with the measured data. In
the second part of Chapter 4, the LOFC and DLOFC accident scenarios of GT-
MHR are simulated as well. It is a fluid mechanics simulation with given heat
source. The fuel blocks are placed in a hexagonal annular ring. It is equivalent
to a circular annular ring in the 2D simulation model. The transient calculation
starts from the steady state and the accidents are simulated for 100 hours. The
simulation result of MGT-3D is compared with the calculation result from the
code GTAS. Parameter variations including decay heat, thermal radiation, and
thermal conductivity are studied.

• For the last part of the thesis, the three runs of LOFC/HTTR experiments are
simulated with the extended MGT-3D. The reactor is calculated from the first
loading to the recent status of the core with the burnup of 373 equivalent full
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power days, which is done with the Monte Carlo code Serpent. A new interface
code between Serpent and MGT-3D is developed, which provides MGT-3D with
the nuclide inventories and the operation history. All the accident simulations
start from the steady state of the reactor. In the Run 1 experiment, the reactor is
operated at 9 MW which LOFC is initiated in, and the RCCS is activated during
the experiment. The calculation results of steady state, short-term transient, and
long-term transient are presented. The reactor fission power, especially the reactor
peak power and the elapsed time at the occurrence of re-criticality, is compared
with the measured data, which is the main task of the project. Furthermore, vari-
ations of different parameters are studied, which include the decay heat, thermal
conductivity, flow resistance, boundary temperature, and pressure of the primary
circuit. In the predictive calculation of Run 2 experiment, the LOFC transient
starts from the initial thermal power of 30 MW . The MGT-3D simulation sup-
plies the possible peak power and elapsed time of the reactor re-criticality and
their ranges. In the predictive calculation of Run 3 experiment, the re-criticality
is forecasted by changing the boundary temperature of the RPV.
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Simulation Tools and Methods

In this chapter, the basic features of MGT-3D, which is a static and dynamic HTR
simulation tool, are introduced. The reactor simulation has two main parts-neutronics
and fluid mechanics, which include neutron flux calculation, nuclear power production,
heat transfer between solid and gas, fuel temperature calculation, gas mixing, and cor-
rosion. MGT-3D couples these two parts internally, which means that the neutronic and
fluid mechanics are iterated. The algorithm which solves the multi-connected system in
MGT-3D is presented.

In the second part, the SANA experiment is applied to validate the fluid mechanics
part of MGT-3D. The SANA experiment had 2-dimension sets with only a central
heating element and 3-dimension sets with both center and side heating elements. The
2D SANA experiment can be simulated very well with the 2D version of MGT (MGT-
2D). But the 3D experiment set can only be simulated properly with the recent code
MGT-3D. In order to investigate whether MGT-3D shows the same result with MGT-
2D, MGT-3D simulation result is compared with MGT-2D simulation result on the 2D
SANA experiment. Then a full 3D model of SANA experiment which has side heating
elements is developed to validate MGT-3D against both steady state and transient
cases.

2.1 The Reactor Dynamics Code MGT-3D

2.1.1 Calculation Scheme

While AVR was being constructed, the code systems which include VSOP, and TINTE
that simulate the safety aspects of pebble bed reactor were developed as well. These
codes played an important role in researching and licensing pebble bed HTR until today.
MGT-3D was developed from TINTE, and validated by many experiments, e.g. SANA,
NACOK, AVR. All these applications show that MGT-3D is a very good tool to simulate
pebble bed HTR and related experiments.

Most reactor simulation methods have a specific function: some execute nuclear calcu-
lations and some execute fluid mechanics calculations. If the simulation uses the method
to calculate a reactor with both nuclear and fluid mechanics and the data is exchanged
between the codes, it is an externally coupled simulation. In MGT-3D, the partial prob-
lems of a reactor calculation, which include nuclear, fluid mechanics and chemistry
calculation, are solved separately, but are explicitly coupled. These partial problems are
also iterated during the calculation. Compared to fluid mechanics calculations, nucle-
ar calculations need shorter time periods. Therefore, several nuclear time intervals are
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used in one temperature/chemistry calculation. The calculation flow is showed in Figure
2.1.

Figure 2.1: Calculation structure of MGT-3D [2]

MGT-3D can conduct both equilibrium and transient calculations. These calculations
include neutron flux, nuclear power production, solid temperature, gas temperature, gas
mixing and corrosion.

2.1.2 Calculation Modules

Diffusion Code for Neutron Flux Calculation

As the primary important knowledge in modeling the operation of the nuclear reactor,
the neutron flux is calculated with a diffusion approximation which is derived from the
neutron transport equation in MGT-3D [25]. The theory is introduced in Appendix A.
The neutron energy is divided into multi-groups with the number of G. And for the g-th
group, the integral equation over the g-th group is as follows:

∂

∂t

∫ Eg−1

Eg

1

ν
φ(r, E, t)dE − ▽ ·

∫ Eg−1

Eg

[D(r, E, t)▽φ(r, E, t)]dE +

∫ Eg−1

Eg

Σt(r, E, t)φ(r, E, t)dE

=

∫ Eg−1

Eg

[

G
∑

g′=1

∫ Eg′−1

Eg′

ΣS(r, E
′ → E, t)φ(r, E′, t)dE′]dE +

∫ Eg−1

Eg

S(r, E, t)dE

(2.1)
The neutron source term S(r, E, t) includes the fission neutron source and all other
neutron sources such as (n, 2n), (3, 3n), (γ, n) reactions and the external neutron source.
The leakage iterative method is applied to solve the three-dimensional neutron diffusion
equations in MGT-3D [24, 26].

Nuclear Power Production

The total heat production in the reactor can be divided into two main components,
which are prompt heat Ep and decay heat Ed [24].

Ef = Ep + Ed (2.2)

14



Chapter 2 Simulation Tools and Methods

If the different contributions are considered in details, these two components can be
specified as:

Ep = Er + En + Eγp (2.3)

Ed = Eγd + Eβ (2.4)

These contributions are:

Er rebound energy of the fission fragments after fission
En kinetic energy of the prompt neutrons produced by fission
Eγp prompt γ energy
Eγd delayed γ energy
Eβ β decay energy

The prompt power density in the reactor is the product of the fission rate and prompt
energy of each fission:

Q̇′′′

p =

G
∑

i=1

Σi
fφiEp (2.5)

The decay heat is calculated following the DIN 25485 standard [27], which is applicable
to all kinds of thermal reactors, both HTR and LWR. The calculation of decay heat is
based on the power histogram of the fuel elements. The operational history is divided
into a series of time intervals Tj . The contributions from all the past time intervals to
the current time are accumulated to calculate the decay heat. Figure 2.2 shows the basic
concept of this method. With this method, the decay heat calculation is specified as the
contributions of fission products, fertile materials, minor actinides, and heavy metals.
In each time interval, the average number of total fissions and details of fission types are
input data and should be supplied by some other burn-up codes, e.g. VSOP or Serpent.
For the time offset tk,

tk =

m
∑

j=k+1

Tj

the decay heat can be written as:

Q̇d =

30
∑

l=1

α′

l

m
∑

k=1

Fk(1− e−λlTk)e−λltk (2.6)

where l denotes the 24 decay groups of fission products and 6 additional contributions
from the actinides 239U , 239Np, 233Th and 233Pa. Fk are the fission rates in time interval
Tk, and α′

l are values chosen to fit the DIN standard.

Consider different branches of decay heat:

Q̇d,l = α′

l

m
∑

k=1

Fk(1− e−λlTk)e−λltk

If the decay heat production at the end of the given life histogram is extended by a time
interval ∆ and a constant power is assumed during this time interval, it will obtain:

Q̇d,l(t0 +∆) = Q̇d,l(t0)e
−λl∆ + α′

lF (1− e−λl∆) (2.7)

This equation is the solution to the following differential time-dependent decay heat
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Figure 2.2: Power histogram and decay power [28]

production equation:
dQ̇d,l

dt
= α′

lλlF − λlQ̇d,l (2.8)

For the steady state calculation of a reactor, decay heat should be constant (T → ∞).
The total fission heat is:

Ef = Ep + (
Q̇d

F
)T→∞,t→0 =

Q̇d

F
(2.9)

In this case, the decay heat is included into the effective energy per fission.

The fission events release energy in different forms: kinetic energy of the fission frag-
ments, β-radiation, high energy neutrons, and γ-radiation. Kinetic energy of fission
fragments, which is the largest fraction of the fission energy, deposits at the site where
the fission happens by collision with surrounding atoms. β-radiations, which are high
energy electrons, can be shielded by several millimeters of metal. The scale of HTR’s
fuel kernels is in millimeters as well, so energy of β-radiation can also be assumed to
deposit in the local place. High energy neutrons and γ-radiation do not have charge.
They can travel a long distance in the reactor core. Their energy deposits in both the
fuel zone and the moderator zone. Therefore, the heat source can be divided into two
parts due to the site of energy deposition:

• Local heat source, which is from fission fragments kinetic energy and β-radiation,
can be defined as:

Q̇l = χpQ̇p + χd(Q̇d − Q̇B)
χP and χd are the ratios of local to total heat production for the prompt and de-
cay heat respectively. Q̇B is the breeding term of decay heat, which is considered
as non-local.

• Non-local heat source, which includes neutron scattering interaction during mod-
eration, neutron-γ reaction, and γ reaction.

Fluid Mechanics Calculation

Fluid mechanics calculations of reactors are governed by three conservation laws,
namely conservation of mass, momentum, and energy. For the gas phase, the conserva-
tion equations are:
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• Mass conservation equation:

∂ρg
∂t

+ ρg▽u = S (2.10)

Where, ρg is gas density, u is velocity, S is the gas source term that exists typically
in the coolant inlet/outlet of the reactor.

• Momentum conservation equation:

∂ρgu

∂t
+ ▽ · ρguu− ▽ · ¯̄τ = −▽P + ρgg (2.11)

Where, uu is the dyadic product of two vectors, ¯̄τ is the viscous stress tensor, P
is the pressure, g is the gravitational acceleration vector.

• Energy conservation equation:

ρcp
∂Tg

∂t
+ ρgcp▽ · (uTg) = ▽ · (k▽Tg) + q′′′g (2.12)

Where, Tg is the gas temperature, cp is the heat capacity at constant pressure, q′′′g
is the heat source. The heat source can be the heat transferred from the solid to
the gas by convection and external heat injecting by means of a mass source/sink:

q′′′g = hA · (Ts − Tg) + cpṁT ′

g (2.13)

Ts is the solid temperature, h is the heat transfer coefficient, A is the contact area
with solid, ṁ is the mass flow rate and T ′

g is the inlet/outlet gas temperature.

For the solid phase, there are neither mass transfer nor momentum transfer. The heat
transfer equation in solid is:

ρscp
∂Ts

∂t
= ▽ · (k▽Ts) + q′′′s (2.14)

Where k is thermal conductivity, q′′′s is the heat source including the nuclear heat source
q′′′n , external heat source q′′′e and heat exchanging with gas:

q′′′s = q′′′n + q′′′e + h ·A · (Tg − Ts) (2.15)

In MGT-3D, the fluid mechanics calculations contains two parts, namely homogeneous
calculation and heterogeneous calculation. The homogeneous calculation is based on the
homogeneous meshes including solid meshes and the meshes with porous media. It can
be divided into the steps including gas flow calculation, heat transfer, gas and solid
temperature calculation, gas mixing, and corrosion. The gas flow calculation involves the
simultaneous solution of mass and momentum conservation of the coolant gas in order
to determine the pressure and mass flow rate at all of the meshes with porous media.
Two regimes of heat transfer that are considered in the homogeneous calculation are:
heat transfer of solid material through the homogeneous meshes and gas heat transfer.
They are coupled with the heat transfer of heterogeneous calculation. The conservation
of energy is solved to obtain the gas and solid temperature, and the control volume
discretization and leakage iteration methods are used to solve Equation 2.14.

The heterogeneous calculation includes the temperature calculation of the represen-
tative unit of each of the homogeneous meshes and the temperature rising in the coated
particles. The homogeneous calculation experiences the surface temperature of the fuel
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element. The average moderator temperature of the fuel element and the temperature of
the fuel kernel coated by ceramic materials are important to the nuclear reaction. There-
fore it is necessary to calculate the temperature distribution within the fuel elements.
Due to its solid construction of fuel element, there is only heat conduction in the fuel
element. If the gap is considered in the coated particles, the heat is also transferred by
thermal radiation across the gap. The governing equation is similar to Equation 2.14.

2.2 3D Simulation of the SANA Experiment

2.2.1 Experimental Setup

According to the criteria of designing a safe HTGR, it should be guaranteed that there
is only a moderate release of fission products in the design-basic-accident. The safety
feature of pebble bed HTGR ensures that the reactor can be shut down by negative
temperature feedback, but it still must be proven that the residual heat can be removed
after the accident. In the depressurized loss of forced coolant accident, which is the
extreme accident of HTGR, the primary circuit pressure of reactor decrease to atmo-
spheric pressure and forced coolant are stopped. In this kind of situation, the residual
heat is partly restored in graphite and partly removed in the mechanisms of conduction,
radiation, and natural convection. There is large amount of graphite, which is chosen
as the moderator and reflector in the reactor, and graphite has high specific heat and
heat conductivity. Therefore, the temperature of the reactor core does not increase very
quickly and heat can transfer out from the core quickly. Tightness limitation of coating
particle maintains that the temperature of the reactor core should not exceed 1600 ◦C
[29], or else coating layers lose their function to maintain the fission products, which
then may be released.

In order to prove that the maximum temperature is not beyond the confines of
1600 ◦C, a series of SANA experiments are conducted to research the heat transfer in
the pebble bed in both steady state and transient cases [30]. The experiments are also
used to correct the Zehner-Schlünder model which is developed to calculate the effective
conductivity of pebble bed [31], to study the predicted natural convection phenomena in
the pebble bed, and to validate the fluid mechanics codes (THERMIX, TINTE, MGT-
3D). The schematic plan of the SANA experiment is shown in Figure 2.3. The pebble
bed is heated at atmospheric pressure without forced flow to simulate the DLOFC ac-
cident. The pebble bed with diameter of 1.5 m and height of 1 m has the same sphere
packing as the core of pebble bed HTR. There are approximately 9500 graphite pebbles
used in the experiment. To make sure that most of the heat is transferred out in the
radial direction and to flatten temperature distribution in the axial direction, thermal
insulation materials are constructed to model an adiabatic boundary on the top and
bottom of pebble bed. Therefore, the pebble bed of the experiment can represent part
of the reactor core. All of them are contained in a cylinder steel vessel. Including these
insulation layers and supporting structures, the total height of the facility is about 3.2m.
There are four electrical resistance heating elements to provide the heating power. One
is installed in the center of the cylinder container and the other three are symmetrically
installed in the distance between the center and the boundary. The total installed power
of the experiment is 50 kW , the maximum power of central heating element is about
35 kW , and the maximum of each radial heating element is 10 kW . The volume of
the pebble bed is about 1.77 m3. At full power, the average power density of pebble
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bed is 28.2 kW/m3. Taking HTR-Modul as an example, the power density is limit to
3 MW/m3 [32]. According to Way-Wigner formula:

Pd

Pth
= 6.22 · 10−2s−1 · [t−0.2 − (t0 + t)−0.2] (2.16)

the power level of SANA is comparable to the decay heat of 3 hours to 4 hours after
reactor shut down. The main data of the experiments of SANA-I is presented in the
following table:

Installed electrical power 50 kW
Maximum bed temperature 1600 ◦C
Diameter of pebble bed 1.5 m
Height of pebble bed 1.0 m
Complete height 3.2 m
Diameter of graphite pebble 6 cm

Table 2.1: SANA main data [30]

To avoid corrosion of graphite in high temperature, an inert gas, either helium or
nitrogen, is fed into the vessel to remove oxygen before heating. A tiny amount of inert
gas is continuously blown into the gaps between the heating rods and their protection
tubes to prevent the corrosion of heating elements. The heat produced in the connection
electrodes on the top and bottom of the heating rods is removed by an installed water-
cooling system, and it is monitored by measuring the inlet and outlet temperature
of cooling water. In order to investigate the influence of the boundary conditions on
temperature distribution of pebble bed, some of the experiments bring an insulation
layer between the pebble bed and the radial vessel wall. Thermal couples are located at
the vessel wall, top and bottom insulation layers, protection layers of heating element,
and at different positions of pebbles.

2.2.2 SANA Experiment with Central Heating Element

Many simulations of SANA-I experiments, which have only the central heating ele-
ment, have been done with TINTE [33, 34, 37] and THERMIX/DIREKT [35, 37]. All
of these results fit very well with the experiment. The central heating elements, the main
parts of which include the heating zone, pebble bed, top isolation, bottom isolation, and
radial boundary of the vessel, are cylindrically and symmetrically distributed in these
experiments. Even though some cooling equipment on the vessel surface, and the cables
of thermal couples are not symmetrically distributed, they are not considered to signif-
icantly affect the temperature. The heat taken out by these equipments is neglected, so
the two dimension code TINTE can be applied to simulate these experiments.

In recent decades, fluid mechanics calculation was improved significantly, an inter-
nal cross section calculation and multi-group neutron flux solver are introduced into
TINTE, which developed TINTE into MGT-2D. The latest version of TINTE does not
have a difference in fluid mechanics calculation with MGT-2D. Therefore, there are no
significant differences on SANA experiment simulation, which only involves the fluid
mechanics part of MGT-2D. Afterwards, the code is extended to 3D R/Z/Φ geometry,
which is MGT-3D. The starting coordinate of the R-direction is not restricted at 0. If
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Figure 2.3: Schematic plan of SANA [30]
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the R-axis starts at a considerably large value relative to the dimension of calculation
zone, a pseudo X/Y/Z geometry can be simulated as well. Fluid mechanics calculation
has a significant difference between MGT-2D and MGT-3D. Another dimension of the
variables, which are spatial dependence, is added, and both reflective boundary and
periodical boundary are introduced in azimuthal direction. In order to prove the reason-
ability and stability of these new features, a 3D model of SANA experiment with only
one central heating element is developed based on the former MGT-2D input file. The
experiment with both central and radial heating element, which can not be simulated
with MGT-2D, is simulated in detail to benchmark the 3D fluid mechanics of MGT-3D.
Because pebbles may penetrate into the isolation in the experiment with radial isola-
tion, which causes uncertainty in determining the thermal conductivity of this layer, the
experiments without radial isolation are chosen to validate our code.

Figure 2.4 shows the simulation model of MGT-2D of SANA experiment. Because of
the cylindrical symmetry, it shows only the R/Z geometry here. The heating system,
which includes the top and bottom connection electrodes, heating element, gaps, and
protection tube, are simulated in detail to match the experiment. Some of the experi-
ments use a long heating element to heat the whole pebble bed, and others use a short
heating element to heat only the upper or lower part of the pebble bed. The data of
experiments with long heating element is used here. The total power deposits in the
cables, heating poles, and heating rods. The heat generated in the cables is lost into the
environment, and does not contribute to the experiment. The power of the heating rod
and connection electrodes are determined by the following equations:

Prod + 2 · Pelectrode = Ptotal − Ploss (2.17)

Prod

Pelectrode
=

Rrod

Relectrode
(2.18)

where
Prod: power of heating rod
Pelectrode: power of each connection electrode
Ptotal : total electric power
Ploss: electric power loss
Rrod: electric resistance of heating rod
Relectrode: electric resistance of one connection electrode
The heat transfers across the gap to the protection tube mainly by radiation, which
is simulated by defining a radial radiation material with emissivity constant 0.9. The
heat that is removed by cooling water is simulated by setting a fixed temperature on
the boundary of the cap of the electrode room. The pebble bed, the main part of the
experiment, is regarded as hexagonal close-packed with a filling factor of 0.61. It is
simulated with a homogeneous porous media model. The effective thermal conductivity
is calculated by Zehner-Schlünder model. Heat exchange between solid phase and gas
phase is calculated by Nusselt’s Law. The gas flow of the porous media is in all directions,
and natural convection is considered in the model. In the transitional zone from the
pebble bed to the central protection tube, the radial thickness is specified as 3 cm, which
is about half of the pebble diameter, and the filling factor is 0.22. In the contacting zone
between the pebble bed and the radial vessel, the radial thickness is also considered to
be 3 cm, but with a filling factor of 0.52. The effective thermal conductivities of these
two special pebble zones are also determined by Zehner-Schlünder model, but with
correction factors. For the surrounding boundary of vessel, different layers with fixed
temperature, emission constant, and heat transfer coefficients are introduced in different
parts of the vessel, which can simulate the radiation and convection heat transport to
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the surrounding environment.

Figure 2.4: Simulation geometry of MGT-2D of SANA experiment

As mentioned above, a series of SANA experiments were performed from 1993 to
1995. In these experiment, the pebble bed is heated for about 40 hours with increasing
power in the beginning and constant power subsequently, to get unchanged temperature
distribution. Considering the difficulty to get the right heat transfer coefficient of the
boundary with radial isolation, only the experiments without radial isolation are taken
into account. The main data of these experiments are presented in Table 2.2.

No Ptotal Prod Pelectrode coolant pebble type
1 10 kW 8.91 kW 0.62 kW helium 6 cm, graphite
2 10 kW 8.91 kW 0.62 kW nitrogen 6 cm, graphite
3 35 kW 32.02 kW 1.94 kW helium 6 cm, graphite
4 35 kW 32.02 kW 1.94 kW nitrogen 6 cm, graphite

Table 2.2: Data of simulated experiments [35]

The input of MGT-2D can be run directly by MGT-3D without any changes, which
simulates the model with only one azimuthal mesh. In order to test the stability of
MGT-3D with multiple angle meshes, the 3D model with 10 equal azimuthal meshes is
simulated. Because of the symmetry, only one azimuthal mesh is chosen to display. The
simulated solid temperature distributions of experiments 1, 2, 3, and 4 are sequentially
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Figure 2.5: Simulated solid temperature distribution with MGT-3D, helium,
10 kW

shown in Figures 2.5, 2.6, 2.7 and 2.8. The maximum temperature appears in the center
of the experiment where the heating element is. The maximum temperatures from Ex-
periment 1 to 4 are 969.49 ◦C, 983.82 ◦C, 1560.4 ◦C, 1592.65 ◦C respectively. This shows
that the temperature with nitrogen is higher than that with helium. This is because the
thermal conductivity of helium is much higher than nitrogen. Therefore, a pebble bed
with helium results in a better heat conduction than one with nitrogen. Consequently,
it has a steeper temperature gradient with nitrogen, which causes higher gas velocity in
radial direction and better heat convection. This effect can be observed by comparing
the radial gas velocity. In general, the total effect of conduction and convection shows
that heat conduction dominates the heat transfer in SANA experiments.

In order to validate the new code MGT-3D, the comparison of the experiments with
helium and the simulations are displayed in Figures 2.9, 2.10, 2.11 and 2.12, and a
comparison of the experiments with nitrogen and the simulations are displayed in Figures
2.13, 2.14, 2.15 and 2.16. In the simulation model, the axial coordinate increases from top
to bottom of the experimental installation, and the pebble bed zone is from Z = 0 cm
to Z = 100 cm. The simulation result fits very well with experiment except in the point
(R = 10 cm,Z = 50 cm). The given measured data shows that temperature in the
points (R = 6.5 cm,Z = 50 cm), (R = 10 cm,Z = 50 cm), (R = 22 cm,Z = 50 cm)
are 552 ◦C, 450 ◦C, 337 ◦C respectively. The temperature gradient from the first point
to the second point is three times as steep as the gradient from the second point to
the third point, which is impossible considering that the conductivity does not change
considerably in the pebble bed zone. Therefore, the measured temperature in the point
(R = 10 cm,Z = 50 cm) may have some inaccuracies [36]. The temperature differences
of other points are in the range of 20◦C, which are generally small relative to the
measurement deviation and sensitivity of some simulation parameters. Although the
heat source is symmetry with respect to the middle plane of the pebble, the results
show that top temperature is higher than the bottom temperature, which is due to the
natural convection in the pebble bed. The comparisons between the simulation and the
experiment show that the results with nitrogen agree better than the ones with helium
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Figure 2.6: Simulated solid temperature distribution with MGT-3D, nitrogen,
10 kW

Figure 2.7: Simulated solid temperature distribution with MGT-3D, helium,
35 kW
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Figure 2.8: Simulated solid temperature distribution with MGT-3D, nitrogen,
35 kW

and the results with power 35 kW agree better than those with 10 kW .

Figures 2.10 and 2.14 show that measured and simulated values differ significantly in
the outer boundary part in the experiments with 10 kW . The calculated value is lower
than the experimental result. This is because the same heat transfer coefficient is applied
in all of the simulations. The heat transfer coefficient is taken from the reference data of
the experiment with 20 kW [35]. The value of the heat transfer coefficient is determined
by the convection transport on vessel surface and the radiation from vessel surface
to environment. Higher vessel surface temperature have stronger heat convection and
radiation. By means of using the heat transfer coefficient which is suitable for 20 kW ,
the heat transfer coefficient is overestimated for the experiment with 10 kW , which
results in a lower simulated temperature.

Additionally, a code to code benchmark has also been done. Figures 2.17 and 2.18
present solid temperature differences and gas temperature differences between MGT-
2D and MGT-3D for the experiment with helium and 35 kW . The solid temperature
differences are in the range of −0.005 to 0.21 ◦C, and the gas temperature differences
are in the range of −0.59 to 1.03 ◦C, which is neglectable. The maximum gas temper-
ature difference can be explained. It exists in the mesh of gas source. This gas inlet is
distributed in a circle in MGT-2D, but it is restricted to one azimuthal mesh in MGT-
3D. Therefore, gas flow is quite different in this mesh, and it has maximum difference.
Nevertheless, the MGT-3D model is closer to real experiment situation. In summary,
MGT-3D can share the same input file with MGT-2D. MGT-3D shows almost no differ-
ence with MGT-2D after adding a new dimension and the required boundary condition
in azimuthal direction. It can substitute MGT-2D in steady state simulation and gives
better physics model.

Basically, a reactor remains in steady state during normal operation, or it achieves
thermal equilibrium after a long period of the accident. But in the accident scenario
such as LOFC, air ingress, the reactor power and temperature distribution vary with
time. From an experimental view, it is necessary to investigate the temperature evolu-
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Figure 2.9: Measured and simulated solid temperature, helium, 10 kW , axial cut

Figure 2.10: Measured and simulated solid temperature, helium, 10 kW , radial
cut
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Figure 2.11: Measured and simulated solid temperature, helium, 35 kW , axial cut

Figure 2.12: Measured and simulated solid temperature, helium, 35 kW , radial
cut
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Figure 2.13: Measured and simulated solid temperature, nitrogen, 10 kW , axial
cut

Figure 2.14: Measured and simulated solid temperature, nitrogen, 10 kW , radial
cut
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Figure 2.15: Measured and simulated solid temperature, nitrogen, 35 kW , axial
cut

Figure 2.16: Measured and simulated solid temperature, nitrogen, 35 kW , radial
cut
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Figure 2.17: Solid temperature difference between MGT-3D and MGT-2D, helium,
35 kW

Figure 2.18: Gas temperature difference between MGT-3D and MGT-2D, helium,
35 kW
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tion with power changing. From the simulation’s view, MGT-3D should be validated in
transient case to prove its ability to perform reactor accident simulation. Three differ-
ent transient cases are investigated in SANA experiments, which are power increasing,
power decreasing, and gas exchanging. These three kinds of experiments match the pos-
itive reactivity insertion, air ingress and negative reactivity insertion respectively. Here,
power increasing experiment is chosen to validate MGT-3D.

In the power increasing experiment, the system starts from a defined steady state
with a heating power of 10 kW , and then the power is increased to 25 kW in a short
time interval. It uses a long heating element. The composition of the filling gas does not
change and the gas stays at atmospheric pressure during the experiment. The pebble bed
is constituted with graphite pebbles whose diameters are 6 cm. Due to a large amount
of graphite with a high heat capacity, it takes more than 40 h for the experiment to
achieve a new steady state.

In the simulation model, it is assumed that power increases from 10 kW to 25 kW
linearly in 1 minute and that the heat transfer coefficient of vessel surface is fixed.
Figures 2.19 and 2.20 display the simulation and experiment results with helium and
nitrogen in the middle plane of the pebble bed. The simulation result shows that it
requires about 40 hours for the system to reach a new steady state, which proves that
graphite pebbles can maintain significant amounts of heat. Considering that SANA only
simulates a small part of pebble bed of HTGR, the temperature responds even more
inertly with the changing of reactor power. It can be deduced that the temperature
peak of pebble bed appears several days after the accident happened. During this time
period, significant amounts of heat can be transferred out of the reactor by conduction,
radiation, and natural convection, and special measure can be taken if necessary. Also,
the peak temperature does not reach extremely high.

Figure 2.19: Measured and simulated solid temperature in power increasing tran-
sient, helium, power from 10 kW to 25 kW , Z = 50 cm

Figures 2.19 and 2.20 also show that the maximum difference is about 60 ◦C. It
appears in the point R = 10 cm whose measured temperature is not credible, which has
been explained in the steady state case. For other measured points, the simulation results
are in good accordance with experiment record in the transient case, and the differences
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Figure 2.20: Measured and simulated solid temperature in power increasing tran-
sient, nitrogen, power from 10 kW to 25 kW , Z = 50 cm

are about 30 ◦C on the average. By investigating the results in detail, the following
characteristics can be observed. First, the simulation values are generally higher than
the measured values with filling gas helium. Second, the simulated temperatures are
generally smaller than measured temperatures with nitrogen, and fit better than the
experiment with helium. Third, the difference is smaller in the end of transient than
in the beginning. One of the possibilities that causes these differences is the use of an
unproven method to calculate natural convection [34]: the heat transfer coefficient is
calculated by the Nusselt number Nu which is extrapolated from the rule to calculate
Nu of high velocity gas flow of HTGR, but the gas velocity of SANA experiment is very
slow. The lack of experimental data to correct the extrapolated Nu causes uncertainties
in solid temperature calculation. If the temperature is very high, thermal radiation
which is proportional to T 4, becomes very strong. Then, the effect of natural convection
becomes weaker, which decreases the uncertainty of the natural convection effect on
temperature calculations. In the end of transient, the temperature is much higher than
initial temperature, so the simulation values fit better with measured values. Another
factor that causes uncertainties in the simulation model is the flattening coefficient of
the effective conductivity of pebble bed in the Zehner-Schlünder model. Because it is
hard to know the contacting areas between the pebbles and the contacting areas may
be different in different zones of the pebble bed, the flattening coefficient is hard to
correct.

The figures also show that simulation results are smaller than the measured results
in the point R = 75 cm, but they agree very well in the end of transient. The reason
is as follows: the effective heat transfer coefficient of vessel boundary with 20 kW is
chosen as reference value during the transient, and this value is overestimated in the
experiment with 10 kW as mentioned. After about 20 hours, the boundary temperature
is comparable to that of the case with 20 kW . Then, the simulated temperature fits very
well with the measured temperature.

In summary, the simulation results fit very well with the experimental results in the
transient case. Both the simulation and experiment reveal that it takes several days for
the system to reach equilibrium after increasing the power. Natural convection in the
pebble bed affects the temperature significantly at low temperatures, and the thermal
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radiation and conduction dominate at high temperature. The boundary condition of the
vessel also has influence on pebble bed temperature, which proves that core temperature
of reactor can be decreased by increasing the convection effect on the surface of the
reactor pressure vessel.

2.2.3 SANA Experiment with Central Heating Element and

Radial Heating Elements

The installed power of SANA is 50 kW . With this power level, the average power
density of 3 MW/m3 of the pebble bed in SANA experiment is closer to the decay
heat of HTGR in 3 to 4 hours of the accident. In addition, it is an important topic to
research the influence of a discrete heat source with high heat fluxes on temperature
distribution in the pebble bed. It is also interesting to look into the natural convection
in azimuthal direction, for example the helical flow. It can be achieved by adding radial
heating elements in the pebble bed.

In the experiment with additional radial heating elements, three heating elements are
arranged at a distance of 0.5 m far away from the center of the equipment (see Fig.
2.3). They are distributed in rotational symmetry with respect to an angle of 120◦. The
cylindrical symmetry of the system does not exist any more. The designed power of each
radial heating element is 10 kW , and the power of central heating element is 20 kW , for
a total of 50 kW . Because of mechanical problems, each of the radial heating element
is limited to 9 kW during the experiment. All of the electrodes of the heating rod are
cooled by water in the chamber. The graphite pebble as well as the top and bottom
isolations are constructed like the experiment with only central heating element, but
with some adaption around radial heating element. Because these three radial heating
elements have the same geometry as the central heating element, this adaption can be
made in the same way as the installation of the central heating element.

MGT-2D lacks one coordinate to describe the discrete structure in azimuthal direction.
It can not be used here to simulate the experiment with radial heating elements. A special
treatment with the 2D code THERMIX/DIREKT is introduced by M. Lange [35]. First,
the experimental structure in R/Φ is simulated. It can illustrate the additional heating
elements in detail. The temperature rise can be determined in the environment relative
to the undisturbed bulk material. However, it can only calculate the solid temperature
and can not calculate the gas flow. Second, an approximated model is built in R/Z
plane. The power of radial heating elements are averagely distributed in a circle in this
model and gas flow in axial direction can be determined. This method is an approximate
treatment, and can not describe the 3D structure in detail. With MGT-3D, however, a
detailed 3D description of the experiment can be performed.

The power of all radial heating elements is kept the same in the experiments, so the
calculation model is also rotational symmetry with respect to 120◦ (see Fig. 2.21). It
is not necessary to simulate the experiment in 360◦. By judging geometry and physical
parameters of the experiment, only the zone from 0◦ to 60◦ is included in the simulation
model. The reflective boundary condition is used in azimuthal direction. The gas inlet
and outlet mesh should be unique. They can only be defined in one azimuthal mesh,
which breaks the symmetry. The amount of gas flow rate is below 200 L/h. It is very
low and can be neglected.

The power density is very high in the zone where the radial heating element is located.
Therefore the temperature gradient is large as well. In order to get a more precise
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Figure 2.21: Top view sketch of SANA experiment with radial heating elements in
axial cross section

temperature profile, the radial heating element and its surrounding materials should be
modeled in details. The simulation model of the radial heating rod is shown in Figure
2.22. The radial heating element is represented by three meshes in R/Φ coordinate.
The gap, protection tube, pebble bed around the heating element, and so on are also
well considered in this 3D simulation model. The power profile of heating element is
presented in Table 2.3. The boundary temperature is set at the environment temperature
of 26.1 ◦C. The experiments without radial isolation in the vessel boundary are simulated
and the equivalent heat transfer coefficient of the vessel boundary is taken from the
reference value of the experiment with 20 kW [35].

Ptotal Prod Pelectrode

20 kW 18.12 kW 0.585 kW
9 kW 8.019 kW 0.279 kW

Table 2.3: Power set of SANA experiment with radial heating element [35]

Figure 2.23 shows the simulated temperature distribution of the model with central
heating power 20 kW , each radial power 9 kW , and with filling gas helium in the cross
section of Z = 50 cm. There are four temperature peaks where the heating elements
are located. The maximum temperature which is about 1330 ◦C is located in the center
of the central heating element. The temperature peak at the radial heating elements is
about 880 ◦C.

Figures 2.24, 2.25 and 2.26 display the differences between simulated temperatures
and measured temperatures with helium in radial, axial, and azimuthal cut respectively.
Figures 2.27, 2.28 and 2.29 display the comparison between simulated and measured re-
sults with nitrogen. The simulated results fit very well with the measured values except
at some controversial points that were already discussed in SANA experiment with only
one heating element. The simulated results with helium are generally higher than the
measured values. They may be caused by using a lower heat transfer coefficient than the
expected values in the vessel boundary. In the point (R = 47 cm,Z = 50 cm,Φ = 0◦), the
simulated value is 100 ◦C higher than the measured value. This is because the measured
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Figure 2.22: Detailed calculation model for radial heating rod

point is in the protection tube, and there is a gap where inert gas flow is continuously in-
jected in to prevent the corrosion of heating element. Therefore, natural convection exits
in this area. In the simulation model, however, only conduction and thermal radiation
are taken into account, which can influence the accuracy of the simulation. Additionally,
the measured value is also questioned. The measured temperature differences between
point (R = 47 cm,Z = 50 cm,Φ = 0◦) and point (R = 50 cm,Z = 50 cm,Φ = 0◦) is
140 ◦C within the distance 3 cm, and there is a gas gap whose equivalent conductivity
of thermal radiation effect is comparable to the conductivity of graphite between these
two points. Therefore, a solid temperature gradient, which is according to measured
temperature between these two points, is unreasonable. In other points, the differences
between simulated and measured solid temperature are within 30◦C, which are accept-
able values.

The result also shows that the temperatures do not change significantly in the inner
part (e.g. (R = 23 cm,Z = 50 cm)) of pebble bed in the azimuthal direction, but a deep
temperature gradient can be observed in the outer part (e.g. (R = 59 cm,Z = 50 cm)).
As mentioned, the equivalent heat transfer coefficient in the vessel wall is temperature
dependent and the reference value, which is related to 20 kW is used in the simulation
model. Therefore, the solid temperature of vessel wall fits better in angle mesh Φ = 0◦

than in angle mesh Φ = 60◦. The simulated results and measured values fit better
with nitrogen than with helium as filling gas, which is the same as the result of 2D
experiment.

In summary, MGT-3D works very well in 3D fluid mechanics calculation of SANA
experiments. It can reproduce the result of the experiment with central and radial heat-
ing elements very well in all 3 dimensions (R,Z,Φ). With a detailed description of the
radial heating element, the temperature rising around it can be obtained, especially the
temperature rising in the heating element. The influence of the discrete heat source on
temperature distribution in azimuthal direction can be observed as well. At full pow-
er, it represents the decay power of 3 hours after the accident of a modular HTGR.
The simulation shows that the maximum temperature of pebble bed is below 1300 ◦C,
which proves that the heat can be removed by the mechanism conduction, radiation,
and convection in the pebble bed.
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Figure 2.23: Simulated solid temperature, Z = 50 cm, 20 kW +3×9 kW , helium,
without radial insulation

Figure 2.24: Simulated and measured solid temperature, radial cut, 20 kW + 3×
9 kW , helium, without radial insulation
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Figure 2.25: Simulated and measured solid temperature, axial cut, 20 kW + 3 ×
9 kW , helium, without radial insulation

Figure 2.26: Simulated and measured solid temperature, azimuthal cut, 20 kW +
3× 9 kW , helium, without radial insulation
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Figure 2.27: Simulated and measured solid temperature, radial cut, 20 kW + 3×
9 kW , nitrogen, without radial insulation

Figure 2.28: Simulated and measured solid temperature, axial cut, 20 kW + 3 ×
9 kW , nitrogen, without radial insulation
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Figure 2.29: Simulated and measured solid temperature, azimuthal cut, 20 kW +
3× 9 kW , nitrogen, without radial insulation
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Chapter 3

Model Extension of MGT-3D

This chapter includes mainly three parts. In the first part, a new method is introduced
to calculate the kernel temperature of the coated particles, which are embedded within
the fuel graphite matrix. The nuclear cross sections are determined by the fuel temper-
ature and moderator temperature. Due to the high power density of the fuel kernels,
the fuel kernel temperature is significantly higher than the surrounding graphite. This
temperature difference should be taken into account for the fuel temperature feedback.
The new model solves the 1-D heat transfer equations in the coated particles, and it is
implemented into MGT-3D. After this, two transient cases of the PBMR-400 are studied
with both models. The simulation results with the new kernel model and with the old
model are compared.

In the second and third parts, MGT-3D is extended to block-type HTGRs, which
include the American’s and the Japaneses’ design. MGT-3D is developed for pebble bed
HTGRs. Up to now, it calculates the temperature profile of the representative spherical
fuel element to determine the nuclear cross section. As a first step towards block-type
HTGRs, the unit cell, which can represent the symmetrical structure of the fuel block,
is chosen to analyze the heterogeneous temperature distribution of the moderator and
fuel rod. A 2-D model is advanced and verified by the CFX simulation. Afterwards, a
1-D simplification of the unit cell is discussed. Within the third part, the homogeneous
anisotropic thermal conductivity of the reflector and reactor core of block-type HTGRs
is calculated with the help of the rule to calculate the thermal conductivity of the multi-
material medium.

3.1 The Fuel Kernel Model

Due to the Doppler effect, the fuel temperature and moderator temperature are two
important factors in determining the nuclear cross section. An increase in fuel tempera-
ture leads to an increase of resonance absorption cross section of some isotopes, mainly
238U and 232Th. This feedback ensures HTR’s passive safety during normal operation
or in an accident. Therefore, it is important to calculate the UO2 fuel temperature.

HTR’s fuel elements contain a significant number of Tri-structural-Isotropic (TRISO)
coated particles. The UO2 kernel is located in the center of coated particle. It is coated
with a porous carbon buffer, inner pyrolytic carbon, silicon carbide, and outer pyrolytic
carbon sequentially from the center to the outside. The homogeneous temperature calcu-
lation and the pebble temperature calculation do not account for the fuel temperature
which is the center temperature of the coated particles. In MGT-3D, an overheating
model is applied to calculate the temperature difference between the fuel kernel and the
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graphite matrix. This model homogenizes the coated materials and assumes a tempera-
ture difference between the UO2 kernel and the graphite matrix. It defines an effective
heat flux resistance αf in the heat conduction equation. A simple heat transfer equation
is solved to predict the average fuel temperature.

The original overheating model relies heavily on an unknown parameter αf . It also
assumes a small temperature difference between the fuel and moderator, and it does not
consider the different thermal responses of different coated materials in the transient
case. In order to get a more accurate fuel temperature feedback, an explicit model is
developed to solve the heat conduction equation with mixed boundary conditions. It
takes the details of energy deposition and different thermal properties of coating layers
into account. This explicit model can treat both the equilibrium case and all kinds of
transient cases. It is also helpful to determine the effective heat flux resistance for the
original overheating model. The new model is implemented into MGT-3D, and some
studies are conducted regarding the original and new models.

3.1.1 Overheating Model

The cross sections, which are polynomial expansions of fuel and moderator temper-
atures, gas concentrations, 135Xe concentration, should be prepared at the beginning
of nuclear calculations. The temperatures and gas concentrations are determined after
the fluid mechanics calculations. In case of an equilibrium calculation, they are iterat-
ed. In case of a transient calculation, the fluid mechanics calculation is performed after
several nuclear calculations. The iterated method can also be applied to the transient
calculation in principle. However, it would consume too much computational time. If the
temperature and boundary condition of the representative pebble are assumed to vary
linearly with time, an extrapolated value can be obtained for nuclear feedback. The ex-
trapolated parameters include local and non-local heat sources, fuel layer temperatures,
solid material temperatures, and fuel surface boundary conditions during the nuclear
intervals.

By the former assumption, the layer temperatures of the representative fuel pebble are
obtained for each nuclear time interval. However, The temperatures of the UO2 kernels
are the required value to determine the resonance absorption cross section instead of
the temperatures of each layers in the fuel pebbles.

The kernels are well coated by four layers’ materials and then embedded in the graphite
matrix. With respect to the temperature calculation, the coated particles have the fol-
lowing features:

• The diameter of the coated particle is about 0.92 mm. It is generally small, so
the temperature difference between the fuel kernel and its surrounding graphite
matrix is assumed to be small as well.

• The conductivity of the fuel kernel is much higher than that of the coating layers.
This results in a distinct temperature difference across the coating layers, but the
temperature becomes smooth in the kernel zone. The density and heat capacity of
the coating material are much smaller than those of the uranium dioxide kernel.
The coating layers respond quicker then the kernel in the transient case. Therefore,
the coating layers can be considered as a gap.
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• The thermal properties of the coating layers are not clear. The irradiation by neu-
trons and the high temperature environment affect the structure of these layers as
well. The thermal conductivity, density, and even the shape of the coated particles
can change after a long irradiation term. Currently, the knowledge about these
mechanisms is not sufficient.

According to these features, it is not necessary to develop a detailed heterogeneous
model to calculate the temperature distribution in the fuel kernels. Each particle can
be considered as a hot point which has heat resistance and certain specific heat in the
graphite matrix. The heat conduction, which describes heat transfer from the hot point
to the surroundings, is governed by:

ρfcf
dTf

dt
= −

1

αf
(Tf − Tm) + Q̇′′′

f (3.1)

where ρf is the density of fuel kernel, Tf is the fuel kernel temperature, Tm is the
moderator temperature, αf is the effective heat flux resistance, and Q̇′′′

f is the power
density of the fuel kernel. In this equation, the heat flux resistance is mostly contributed
by the coating layers, but all of the heat is considered to be saved in the fuel kernel. The
power density of the fuel kernel is calculated from the homogeneous local nuclear power
density Q̇′′′

l . The local power which deposits in the fuel kernels, and the non-local heat
which deposits in moderators, are already separated in the heat production calculation.
The ratio of Q̇′′′

l to Q̇′′′

f is equal to the volume fraction of fuel kernels in fuel elements.
Basically, it is a fixed value for all homogeneous meshes. Introducing the power ratio
into Equation 3.1, it can be rewritten into:

dTf

dt
= −

1

αfρfcf
(Tf − Tm) +

1

ρfcf

Q̇′′′

f

Q̇′′′

l

Q̇′′′

l (3.2)

By defining a new heat flux resistance which includes modification of the power ratio:

α′

f ≡
Q̇′′′

f

Q̇′′′

l

αf (3.3)

and the time-response factor:

λf ≡
1

αfρfcf
(3.4)

The Equation 3.2 can be simplified as:

dTf

dt
= −λf (Tf − Tm) + α′

fλf Q̇
′′′

l (3.5)

For the equilibrium case, the temperature is not time dependent and the left-hand
side of Equation 3.5 is equal to zero. The kernel temperature can be obtained by the
following equation:

Tf = Tm + α′

f Q̇
′′′

l (3.6)

For a transient case, if the local nuclear heat and moderator temperature are assumed
to vary linearly with time, their values can be linearly extrapolated during the nuclear
intervals:

Q̇′′′

l (t) = Q̇′′′

l0 +
t− t0
∆

(Q̇′′′

l1 − Q̇′′′

l0) (3.7)

Tm(t) = Tm0 +
t− t0
∆

(Tm1 − Tm0) (3.8)
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Substituting equations 3.7 and 3.8 into the Equation 3.5:

dTf

dt
+ λfTf = λf{(α

′

f Q̇
′′′

l0 + Tm0) +
t− t0
∆

[(α′

f Q̇
′′′

l1 + Tm1)− (α′

f Q̇
′′′

l0 + Tm0)]} (3.9)

With the initial condition Tf (t)|t=t0 = Tf (t0) and the definition:

A1 ≡ α′

f Q̇
′′′

l1 + Tm1 (3.10)

A0 ≡ α′

f Q̇
′′′

l0 + Tm0 (3.11)

the solution of the differential Equation 3.9 can be obtained:

Tf (t) = Tf (t0)e
−λf (t−t0)+A0[1−

t− t0
∆

−e−λf (t−t0)+
1− e−λf (t−t0)

λf∆
]+A1[

t− t0
∆

−
1− e−λf (t−t0)

λf∆
]

(3.12)
This is the kernel temperature evolution equation during nuclear time intervals with
overheating model. At the end of one nuclear time interval, fuel kernel temperature is
equal to:

Tf (t0 +∆) = A1 + (Tf (t0)−A0)e
−λf∆ + (A0 −A1)

1− e−λf∆

λf∆
(3.13)

The values of α′

f and λf are dependent on layers’ conductivity, specific heat, packing
fraction, and geometry of the coated particles. However, there is not a fixed equation to
calculate them, especially the modified effective heat flux resistance α′

f . According to
Equation 3.6, the value of α′

f can be deduced if the fuel temperature of steady state is
available:

α′

f =
Tf − Tm

Q̇′′′

l

(3.14)

However, it is a difficult task to measure reactor core temperature. It is almost impossible
to measure the temperature of the fuel which is located at the center of a tiny coated
particle. According to Equations 3.3 and 3.4, α′

f and λf are related. The value of α′

f

can be estimated by the thermal response of reactor during a transient scenario, e.g. the
movement of the control rods. Former studies suggest the region of α′

f is from 0.5 K ·

cm3/W to 0.9 K · cm3/W . Recent studies also show that α′

f is close to 3.0 K · cm3/W
for the PBMR reactor [40].

3.1.2 Development of a New Kernel Model

An analytical result of fuel kernel temperature (see Eq. 3.13) is derived from the
overheating model. It depends on the effective heat flux resistance, whose value cannot
be fixed analytically. This model assumes that the temperature varies slightly from
the graphite matrix to the fuel kernel. The temperature distributes smoothly in the
kernel zone. Heat is saved in the fuel kernel and insulated by coating layers. It also uses
temperature independent specific heat and heat resistance. This model works very well
for steady-state and slow transient calculation of the reactor if proper effective heat flux
resistance is given.

Nevertheless, the overheating model is not precise enough and does not include the
following features of coated particles:
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• The fission products only travel several micrometers, and the diameter of the
fuel kernel is 0.5 mm, which means that local nuclear power remains in the fuel
kernel zone. The volume fraction of the fuel kernel is less than 0.01 (1/150 for
HTR-Modul). The power density of the fuel kernel is more than 100 times Q̇′′′

l .
Although the size of the coated particle is very small compared with the size of fuel
element, the temperature increases significantly in the coated particles according
to the high power density, especially in the high power density zone of the reactor.

• In a coated particle, the fuel kernel that produces the nuclear power has high
conductivity and high specific heat. A buffer layer made of porous carbon shields
the IPyC from recoil damage and controls the particle pressure. This layer has
very low conductivity and specific heat. The other layers, which protect the fuel
kernel, maintain the fission products, and provide structure support, have high
conductivity and low specific heat. Different thermal properties of these layers
determine that they will have different thermal responses in the transient case.

• The conductivity and specific heat of the layers are dependent on temperature
and neutron fluence. Therefore, conductivities of the layers vary in different zones
of the reactor and with irradiation history. Considering that a gap is generated
according to the contraction of the kernel and porous carbon after long terms of
neutron irradiation, the temperature will rise a lot across the gap. In the gap zone,
thermal radiation dominates the heat transfer. This effect is proportional to T 4,
and causes huge variation of the effective conductivity.

• With the development of experimental technology, the thermal conductivity and
specific heat of the coating layers can be measured precisely, which makes it pos-
sible to simulate the heat transfer in the coated particles with detailed numerical
models [38].

Many models which can overcome the limitations of the overheating model and deter-
mine heat transfer in coated particles have been developed [39, 40]. Heat is transferred
out of the coated particle by conduction. The general heat conduction equation is:

ρCp
∂T (r, θ, φ, t)

∂t
= ▽k▽T (r, θ, φ, t) + Q̇′′′(r, θ, φ, t) (3.15)

The coated particle is comprised of five symmetrical spherical structures (see Fig. 3.1).
It is reasonable to assume that the temperature distribution of the coated particle has
spherical symmetry. If the center of the particle is chosen as the origin of coordinate,
the heat transfer Equation 3.15 can be simplified to:

ρCp
∂T (r, t)

∂t
=

1

r2
∂

∂r
(kr2

∂T (r, t)

∂r
) + Q̇′′′(r, t) (3.16)

To solve this differential equation, it also requires two boundary conditions and one
initial condition. In the center of the particle, the temperature gradient is zero, which
gives the Neumann boundary condition:

∂T (r, t)

∂r
|r=0 = 0 (3.17)

Graphite has a relatively high conductivity, so the temperature of the moderator does
not vary significantly in the scale of the coated particle. The outer PyC layer merges
with the graphite moderator. The moderator temperature is chosen as the boundary
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Figure 3.1: TRISO model constituents

temperature, which gives the Dirichlet boundary condition at the outer surface:

T (r, t)|r=R = Tm(t) (3.18)

whereR is the outer radius of the coated particle. The initial condition is the temperature
distribution of the coated particle when the reactor is in steady state:

T (r, t)|t=0 = T (r, 0) (3.19)

For steady state, the right hand side of Equation 3.16 is equal to zero:

1

r2
∂

∂r
(kr2

∂T (r)

∂r
) + Q̇′′′(r) = 0 (3.20)

Although the thermal conductivity is temperature dependent for a certain layer, it does
not change significantly in the temperature’s variation range [39]. Therefore, the thermal
conductivity of the layers is considered to be constant. The homogeneous local power
density is 10 times higher than the homogeneous non-local power density. The kernel
power density is 100 times higher than the homogeneous local power density. It can be
concluded that the kernel power density is 1000 times higher than the non-local power
densities. The power deposited at the coating layers is neglected. Then for steady state,
an analytical result can be derived:
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(3.21)

The volume-averaged kernel temperature is chosen as the representative fuel temperature
that is used to calculate nuclear feedback:

Tf = Tm +
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(3.22)

For the transient case, a finite difference method is applied to solve the heat transfer
Equation 3.16. Details are presented in Appendix C. For the test purpose, the code is
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applied to calculate the following transient model:

• Fixed boundary temperature:

T (Rc, t) = Tm (3.23)

where Rc is the radius of the coated particle and Tm is a constant temperature.

• Constant power density in the kernel zone, and power densities of other zones are
0:

{

Q̇′′′(r, t) = Q̇′′′

f for 0 < r 6 Rf

Q̇′′′(r, t) = 0 for Rf < r
(3.24)

• All layers have the same initial temperature, which is equal to the boundary
temperature:

T (r, 0) = Tm (3.25)

The kernel and coating layers are divided into fine meshes and their parameters are
displayed in following table:

Layer Fine meshes Thermal con-
ductivity
(W/(cm ∗ k))

ρCp (J/(cm3 ∗
k))

Power density
(W/cm3)

UO2 Kernel 5 0.0316 3.526 1958.46
Porous Carbon 2 0.005 1.936 0
IPyC 1 0.04 3.673 0
SiC 1 0.16 5.243 0
OPyC 1 0.04 3.673 0

Table 3.1: The parameters of the coated particle in free transient

Both the initial temperature and the boundary temperature Tm are 1048.05 ◦C. Accord-
ing to the limitation of the time step (see Eq. C.7), an interval of 0.0002 s is chosen as
the time step. Additionally, a CFX model with the same initial and boundary condition
is performed to verify the kernel model [41]. The radial temperature profile of the coated
particle in steady state case calculated with both CFX and the new kernel model are
shown in Figure 3.2. The maximum difference of the two model is about 1.5 ◦C.

Figure 3.3 shows the temperature transient of different coating layers in 0.5 s. The
figure shows that the temperature will not increase after 0.3 s, which means the system
is in equilibrium. Therefore, the relaxation time of this system is about 0.3 s. It can be
seen that the temperature of the kernel increases faster than that of the other layers. As
mentioned, different layers actually have different thermal responses. Figure 3.4 shows
the comparison of the calculated result between the CFX model and the new kernel
model. It shows a good agreement in the different time point.

The power density of the kernel, which is presented in Table 3.1, corresponds to the
reactor power density 10 MW/m3. The temperature difference between the kernel and
moderator is about 30 ◦C. The temperature difference is proportional to the power
density, so the average power density of 4.6 MW/m3 of the PBMR is related to a
temperature difference of 13.8 ◦C, which is not in the order of 3 to 6 ◦C. If a more
precise calculation is required, the new kernel model is necessary. The fuel kernel’s
temperature increases very fast and the coated particle can rebuild new heat balance in
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Figure 3.2: Temperature profile of the coated particle in steady state case

less than 0.3 s after inserting positive reactivity. According to the temperature feedback,
the increasing reactivities can be controlled immediately. This feedback process is even
more effective to control the reactor than the delayed neutrons in HTGRs.

The code is implemented into MGT-3D to calculate the representative fuel temper-
ature of pebbles in each spatial mesh. The homogeneous temperature calculation of
MGT-3D results in an averaged pebble surface temperature of the representative peb-
ble.In the next step, the heterogeneous calculation analyzes the temperature distribution
in the representative pebble. It divides the symmetrical spherical pebble into several
shells in its radial direction. An one-dimension heat diffusion equation is used to calcu-
late temperature distribution from pebble surface to pebble center. Since the boundary
temperature, which is the moderator temperature in kernel model, is fixed, it is only
needed to calculate temperature differences among kernel layers. If it is assumed that
temperature differences between the moderator and the kernel of all pebble shells are
equal, the fuel temperature can be obtained by adding this temperature difference to
the moderator temperature. For a transient calculation of the reactor core, the initial
condition of the kernel temperature calculation is the steady state temperature distribu-
tion of coated particles, which can be obtained from Equation 3.21. Homogeneous power
densities are extrapolated by Equation 3.7, and the power density of coated particles is
determined by:

{

Q̇′′′(r) = Q̇′′′

f = κQ̇′′′

l for 0 < r < R1

Q̇′′′(r) = Q̇′′′

nonl for r > R1
(3.26)

where κ is the inverse of kernel volume packing fraction in the pebble, and Q̇′′′

nonl is the
non-local power density. All of the required parameters are extracted from MGT-3D to
conduct the kernel temperature calculation, and the representative fuel temperatures,
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which are used as temperature feedback on nuclear calculations, can be achieved.

Figure 3.3: Temperature transient of different coating layers in 0.5 s

Figure 3.4: Comparison of the temperature distribution between the calculation
of the CFX model and the new kernel model in different time point

3.1.3 Application of Kernel Model for PBMR

The PBMR was a helium cooling pebble bed module reactor concept. It was de-
signed by PBMR Ltd. In order to verify existing HTR code system and develop better
simulation tools to analyze the neutronics and fluid mechanics behavior for designed
accidents, the Nuclear Energy Agency (NEA) organized several benchmark exercises
[42]. In this section, the following PBMR operation phases, which include both steady
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state and transient cases, are chosen to study the physics of the feedback of the kernel
temperature on neutronics and fluid mechanics:

• Steady state: The reactor is operated at full power of 400 MW . It uses helium
as the primary coolant. The primary coolant pressure is 9 MPa, and the inlet
and outlet gas temperatures are 500 ◦C and 900 ◦C, respectively. In the bench-
mark definition, the reactor runs from initial core to equilibrium core, where the
equilibrium core is defined as the reactor operational state in which no significant
changes can be observed in the properties of the core, e.g. the keff , power and
temperature profile, gas flow and gas inlet/outlet temperature. During the tran-
sitional period, the reactor operates at full power and with control rods inserted
2.0 m below the bottom of top reflector and therefore 1.5 m alongside the pebble
bed [42].

• Control rod withdrawal accident (CRWA): Equilibrium steady state with full-
load operation is completed in the beginning (0 s), which is also defined as initial
condition. The simulation runs at free transient for 300 s. Then all of the control
rods are concurrently removed with a velocity of 1 cm/s and totally withdrawn
in 230 s. After that, the reactor operates at free transient.

• Control rod ejection accident (CREA): In the beginning of 300 s, the reactor op-
erates at the same condition as with control rod withdraw accident. The accident
starts from 300 s and all the control rods are ejected in 0.1 s. The reactor loses
forced coolant and is depressurized at the same time. Then, the reactor runs at
free transient.

The system code VSOP is used to simulate the so-called running in phase of the
reactor until the equilibrium core is achieved. Whereafter, the interface code which
connects MGT-3D and VSOP provides MGT-3D with required nuclear data to perform
the steady-state and transient analysis. Since the reactor is symmetrical, a 2D cylinder
model is used to simulate it. The calculation model of the reactor is shown in Figure
3.5. Both the new kernel model and the overheating model are applied to calculate fuel
temperature and the calculation results on local power density, solid temperature, kernel
temperature are compared.

In the overheating model, the fuel temperature can be obtained by Equation 3.6
in the steady state case. The equation shows that greater heat flux resistance of the
coated particles which have the same power density and moderator temperature will
result in higher fuel temperature. Due to the Doppler effect, the resonance absorption
cross section is higher. Therefore, the reactivity of the reactor will decrease with the
increasing of α′

f (see Fig. 3.6). With linear extrapolation of moderator temperature
and local power density during the nuclear time intervals, the fuel temperature can be
obtained by Equation 3.13 in the transient case. This equation shows that the thermal
response of the fuel kernel is quite dependent on the heat flux resistance α′

f . According
to the temperature feedback on the reactivity of the reactor, different values of α′

f will
result in different inverse reactor periods ω in transient case. The inverse reactor period
is the variance ratio of the global reactor power density, which is defined by:

ω =
1

Q̇′′′

∂Q̇′′′

∂t
(3.27)

A higher value of α′

f means that the coated particle is more inert to thermal conduction,
and it takes longer for the nuclear heat to be transferred out of the kernel. The global
reactor power changes more smoothly because of negative temperature feedback. For the
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Figure 3.5: Calculation model of the PBMR

Figure 3.6: Reactivity dependence on α′

f in steady state
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Figure 3.7: Dependence of the inverse reactor period on α′

f at 1 s after control rod

ejection accident

case in which the reactor power decreases during the transient process, ω will increase
with the increasing kernel heat flux resistance at the same time point. The value of
ω at 1 s after a control rod ejection accident was chosen as an example to show the
dependence (see Fig. 3.7).

With α′

f = 1.0K ·m3/MW , which is suggested by the overheating model in the former
simulation, the local nuclear power distribution and solid temperature of equilibrium
core of the PBMR are shown in Figures 3.8 and 3.9. Because fresh fuel pebbles are
always loaded into the reactor from the top, and because neutron flux will decrease in
the top cavity zone, the maximum power density is in the top-center of the core. In
the radial direction, the center and side reflectors are used to reflect thermal neutrons
back into the reactor, so there are power peaks in the radial boundary of the reactor
core. The primary coolant is forced to rise up along gas risers to the top cavity. Then
the coolant flows downward from the top through the pebble bed. Gas temperature is
raised throughout the flow path. The solid temperature increases along the gas flow
in the pebble bed. In the central reflector of the PBMR, there is a reactor shutdown
system. In order to keep the function of this system, it is cooled by a bypass flow. There
is only a small amount of heat is deposited here by γ transport. As a result, the solid
temperature in the reflector is much lower than the reactor core temperature.

Considering that the properties of coating materials and even the shape of coated
particles will change with neutron irradiation and high temperature, it is not necessary
to adopt temperature-dependent conductivity rules in the new kernel model. The dis-
cretization meshes’ number, heat conductivity, and heat capacity, which are presented
in Table 3.1, are still adopted. The power density and moderator temperature in the
next nuclear time interval are linearly extrapolated with Equations 3.7 and 3.8 in the
transient calculation. The initial condition is interpolated from the temperature distri-
bution of the steady state (see Eq. 3.21). MGT-3D with the kernel model simulation
shows that the reactivity is −1.22 nile in steady state, which is close to the result with
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Figure 3.8: Local nuclear power density of PBMR-400

Figure 3.9: Solid temperature distribution of PBMR-400
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Figure 3.10: Kernel temperature differ-
ence in steady state

Figure 3.11: Local nuclear power density
difference in steady state

α′

f = 2.6K ·m3/MW . However, the formerly suggested α′

f is 1.0K ·m3/MW . Obviously,
the suggested α′

f underestimates the heat flux resistance of coating layers.

Simulation results with α′

f = 1.0 K ·m3/MW are chosen as reference data to compare
with the kernel model’s results. In each homogeneous mesh of MGT-3D model, a 1D
heat conduction equation is solved to obtain temperature distribution in the divided
shells of representative pebble. A raised temperature is added to the shell temperature
to gain kernel temperature. Here, the temperatures of kernel in the center shell of the
representative pebble are compared (see Fig. 3.10). Equation 3.6 denotes that kernel
temperature is proportionate to local nuclear power density. The temperature difference
∆T should be proportional to Q̇′′′

l as well. Consequently, the significant temperature
difference appears where the high power density is generated. That is the reason that
maximum temperature differences appear in the top-center areas, which are close to
the inside and outside reflectors. All of the temperature differences are positive values,
which also reveals that α′

f = 1.0 K ·m3/MW is too low to represent the equivalent heat
flux resistance of coated particles.

It is also interesting to check the kernel temperature difference’s impact on local
nuclear power density, which is presented in Figure 3.11. The power is less than the
reference data in the zone with a high temperature difference. Oppositely, it is higher in
the zone with low temperature difference. The reasons are as follows: first, the simulation
uses fixed total power to normalize neutron flux, which means the total neutron number
is fixed; second, the local nuclear power density is proportional to thermal neutron flux,
and former analysis demonstrates that temperature difference is proportional to local
nuclear power density; third, higher temperature leads to stronger feedback on resonance
absorption. Therefore, the neutron flux is redistributed. Additionally, the neutron flux
in the zone that has high temperature difference will decrease and the neutron flux in
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Figure 3.12: Kernel temperature differ-
ence in the center of pebbles
at 30 s after CRWA

Figure 3.13: Local nuclear power densi-
ty difference at 30 s after
CRWA

the zone which has low temperature difference will increase. This feedback mechanism
provides us with the hint that the power profile of the reactor can be flattened a little
bit by using low conductivity material to coat the kernels.

Kernel temperature, which is directly dependent on heat flux resistance, has a distinct
difference between these two models. Generally, the nuclear cross section makes a switch
when the temperature varies in the magnitude of a hundred degrees Celsius. Therefore,
the nuclear power density does not change significantly when different models are adopt-
ed. The homogeneous temperature differences between these two models are compared
as well. The minimum difference is about −0.4 ◦C and the maximum difference is about
0.06 ◦C. These differences are quite small compared to the core temperature, which is
almost a thousand degrees Celsius. Some other macroscopic parameters, e.g. gas tem-
perature, gas pressure, non-local heat, and so on are also not very sensitive to the kernel
temperature.

For the transient case, the study of the inverse reactor period’s dependence on heat flux
resistance proves that the reactor has different thermal and nuclear responses to different
thermal parameters of coated particles. MGT-3D transient simulation includes two main
parts (see Fig. 2.1), which are nuclear calculation and fluid mechanics calculation. Each
temperature (fluid mechanics) time step includes one or several nuclear time steps. For
the simulation of the control rod withdrawal accident, which belongs to slow transient,
the temperature time step of MGT-3D is about 10 s or greater, and it contains several
nuclear time steps. The nuclear time step is of several seconds. It is still much larger
than 0.3 s, which is the relaxation time of the coated particles. Therefore, the kernel
temperature evolution during each nuclear time interval is equivalent to a quasi-static
state. Figures 3.12 and 3.13 show the kernel temperature difference and local nuclear
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power density difference relative to local nuclear power density respectively at 30 s after
control rod withdrawal accident. These differences look similar to the results of steady
state. For the steady state and the CRWA simulation, the maximum and minimum
differences with the overheating model and the new kernel model are sub-equal and
appear in the same zones because each time step can be considered as a quasi-static
state. It follows that using the overheating model or the new kernel model will not make
a significant difference if the right heat flux resistance is applied in slow transient case.

Figure 3.14: Power transient in CREA

There are some extreme cases where power varies significantly in a short period. For
example, in the control rod ejection accident, the reactor power rises to more than 20
times that of the initial power within 1 s (see Fig. 3.14). The accident happens at 300s.
All of the control rods are ejected in 0.1 s, and the reactor becomes depressurized at the
same time. At 300.6 s, the reactor achieves the maximum power. The increasing rate of
nuclear and thermal parameters are very high. According to the convergence criteria of
MGT-3D, a small time step should be chosen, which is comparable to the relaxation time
of coated particles. In this kind of accident, the overheating model and the new kernel
model may give different results. The kernel temperature has differences as presented
in steady state and slow transient. Large differences are expected in homogeneous solid
temperature and local nuclear power density. Figure 3.15 displays the solid temperature
at 30 s after the accident. The minimum difference is −24.2 ◦C. The new kernel model
generally gives a lower solid temperature than the overheating model with α′

f = 1.0 K ·

m3/MW . In Figure 3.16, however, the comparison shows that the new kernel model
has bigger local power density at 330 s. Reactor power increases at the beginning of
the accident and then decreases according to temperature feedback. The kernel model
has higher heat flux resistance and slower nuclear and thermal responses. Therefore, the
power density increases and decreases more slowly. It can be found that power density
with the overheating model is higher than that with the kernel model if one compares
the power densities between 300.01 s and 300.6 s.
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Figure 3.15: Homogeneous solid temper-
ature difference at 30 s after
CREA

Figure 3.16: Local nuclear power densi-
ty difference at 30 s after
CREA

In summary, the overheating model is proper for steady state and slow transient
simulation, and agrees with the new kernel model if the right α′

f is given. But for fast
transient, the significant differences in macroscopic parameters such as homogeneous
solid temperature, and power density can be observed. The new kernel model can be used
to determine the reference value of α′

f or to replace the kernel temperature calculation
subroutine of MGT-3D. Additionally, the heat conductivities of coating layers and the
kernel are temperature and neutron dose dependent. The equivalent heat flux resistance
is not a fixed value in different zones of the reactor, which means that the method of
using a global parameter α′

f should be reevaluated. Moreover, the kernel temperature
difference of these two models is proportional to power density. In extending MGT-3D
to the reactor with high power density (Molten salt cooled pebble bed reactor), the
new kernel is expected to behave better than the overheating model. The new kernel
model also has its own limitations. It takes more calculation time than the overheating
model because it calculates the detailed temperature profiles of representative coated
particle. Furthermore, the more layers the coated particles are divided into, the more
calculation time is required. However, the 10 layers that are given in Table 3.1 can
already gain enough precision. It increases the total calculation time to about 20%,
which is acceptable.
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3.2 Heterogeneous Temperature Analysis of Block

Type Prismatic Reactor

In MGT-3D, the fuel and moderator temperatures are calculated in each nuclear time
interval by solving the heat conduction equation [43], which is the heterogeneous temper-
ature analysis of the fuel element. The average fuel and moderator temperatures of the
fuel element are required to determine the nuclear cross sections. The heat flow that is
transferred from the surface of the fuel element to the surrounding coolant is important
to calculate the gas and homogeneous solid temperature. The old version of MGT-3D
has only the subroutines to calculate the heat transfer in the pebble fuel element. The
temperature distribution of the cylindrical fuel element is not solved. Therefore, it is
an important issue to write new subroutines for the fuel element temperature analysis
when extending the recent MGT-3D code for block type prismatic reactor [44, 45].

3.2.1 Unit Cell Analysis of GT-MHR Fuel Block

The test reactor Dragon, that was built in the UK and operated from 1965 to 1975,
used the design of TRISO fuel particles embedded in a carbonaceous matrix with the
shape of hollow cylinder [46]. The fuel matrix is located in the hexagonal graphite block
(see Fig. 3.17). There are six hollow cylindrical fuel matrices which are cooled by the
gas flowing through their center. The central position is reserved for the various testing
fuels. Later, the U.S. built a gas cooled high temperature reactor: the Peach Bottom
Unit 1 [47]. It is a power reactor loaded with hollow fuel rods. The BISO coated particles
are embedded in the fuel rods [48]. Based on the operation experience of these graphite
moderated and gas cooled, GA built the HTGR: Fort St. Vrain reactor (FSVR). In
the FSVR design, the fuel rods are inserted in the hexagonal graphite block, which is
cooled by helium [49]. The pin-in-block design makes it easy to shuffle and load the fuel
elements. It also behaves very well in mechanic and thermal hydraulics [50]. The reactor
achieved criticality in 1975 and was operated from 1976 to 1983. The success of FSVR
leads to some other design with very large thermal power and with module design.

Figure 3.17: The cross section of Dragon fuel element [46]

The following Module Helium Reactors (MHR) of U.S. all use the pin-in block de-
sign. The Gas Turbine Module Helium Reactor (GT-MHR) that is designed by General
Atomic is based on the FSVR. The arrangement of its fuel rod and coolant hole in the
hexagonal fuel block is similar to the fuel block design with FSVR. The dimensions of
fuel rod and coolant hole have some differences. Figure 3.18 presents one type of GT-
MHR fuel block which does not have control rods or reserved shutdown guide holes. It
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can be seen that the fuel rods and coolant holes are separated. They are arranged in the
block based on a series of regular hexagon. The center of the fuel rod is the vertice, and
the coolant hole is in the center of the hexagon. The heat is generated in the fuel rod
and transferred out by conduction to the graphite matrix, which is cooled by helium.

Figure 3.18: The cross section of GT-MHR fuel element [50]

In the MGT-3D simulation, the temperature distribution of fuel pebble is obtained by
solving the heat conduction equation. The proposal to extend it to block type reactor
was already mentioned in the reference [43]. It is coupled with the neutronics simulation,
and the macroscopic scale temperature solving, which is the homogeneous temperature
solving, and the microscopic scale temperature solving. With regards to block type reac-
tor, the meso-scale temperature solving involves calculating the temperature distribution
of the pitch of the channels within a block.

Normally, one MGT-3D mesh, which is built on R/Z/Φ coordinates, includes several
fuel rods and coolant holes. To solve the detailed temperature distributions of these
fuel rods, a great amount of calculation is required, especially considering the coupling
with the homogeneous calculation of the whole core. According to the symmetry of
the arrangement of fuel rod and coolant holes, the smallest symmetry unit of the fuel
block is a triangular element, which is shown in Figure 3.19. It is used to represent a
block or part of a block for each homogeneous mesh. The unit cell consists of 1/12 of a
coolant channel and 1/6 of an adjacent fuel channel. They are separated by a graphite
moderator. After the irradiation of fast neutrons, the graphite will shrink. Therefore, a
gap is assumed between the moderator and the fuel rod. The unit cell is a right triangle
with one angle of 30◦, and all of the straight edges of the triangle are symmetric planes.

The local nuclear heat deposits in the fuel rod zone, and part of the non-local nuclear
heat deposits in the moderator zone. The heat transfer mechanism in the unit cell is as
follows: conduction in the fuel rod, conduction and thermal radiation across the gap,
conduction in the moderator, and convection over the gas-solid boundary. The thermal
radiation across the gap is equivalent to conduction by using the effective thermal con-
ductivity. It is a two dimension system. The basic heat transport equation to be solved
for the unit cell in the polar coordinate system is:

ρCp
∂T (r, φ, t)

∂t
= ▽k▽T (r, φ, t) + Q̇′′(r, φ, t) (3.28)
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Figure 3.19: Unit cell of GT-MHR fuel block

For the boundary condition, the edges of the triangle are assumed to be adiabatic, and
the curved edge that represents the coolant channel wall is specialized as forced con-
vection boundary condition. The radial temperature gradient of the reactor is about
2− 3 K/cm in the macroscopic scale’s point of view. The heat that is removed by con-
duction in the reactor core can be neglected. Therefore, the assumption of the adiabatic
boundary in the symmetric plane is reasonable. The heat transfer coefficient on the
surface of the coolant hole is characterized by the Nusselt number and the Reynolds
number. The coolant temperature is considered to be the same value in the whole gas
bulk.

Integrating both sides of Equation 3.28 with respect to the area and apply divergence
theorem, yields:

∫∫

s

ρCp
∂T (r, φ, t)

∂t
ds =

∮

l

k▽T (r, φ, t)d~l +

∫∫

s

Q̇′′(r, φ, t)ds (3.29)

The control volume method is used to the equation [51]. The meshes surrounding the
target mesh are sketched in Figure 3.20. The finite difference equation expressing the
temperature change in the target mesh in time period ∆t due to heat transfer in the
target mesh is defined as:

ρCp(T
′ − T )∆S

∆t
=

kNAN

∆XN
(TN−T )+

kSAS

∆XS
(TS−T )+

kEAE

∆XE
(TE−T )+

kWAW

∆XW
(TW−T )+Q̇′′∆S

(3.30)

where

∆t is the time interval,
∆S is the area of the target mesh,
T and T ′ are the central temperatures of the target mesh at certain time point and after
a period of time ∆t respectively,
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Figure 3.20: The control mesh of the numerical equation

TN , TS , TE , TW are the central temperatures of its surrounding meshes,
AN , AS , AE , AW are the average mesh surface areas between the target mesh and its
surrounding meshes,
XN , XS , XE , XW are the distances between the center of the target mesh and the center
of its surrounding meshes,
kN , kS , kE , kW are the composite thermal conductivities between the center of the target
mesh and the center of its surrounding meshes.

The domain contains four zones: fuel compact, gap filled with stagnant gas, graphite
moderator, and coolant. The radius of fuel rod and coolant hole are 6.2223 cm and
0.79375 cm respectively. The radius of the fuel rod hole is 0.635 cm. Thus, the thickness
of the gap is about 0.0127 cm. The distance from the center of the fuel rod to the
center of the coolant hole is 1.8796 cm. The coolant temperature is chosen as 926 ◦C.
The thermal power of GT-MHR is 600 MW , and it is generated by 2.92 million fuel
compacts. The average power density of fuel rod is about 33.41 W/cm3. The power
density of the fuel rod is set as 28 W/cm3 in this simulation model, which is in the
power range of GT-MHR.

Normally, the thermal conductivity and specific heat of fuel compact, gap, and graphite
moderator are dependent on the temperature. To simplify the model, however, thermal
conductivity and specific heat are fixed values during the calculation. With the coolant
temperature of 926 ◦C, the solid temperature will be around 1000 ◦C. Therefore, the
values of these parameters at 1000 ◦C are chosen as the reference data [73]. They are
shown in Table 3.2. The heat transfer coefficient is randomly taken as 0.93W/(cm2K).

Thermal conduc-
tivity (W/(cm∗K))

ρCp(J/(cm
3K)) Emissivity

Fuel rod 0.0692 2.3614 0.8
Gap 0.0035 0.015 0
Graphite moderator 0.346 3.542 0.8

Table 3.2: Material properties of the simulation model

A CFX model with the same thermal parameters is built to verify the numerical model
from above. In the CFX model, more than 10000 meshes are used, which provides
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enough precision for the temperature calculation. Figure 3.21 shows the temperature
distribution of the unit cell in the steady state case. The boundary temperature is
941 ◦C. The heat generated in the fuel rod should be equal to the heat transferred
out of the unit cell by convection. With a simple calculation, the calculated boundary
temperature meets this requirement. The center temperature is about 1025 ◦C. The
temperature rises about 100 ◦C from the coolant to the center of the fuel rod. The
temperature distribution in the fuel rod does not have exactly cylindrical symmetry
due to the asymmetric boundary condition, but the temperatures do not have a large
difference in the azimuthal direction.

Figure 3.22 shows the comparison of the calculation result between CFX and the unit
cell analysis code along the bottom edge of the unit cell in the steady state case. The two
calculation results fit very well. The unit cell analysis code uses 33(R)× 16(φ) meshes,
which is much fewer meshes than the CFX model. Thus, the calculation speed of unit
cell analysis code is much faster than CFX. The center temperature of the mesh adjacent
to the coolant is about 945.8 ◦C. It is 4.8 ◦C degree higher than the solid boundary
temperature. There is small error in the first mesh. It can be improved by using more
meshes. The center temperature of fuel rod by unit cell analysis code is about 1027.8 ◦C.
The temperature rises about 14 ◦C in the moderator zone, 29 ◦C across the gap, and
40 ◦C in the fuel element zone. The temperature does not change significantly in the
moderator zone because the thermal conductivity of the graphite is very high. Because
of the small thermal conductivity of the gap, the temperature jumps across the gap.
The heat transfers across the gap by conduction and thermal radiation. The heat flux of
thermal radiation is proportional to the fourth power of the surface temperature. The
heat transported by thermal radiation is comparable to conduction when the surface
temperature is more than 1200 ◦C.

Figure 3.21: Steady state temperature profile of the GT-MHR unit cell with CFX
simulation [52]

For the steady state case, the 2D unit cell analysis code is verified by the CFX model.
However, it is still necessary to check whether they also fit in the transient case. A
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Figure 3.22: The comparison of fuel rod’s central temperature of GT-MHR unit
cell between unit cell analysis code and CFX in steady state case

Figure 3.23: The comparison of fuel rod’s central temperature of GT-MHR unit
cell between unit cell analysis code and CFX in transient case
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transient model is constructed to study the model. It is as follows:
All of the meshes have the same temperature in the beginning,

T (r, φ, t)|t=0 = T0 (3.31)

the coolant temperature does not change during the transient process,

T (Rc, φ, t) = T0 (3.32)

the heat is only generated in the fuel compact and the power density is constant during
the transient,

{

Q̇′′′(r, φ, t) = Q̇′′′

f fuel element zone

Q̇′′′(r, φ, t) = 0 out of fuel element zone
(3.33)

where T0 is set as 926 ◦C as well. The power density, thermal conductivity, and specific
heat are identical to the data of the steady state model.

Figure 3.23 displays the temperature evolution of the center of the fuel rod with both
CFX and the 2D unit cell analysis code in 120 s. The center temperature of the fuel rod
increases very quickly in the beginning and reaches the maximum value at about 90 s.
This also means that the system achieves equilibrium in 90 s. The rates of temperature
increase with two codes also fit very well.

In summary, the calculation results with CFX verify the 2D unit cell analysis code in
the steady state as well as in the transient cases. The 2D unit cell analysis code uses much
fewer meshes than the CFX model, but it can still achieve the precision. The temperature
difference using these two codes is within 5 ◦C for steady state case. Furthermore, the
relaxation times with these two codes for the transient case are equal.

3.2.2 Unit Cell Analysis of HTTR Fuel Block

The HTTR fuel block also has a pin-in-block design, but the arrangement of fuel rod
and coolant hole is different from the design of GT-MHR’s fuel block. In the HTTR fuel
block, the fuel rod is inserted into the center of coolant hole. The gas flow goes through
the annular channel between the fuel rod and the graphite block to cool down the
structure. Figure 3.24 presents the typical structure of the fuel block with 33 fuel pins.
It can be seen that the coolant hole, as well as the fuel rod are distributed symmetrically
in the graphite block. The triangular unit cell marked in the figure is the smallest unit
of symmetry to construct the main part of fuel block. For the block with 31 fuel pins,
there are two coolant holes fewer than the 33 fuel pins block in the edge of hexagonal
block (see Fig. 4.25). It does not break the symmetry of the fuel block. The triangular
unit cell can still represent the construction of this kind of fuel block.

The unit cell of the HTTR fuel block consists of stagnant helium, a fuel compact,
gap, graphite sleeve, coolant channel, and the graphite matrix of the hexagonal block
from the center to the boundary. The center of the fuel rod is filled with stagnant
helium to reduce the temperature peak in the fuel rod and to retain the gaseous fission
products. This stagnant helium and the fuel compacts are sealed in the graphite sleeve.
The nuclear energy is generated in the annular fuel compacts, transferred across the
gap by conduction and thermal radiation, then transported in the graphite sleeve by
conduction, and finally transferred by convection into the coolant. There is also a small
part of heat transferred across the coolant channel by thermal radiation to the opposite
graphite matrix.
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Figure 3.24: Unit cell of HTTR fuel block

The unit cell is a right triangle. The angle of the fuel rod part is 30◦. It includes 1/12
of the fuel rod and coolant channel. The three edges of the triangle are the symmetric
planes of the structure, like the unit cell of GT-MHR fuel block. The heat going into
the unit cell across the triangle edges is equal to the heat going out of the unit cell
across the edges. Thus, the boundary can be considered adiabatic. The main part of the
nuclear energy is converted to heat locally in the fuel compacts. The rest of the nuclear
energy is converted to heat in the graphite sleeve and moderator, which is the non-local
heat.

To obtain the temperature distribution in the unit cell, the heat conduction Equation
3.28 is solved with the given boundary conditions. As mentioned, the edge of the unit cell
is adiabatic. The heat is taken away by the coolant. Although a temperature gradient
exists in a thin layer of coolant that is close to the solid surface, it can be neglected in
the calculation model. The coolant temperature is assumed to be constant in the radial
direction. There are two coolant boundaries in the unit cell. One is the outer surface of
the graphite sleeve, and the other one is the inner surface of the graphite block. Heat
exchanges between the solid and coolant in both surfaces.

In the unit cell, the radius of the central hole is 0.5 cm. The outer radius of fuel
compact is 1.3 cm. The inner radius of the graphite sleeve is 1.3124 cm, consequently,
the thickness of the gap is 0.0124 cm. The outer radius of the graphite sleeve is 1.7 cm,
which is also the inner radius of the coolant channel. The outer radius of the coolant
channel is 2.05 cm. The hypotenuse’s length of the unit cell is about 2.97 cm.

The same numerical method is used to solve the temperature profile of the HTTR unit
cell. At the same time, a CFX model is constructed to benchmark the unit cell analysis
code’s application on the unit cell of HTTR fuel block. In the calculation model, the
power density of the fuel compact is 28 W/cm3. The thermal properties of stagnant
helium, the fuel compact, and the graphite block also use the data of Table 3.2. The
graphite sleeve is fabricated from the same type of graphite as the graphite block.
Therefore, the thermal conductivity and specific heat of these two parts are identical.
The coolant temperature is assumed to be 926 ◦C and the heat transfer coefficient is
0.93 W/(cm2K).

Because there is no heat source in the zone of the graphite block, the temperature
of the graphite block will be equal to the coolant temperature in the steady state case.
It is not necessary to calculate the temperature in the graphite block zone. Figure 3.25
displays the temperature distribution of the HTTR unit cell from the central stagnant
helium to the graphite sleeve in the steady state case. The maximum temperature that
is located in the center of the model is about 1098 ◦C. The solid temperature on the
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surface of graphite sleeve is 939 ◦C. The temperature difference between the center
of the model and the coolant is 172 ◦C. The coolant temperature is the same in the
whole coolant channel, and the power density of fuel rod is homogenized. Thus, the
temperature distribution from the center of the model to the boundary of graphite
sleeve has cylindrical symmetry.

Figure 3.25: Steady state temperature profile of HTTR unit cell with CFX simu-
lation [52]

The temperature distribution from central helium to the graphite sleeve in the radial
direction is shown in Figure 3.26. The calculation results of both CFX and unit cell anal-
ysis code are presented. The temperature profiles from the central helium to the graphite
sleeve, which are calculated with these two codes, fit very well. In order to obtain the
precision, the CFX model uses much more meshes than the unit cell analysis code. The
maximum temperature appears in the inner boundary of the annular fuel compacts. The
difference in the maximum temperatures is about 1 ◦C. The temperature in the central
stagnant helium is almost constant due to the lack of a heat source in this zone. The
temperature does not rise significantly in the graphite sleeve because there is no heat
source in the model, and its thermal conductivity is high. The variation of tempera-
ture across the gap is about 56 ◦C, which is almost 1/3 of the temperature difference
between the maximum temperature and the coolant temperature. The temperature is
proportional to r2 in the fuel compact zone due to the heat source. The temperature
difference between the outer surface and inner surface of fuel compact is about 91 ◦C.

For the transient case, the graphite block part of the triangle unit cell should be
considered. To verify the unit cell analysis code in the transient case, a transient model,
which is similar to the transient model of the GT-MHR unit cell, is created. The initial
condition can also be expressed by Equation 3.31. There are two coolant boundaries in
the unit cell of HTTR fuel block. The boundary conditions of the boundary close to the
coolant are:

{

T (Rs, φ, t) = T0

T (Rc, φ, t) = T0
(3.34)

where Rs is the outer radius of graphite sleeve, and Rc is the outer radius of coolant
channel.
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Figure 3.26: The comparison of fuel rod’s central temperature of HTTR unit cell
between unit cell analysis code and CFX in steady state case

Figure 3.27 shows the evolution of the temperature of the inner surface of the fuel
compacts. The temperature variation curves with 2D unit cell analysis code and CFX
almost coincide. The final temperature with CFX and 2D unit cell analysis code are
1099.4 ◦C and 1100.8 ◦C respectively. In the CFX model, the temperature difference
achieves 99% of the final temperature difference between the initial temperature and
equilibrium temperature at about 56 s. In the 2D unit cell analysis code, this also
occurs at around 56 s. At about 60 s, system equilibrium is obtained.

It can be concluded that the calculation results for the HTTR unit cell with 2D unit
cell analysis code are in agreement with the calculation result with CFX in the steady
state as well as in the transient cases. The difference between these two codes is in 2 ◦C
in steady state case. For the transient case, these two calculation results obtain the
same relaxation process. The unit cell analysis code can be implemented into MGT-3D
to complete its simulation capability on block-type HTGRs.

3.2.3 1-D Unit Cell Models

In the MGT-3D code, the three figures, namely the maximum fuel temperature, which
is used to evaluate the failure of coating layers, the average fuel temperature, and the
moderator temperature, which are used to determine the nuclear cross section, are need-
ed. For the pebble bed reactor, a 1-D calculation is applied due to the spherical symmetry
of the fuel element. The basic idea for a cylindrical fuel element has already been dis-
cussed in the reference as well [43]. Figure 3.21 shows that the temperature does not
have a significant difference in the same radius in the fuel rod zone of the GT-MHR unit
cell. Figure 3.25 shows that the temperature profile of the HTTR unit cell has cylindrical
symmetry. Thus, the 1D models will be a good approximation to calculate the modera-
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Figure 3.27: The comparison of central temperature of HTTR unit cell between
unit cell analysis code and CFX in transient case

tor temperature and fuel temperature. The temperature profiles can be determined with
some simple formulas [74].

The 1D heat transfer equation of the cylindrical fuel element is:

ρcp
∂T

∂t
=

1

r

∂

∂r
rk

∂

∂r
T + q′′′ (3.35)

For the steady state, the left hand side of the equation is zero. The general solution of
the equation in steady state is:

T (r) = a+ bln(r)−
q′′′r2

4k
(3.36)

where the constants a and b are determined by the boundary conditions. For the transient
case, a finite difference method with centered temperature, which is interpreted as the
average temperature over the mesh of fuel element, is applied to solve the transient
temperature evolution of the represented fuel element.

The fuel and coolant holes are arranged in the fuel block of the HTTR and the GT-
MHR in different ways. In the fuel block of the GT-MHR, the coolant hole and fuel rod
are separated. The model with two cylinders is developed (see Fig. 3.28). One is with
fuel in center, and the other one is with coolant in center. The heat transfer equation
is solved in both cylindrical zones with proper connection in the surface meshes of two
cylinders. Figure 3.24 shows that there are 1/12 of the coolant hole and 1/6 of the fuel
rod in the unit cell, which means that there are two fuel rod and one coolant hole in the
basic unit of the fuel block structure. Therefore, the connection of the surface meshes
are as follows: first, the surface temperature of these two cylinders should be equal;
second, the heat flow current that comes into the coolant cylinder is twice of the heat
flow current that leaves the fuel rod cylinder; third, the total amount of the graphite in
the two cylinders should be equal to the amount of the graphite of the basic unit.

In the fuel block of the HTTR, the fuel rod is located in the center of the coolant
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Figure 3.28: The 1D unit cell model of the GT-MHR

hole. The 1D cylinder model with multi materials can be applied to calculate the fuel
and moderator of the fuel block (see Fig. 3.29). The outer boundary of the model is
considered as adiabatic. The outer radius of the 1D model is chosen to guarantee that
the model has the same amount of graphite with the basic unit of the geometry.

Figure 3.29: The 1D unit cell model of the HTTR

3.3 Homogeneous Conductivity of the Reactor

Core

In the previous section, the temperature profile of the fuel rod and graphite mod-
erator in the meso-scale were discussed. The smallest symmetrical unit cell which can
represent the structure of the fuel block is used to predict the heat transfer between
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the fuel rod and its surrounding graphite and coolant channels. The structure of the
fuel rod, gap, moderator, and coolant are resolved in details. In the macroscopic scale,
the heat is exchanged by convection in one homogeneous mesh or between different
porous homogeneous meshes, conduction between adjacent homogeneous meshes, and
thermal radiation on the surface of solid materials. The convection is determined by
the properties of forced flow and the geometry of flow channel. The thermal radiation
is characterized by the emissivity and the surface temperature of solid materials. The
heat conduction of the fuel block is contributed to by several parts that include the fuel
element, graphite, and stagnant gas. The smearing of individual conductivities must
be performed in the homogeneous meshes of MGT-3D. For the pebble bed reactor, the
method developed by Zehner-Schlüder [31] or Robold [53] are used to calculate the effec-
tive conductivity of porous media. For the block type reactor, the effective conductivity
will be anisotropic, with the geometry in the axial direction being different from the
geometry in the transverse directions. In this section, the methods used to calculate the
effective conductivity of GT-MHR fuel block and HTTR fuel block are discussed.

There are several theoretical approaches to calculate the effective thermal conductivity
of porous media [54, 55]. The numerical approaches with finite element models are also
developed to determine the effective thermal conductivity of the GT-MHR fuel block [45]
and HTTR fuel block [56]. The simplest model used to calculate the effective thermal
conductivity of a porous medium is to assume the medium consisting of a fluid and a
solid layer either in parallel or in series with respect to the heat flow direction. The
equations to calculate the effective thermal conductivity of the medium composed of
two discrete materials are presented in reference [57]. For the parallel case, the effective
thermal conductivity can be calculated with a simple volume weighted average. The
calculation method can be extended to the axial effective thermal conductivity of GT-
MHR and HTTR fuel blocks, which are composed of multi-layer materials:

ke = υfkf + υgkg + υHekHe (3.37)

where ke, kf , kg, kHe are the effective thermal conductivity in the axial direction, thermal
conductivity of fuel compacts, thermal conductivity of graphite, and thermal conduc-
tivity of stagnant helium respectively. υf , υg, υHe are the volume fractions of the fuel
compacts, graphite, and helium respectively. The sum of these three volume fractions
is equal to 1. For the GT-MHR fuel block, υHe is also the volume fraction of coolant
channels. For the HTTR fuel block, however, υHe is the sum of the volume fraction of
the stagnant helium, which is sealed in the graphite sleeve of fuel rod and the volume
fraction of the annular coolant channels. The transverse effective thermal conductivi-
ty of GT-MHR is already discussed in reference [45]. The method based on Maxwell’s
analysis is extended to calculate the homogenized thermal conductivity of the structure
with the coolant holes and fuel rods located in discrete positions [60].

The Selengut’s relation [58], developed for neutron diffusion, can be extended to the
effective thermal conductivity calculation of the media consisting of two discrete mate-
rials [59]. If the medium is constructed with helium and graphite, the effective thermal
conductivity can be obtained by following equation:

k′e =
(1 + nυ)k0 + n(1− υ)kg
(1− υ)k0 + (n+ υ)kg

kg (3.38)

where
n = 0, 1, 2 for one-, two-, and three-dimensional medias, respectively;
k0 is the thermal conductivity of the hole region (here, stagnant helium including an
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allowance for thermal radiation).

Equation 3.38 can be applied on both axial direction and transverse plane of the
reflector block and fuel block. For the axial direction, it is the one-dimension case. With
n = 0, it can be seen that Equation 3.37 with two discrete materials is the degenerate
form of Equation 3.38. In the transverse plane, the effective thermal conductivity in
radial direction is equal to its value in azimuthal direction. The two-dimension version
(n = 1) of Equation 3.38 should be used.

As mentioned, the conductivity of the coolant channel part includes the stagnant heli-
um conductivity and the equivalent conductivity of thermal radiation. If the temperature
of the solid surface of the coolant channel is very high (1000 ◦C), the heat transferred
across the channel by thermal radiation will be significant. It can be accounted into the
conduction part by adding an equivalent conductivity onto the conductivity of stagnant
helium. Therefore, the thermal conductivity of region with gas hole is [59]:

k0 = kHe + kr = kHe +
4σT̄ 3δ

2(1
ε
− 1) + π

2

(3.39)

where
σ is the Stefan-Boltzmann constant;
T̄ is the average temperature of solid surface of coolant channel;
δ is the diameter of the circular coolant channel;
ε is the emissivity of graphite.

The top and bottom reflector blocks of the HTTR are constructed with graphite block
and circular coolant tubes (see Fig. 4.26 and 4.27). There are two different materials.
The thermal radiation is mainly in the transverse directions. Therefore, the effective
conductivity of the reflector blocks can be written as:

{

ke = υgkg + υHekHe axial direction

k′e =
(1+υHe)k0+(1−υHe)kg
(1−υHe)k0+(1+υHe)kg

kg transverse directions
(3.40)

where k0 is determined by Equation 3.39. There are also two different materials in the
reserved shutdown block, control rod block, and the replaceable reflector block of GT-
MHR. They are different in the radius and the volume fraction of coolant holes. Thus,
the effective thermal conductivities of the reserved shutdown block, control rod block,
and the top and bottom reflector block aligned with the fuel block can also be calculated
by Equation 3.40 with adjusted k0 and void fraction.

The fuel block of HTTR block consists of fuel compacts, helium, the graphite sleeve,
and graphite block. The structure is much more complicated than the reflector block.
The calculation method with three levels of homogenization is developed to calculate
the transverse thermal conductivity of the HTTR fuel block. First, the coated particles
smearing in the graphite matrix forms the fuel compact. The thermal conductivities of
coated particles and their surrounding graphite matrix are homogenized to obtain the
thermal conductivity of fuel compact. Second, the coolant channel, graphite sleeve, fuel
compacts, and stagnant helium are coaxially located in the reserved cylindrical hole.
The thermal conductivities of these materials are homogenized. The effective thermal
conductivity of the coolant hole including fuel rods is derived. Finally, the fuel block
is considered to be constructed by the graphite block and homogenized coolant hole.
The Equation 3.38 can be applied to calculate the effective thermal conductivity of fuel
block, namely the thermal conductivity of MGT-3D meshes.
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The homogenized thermal conductivities of the fuel compact are not calculated specif-
ically. Its value without irradiation and at the maximum irradiation dose of 6.4 ×
1018 n/cm2 are taken directly from the reference data [103]. To calculate the homog-
enized conductivity of the coolant hole, a simplified model is constructed: the coaxial
cylinders with infinite length and with thermal conductivity k0, kf , ks, and k′0 from the
center to outer radius are embedded in the domain with thermal conductivity kg. A heat
flow perpendicular to the axial direction of the cylinder is imposed across the domain.
The material along the diameter of the circular is arranged in series with respect to
the temperature gradient. It is assumed that the radius of the coaxial cylinder are RHe,
Rf , Rs, Rc from the inside to the outside. The effective thermal conductivity along the
diameter can be calculated by following formula:

1

kd
=

1

k0

RHe

Rc
+

1

kf

Rf −RHe

Rc
+

1

kg

Rs −Rf

Rc
+

1

k′0

Rc −Rs

Rc
(3.41)

where k0 is the thermal conductivity of the central helium including thermal radiation,
k′0 is the thermal conductivity of stagnant helium including thermal radiation in the
annular coolant channel.

The effective thermal conductivity along the chord of the circular can be taken as
the projection of the thermal conductivity along the diameter. Assuming that the angle
between the chord and its related diameter is φ, the effective thermal conductivity along
the chord can be written as:

kφ = kdcosφ (3.42)

Taking an average kφ in half circle, the effective thermal conductivity of the coaxial
cylinders can be obtained:

kh =
1

π

∫ π
2

−
π
2

kdcosφdφ =
2

π
kd (3.43)

where kd is determined by Equation 3.41.

In the transverse plane of the fuel block, it can be considered to be constructed with
two materials with thermal conductivities of kh and kg after homogenizing the thermal
conductivity of coolant holes. Equation 3.38 with the case of n = 1 can be applied to
calculate the effective thermal conductivity of the HTTR fuel block. It can be obtained
by substituting Equation 3.43, the volume fraction of coolant hole, and the thermal
conductivity of graphite into Equation 3.38. The effective thermal conductivity of axial
direction can be calculated by the simple volume average, as in Equation 3.37. They are
as follows:

{

ke = υHekHe + υfkf + υsks + υckHe+ υgkg axial direction

k′e =
(1+υh)kh+(1−υh)kg
(1−υh)kh+(1+υh)kg

kg transverse directions
(3.44)

The core components, which include the fuel compacts, graphite sleeve, fuel block,
and replaceable fuel block, are fabricated from very fine grain graphite IG-110 [61, 62].
Its thermal conductivity is dependent on the irradiation history, which includes the
temperature and radiation dose (see Fig. 3.30). The thermal conductivity of IG-110
without irradiation is:

kg = 0.3398(
T

1000
)2 − 0.9786

T

1000
+ 1.1246 (W/cm ·◦ C) 400◦C < T < 1400◦C

(3.45)
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The thermal conductivity of IG-110 with irradiation at 600 ◦C for 660 EFPD is:

kg = 0.0415(
T

1000
)2 − 0.1307

T

1000
+ 0.3081 (W/cm ·◦ C) 400◦C < T < 1400◦C

(3.46)
Normally, the solid temperature of core components is within a temperature range of
[400◦, 1400◦C]. If the temperature is out of this range, the thermal conductivity is ex-
trapolated from the same equation. The thermal conductivity of stagnant helium is
temperature and pressure dependent [63]:

kHe = 0.144× 10−2(1 + 2.7× 10−4P )(
T + 273.15

273.15
)0.71(1−2×10−4) (W/cm ·◦ C) (3.47)

where P is the pressure in bar.

Figure 3.30: The thermal conductivity of the graphtie IG-110

The emissivity of the fuel compact and graphite is 0.8. For the equivalent thermal
conductivity of central hole of fuel rod k0, the value of δ is the diameter of the central
hole of fuel rod. To calculate the equivalent thermal conductivity of the annular coolant
channel k′0, the value of δ is taken as the square root of the hole’s cross-sectional area.

The effective thermal conductivities of the fuel block, replaceable reflector block, con-
trol rod guide block, and reserved shut down block are discussed in this section. They
are anisotropic values. An analytical model is developed to derive the equations used to
calculate the effective thermal conductivities of axial direction and transverse directions
of both HTTR and GT-MHR’s core components. The equations can be used in MGT-3D
to determine the thermal conductivity of related homogenized meshes.
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Validation and Application

This chapter will introduce the application of MGT-3D to the simulation of the NACOK-
II experiment, LOFC and DLOFC accidents of the GT-MHR, and the LOFC experi-
ments of the HTTR. In the first section, the NACOK-II experiment that heats the
ceramic cuboid block is presented. The experiment is calculated with MGT-3D, and the
simulation result is compared to the measured data to validate the code.

In the second section, the design features of the GT-MHR is introduced, and the code-
to-code benchmark of the LOFC and DLOFC accidents is described. The LOFC and
DLOFC accidents are simulated with MGT-3D. The homogeneous temperature solution
with given heat source is applied. After this, the simulated results are compared to the
benchmark of the Co-ordinate Research Project (CRP-3) organized by International
Atomic Energy Agency (IAEA) to verify the homogeneous calculation part of MGT-3D
[79].

In the third section, the reactor core and the cooling system of the HTTR are presented
in detail. The burnup calculation is conducted by the Monte Carlo code Serpent. The
calculation results are coupled with MGT-3D by an interface code, which provides the
nuclide inventories and operational histogram for the nuclear calculation of MGT-3D.
The LOFC experiments of the HTTR are simulated by MGT-3D. The simulated result
of the elapsed time and peak power level at the occurrence of re-criticality is compared
to the measured data.

4.1 NACOK-II Experiment with Cuboid Block

The air ingress accident due to the break of the pressure boundary is considered to
be one of the severe hypothetical accidents of HTGRs [64]. After a break of the pressure
boundary of HTGRs, the reactor will lose the forced coolant of the primary circuit.
Then the reactor becomes depressurized, and the air may enter into the reactor core by
diffusion when the pressure of the reactor core is equal to the atmospheric pressure on
the outside. It will cause corrosion damage to the core and reflector graphite if the air
continuously streams into the reactor and the reaction gas is continuously removed by
means of natural convection.

The NACOK-I (Naturzug im Core mit Korrosion) was built at Forschungszentrum
Jülich (FZJ) in Germany to research the natural convection driven by the chimney effect,
the temperature evolution, and graphite corrosion in the event of the air ingress of HT-
GRs [65]. The experiment provides useful data to benchmark the codes such as TINTE,
DIREKT and SPECTRA (Sophisticated Plant Evaluation Code fro Thermal-hydraulic
Response Assessment) [66, 67, 68]. In the NACOK-I experiment, the tested block or
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pebble bed could not be heated to a very high temperature due to its constructional
limits. The achieved temperature was less than 700 ◦C, which is below the reactor core
temperature in the DLOFC accident. The Boudouard reaction is not significant in this
temperature scale [69]. The NACOK-I experiment did not monitor the gas flow very
well.

Recently, the NACOK-II experiment, which is based on the NACOK-I experiment,
has been proposed to understand the coupled fluid mechanics and chemical reaction
kinetics [70, 71]. In the test experiment of NACOK-II, the channel temperature can
reach 1300 ◦C. The Boudouard reaction will be significant at the temperature level of
1000 ◦C. Therefore, both the graphite oxidation with the product of carbon dioxide and
the Boudouard reaction can be investigated in the NACOK-II experiment. New instru-
mentation systems like Particle Image Velocimetry (PIV) are applied in the experiment
to monitor the gas flow of natural convection. The fluid mechanics and chemical reactions
in the experiments with the cuboid block as well as the pebble bed are planed to be ex-
amined in the NACOK-II equipment. Pre-testing of the power system and measurement
system have been done with the ceramic block and pebble bed heating experiment. In
this section, the pre-test experiment with the ceramic block is simulated with MGT-3D,
and the simulation ability of MGT-3D on a prismatic block system is examined.

4.1.1 Experimental Facility

Figure 4.1: Schematic of NACOK-II [70]

The total height of the NACOK-II facility is about 5.1 m (see Fig. 4.1). It includes
the support structure, five main segments with cuboidal shape, the top gas exhaust,
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the electrical heating system, the water cooling system, and the monitor system which
includes thermocouples (TC), gas analytical system, and PIV. Each of the main segments
has a height of 80 cm. The horizontal cross section of the segment is shown in Figure
4.1. It consists-from inside to outside-of the ceramic flow channel, which allows flexible
handling of samples like spherical fuel elements, as well as cuboid blocks, the gap, heating
elements, thermal insulation, water cooling pipes, and the metallic furnace shell. The
furnace shell is cooled with water to maintain a defined boundary temperature. The
inner cross section of the channel is 30 cm× 30 cm. The segments are identified by the
index 1 to 5 from bottom to top. The heating system of each segment is independently
installed. The 1st and 2nd segments have a heating capacity of 40 kW each, and the
others have a heating capacity of 25 kW each. Therefore, the maximum heat capacity of
the furnace is 155 kW in total. All of the ceramic channels can withstand temperatures
up to 1600 ◦C, and a heating rate of 30 ◦C/h.

The PIV flow field measurement is located in the window of the second segment. A
laser beam is injected into the channel from the chink on the surface which is perpen-
dicular to the window surface. The laser is reflected into the PIV receiver outside the
window by the particles which are added into the gas flow. The gas inlet connected to
the environment, a helium, or a nitrogen gas tank is controlled by pneumatic valves.
The exiting gas is cooled by the installed gas cooler to protect the pneumatic valve from
temperatures higher than 200 ◦C in the exhaust line. The gas concentration and gas
pressure inside the flow channel and in the gap between the ceramic flow channel and
furnace heating rods are monitored by the gas analytics system.

In the cuboid ceramic block heating experiment, the temperature of the outer wall
of the ceramic channel is chosen as the control parameter due to the difficulty of fixing
the electrical power. The ceramic block is located on top of the cuboid base plate, and
its coolant channels are aligned with the coolant channel of the base plate. The facility
is heated up to 1320 ◦C. The system achieves steady state with continuous heating
for 52 hours, and the experiment is kept in steady state for several hours. The outer
wall temperatures of the five ceramic channel segments are 1315 ◦C, 1295 ◦C, 1285 ◦C,
1265 ◦C, 1265 ◦C from the bottom segment to the top segment. The air flows into the
channel with a volume flow rate of 50 m3/h and with a temperature of 20 ◦C.

The ceramic block is fabricated of the same material as the channel and the base plate.
It is shaped as a cuboid with a length of 29.5 cm, width of 29.3 cm, and height of 40.5 cm.
The diameter of the coolant channel is 1.59 cm. The coolant channel arrangement is
shown in Figure 4.1.

4.1.2 Simulation Model and Result

The cross section of the facility has a square shape. The 2D simulation model is not
suitable to simulate the structure in detail, so a 3D pseudo X/Y/Z coordinate is applied
to simulate the NACOK-II experiment. In MGT-3D, the radial coordinate is not needed
to start at R = 0, which enables the user to describe approximately X/Y/Z problems
by choosing very large radial coordinates compared to the scale of the model.

In the ceramic block heating experiment, the outer wall temperature of the ceramic
channel is fixed in the steady state case. It is not necessary to simulate the heating
system, the water cooling system because they are out of the boundary. The window
in the second segment does not significantly affect the gas flow in the cuboid block, so
the asymmetry caused by the PIV window is neglected in the simulation model. The
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radial coordinate is started at R = 500 m. Considering that the width of the facility
is about 50 cm, the model makes a maximum deviation of 0.5 mm with the pseudo
X/Y/Z coordinate. The sketch of the R/Φ mesh of the MGT-3D model is presented on
the right-hand side of Figure 4.1. On the left side of the azimuthal direction, a reflective
boundary is applied. With the radial coordinate starting at R = 500 m, the angular
coordinate is in the range of [0, 0.02188◦]. There are 15(R) × 8(Φ) × 29(Z) meshes in
total.

The density of the air at room temperature and atmospheric pressure is 1.2 kg/m3.
So the mass flow rate of the inlet gas is 0.017 kg/s. The air is represented by the gas
combination of 78% nitrogen and 22% oxygen. The heat sink is defined as infinite volume
with the reference pressure of 1 bar.

The cuboid block is constructed with ceramic and the coolant hole that is filled with
air. It has only two discrete materials. It has an anisotropic thermal conductivity in
the radial direction and transverse directions. The equivalent thermal conductivity of
the coolant hole and the homogeneous thermal conductivity of the cuboid block can be
obtained from Equations 3.39 and 3.40 by substituting graphite and helium into ceramic
and air at 1 bar.

In the NACOK-II experiment, the heat flux of thermal radiation from the inner wall of
the channel to the top surface of the cuboid block and to the bottom surface of the base
plate can not be treated by the effective thermal conductivity. The net heat deposited
on the surface can be on the kilowatt level if the wall temperature is up to 1000 ◦C.
MGT-3D does not include the option to calculate long-range heat transfer by thermal
radiation penetrating the transparent medium (see Fig. 4.2). So an external heat source
is defined on the top and bottom surface. The heat transferred between two vertical
surfaces by thermal radiation can be calculated by Equation [72]:

Q̇12 =
σε1ε2A1ϕ12

1− (1− ε1)(1− ε2)ϕ12ϕ21
(T 4

1 − T 4
2 ) (4.1)

where
σ is the Stefan-Boltzmann constant,
A1, A2 are the areas,
ε1, ε2 are the emissivity constants,
ϕ12, ϕ21 are the view factors of the two surfaces. To determine the heat flux from the
segment wall to the surface of the cuboid block, the surface temperatures are required.
To obtain the correct surface temperature, the heat deposited on the surface should be
pre-determined. Therefore, the iteration between the heat flux of thermal radiation and
surface temperature is applied in the steady state calculation. First, the guessed external
heat source is added on the top meshes of the cuboid block and the bottom meshes of
the base plate. With the guessed heat source, the surface temperature can be obtained,
and the external heat source can be checked and adjusted by substituting the surface
temperature into Equation 4.1. After several iterations, the final heat deposited on the
top surface is about 1.78 kW , and the heat deposited on the bottom surface is about
3.73 kW . Hence, the thermal radiation is significant in the NACOK-II simulation.

The calculated solid temperature distribution on the symmetrical plane and the mea-
sured points are shown in Figures 4.3 and 4.4. The solid temperature profile on the top
and bottom surface shows higher values than the surrounding temperatures because of
the heating by thermal radiation, which can also be observed in the CFX simulation
[36]. In the bottom-center of the cuboid block, the temperature is lower than in the sur-
rounding meshes due to the cooling of the gas flow. The gas flows to the center meshes
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Figure 4.2: Thermal radiation of NACOK-II experiment

Figure 4.3: Solid temperature in the cen-
tral plane

Figure 4.4: Measurement points in the
cuboid block
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on top of the cuboid block because its gas pressure is lower than in the surrounding
meshes. Table 4.1 displays the comparison between the MGT-3D simulation results and
the experimental data. The maximum deviation is about 30 ◦C. At the middle-top and
the middle-middle points, the measured values are higher than the simulation results.
The reason is that probably the calculated heat transfer coefficient is too small.

Experiment (◦C) MGT-3D (◦C) ∆T (◦C)
middle-top 1167 1136.9 -30.1
middle-middle 625 594.9 -30.1
middle-bottom 614.3 619.9 5.6

Table 4.1: Comparison between the simulation results and the measured
temperatures

In this section, the NACOK-II experiment was introduced. To test the heating system
and the measurement system of the experimental facility, the ceramic block heating
experiment was conducted. The homogeneous model is applied to calculate the solid
temperature profile, and the calculation results show generally good agreement with
the measured values, which validates the application of MGT-3D to ceramic blocks.
The simulation results also prove that thermal radiation plays an important role in
the experiment. The heat exchange by thermal radiation across a long distance cannot
be solved by MGT-3D properly, but it can be solved by the equivalent external heat
source.

4.2 LOFC and DLOFC Simulation of GT-MHR

In the 1960s, the U.S. had already begun to design gas-cooled nuclear reactors. The
first example was the 3.4 MW (thermal power) nitrogen-cooled Army’s Mobile Low
Power Reactor (ML-1) with gas turbine power conversion system [75]. Later, the Peach
Bottom reactor was built [47]. It was the first high-temperature, helium-cooled reactor
in the U.S. using cylindrical fuel elements which were composed of BISO particles. The
Peach Bottom Unite 1 provides the thermal power of 115 MW and electrical power
of 40 MW . This reactor was successfully operated, which proved the technology of a
HTGR with cylinder fuel elements and coated particles. All of these concepts were used
to design the commercial Fort St. Vrain Reactor (FSVR) whose thermal power and
electrical power were 842 MW and 330 MW , respectively. In the late 1970s, the HTGR
concepts with thermal power levels up to 3800 MW were developed [73]. They used
a Prestressed Concrete Reactor Vessel (PCRV) to contain certain high pressure levels
in the primary circuit like 4.9 MPa in the FSVR. Many researches were conducted on
these large-size reactors, but they never materialized.

There are also disadvantages of the reactor with high installed power. For normal
operation, the reactor is operating at a high temperature level, which increases the
possibility of fission product release. In an accident situation, the temperature of the
reactor center can be very high due to the large scale of the reactor, which can cause the
failure of coating particles. In order to build a “simpler, safer” HTGR, the “module”
concept was developed. The first proposed design is the MHTGR with a thermal power
of 350 MW . It uses the traditional Rakine cycle. This module reactor can also be
coupled to gas turbine power conversion systems to achieve a high energy conversion
efficiency, which is the Gas Turbine Modular Helium Reactor (GT-MHR). It uses the
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direct Brayton cycle. In order to improve economic efficiency, the designed thermal
power is increased to 450 MW and subsequently to 600 MW , all of which still retain
the safety features of the MHR designs [76].

4.2.1 Description of the GT-MHR

The GT-MHR, which is fueled with weapon grade plutonium, is developed by a group
of the Russian Federation Ministry for Atomic Energy (MINATOM), General Atomics
(GA) in the United States, the French Framatome, and the Japanese Fuji Electric. The
reactor is designed to burn the surplus weapon grade plutonium with the burnup of 90%
of the initially loaded plutonium-239. The average core fuel residence time is about 840
days. It can make full use of the high enrichment plutonium which is provided by the
dismissed nuclear weapons. The installed thermal power per unit is 600 MW . It achieves
a power conversion efficiency of 47% with the direct Brayton cycle, which corresponds to
an electrical power of 286MW . It can supply the electrical power 1144MW with 4 units.
The power conversion system integrates the turbine, generator, recuperator, compressor,
intercooler, and precooler together in a steel vessel. The reactor core is contained in a
steel reactor pressure vessel, which is connected to the integrated power conversion
system with a cross vessel. The reactor pressure vessel and the power conversion system
are placed in parallel in two separated rooms. The reactor pressure vessel is cooled
by the reactor cavity cooling system to protect the integrity of reactor pressure vessel
and to remove the residual heat. The heat is transferred from the RPV to the water
cooling pipes by thermal radiation and natural convection. The module is located in
a containment that is 39 m below the ground. The containment can withstand high
pressures and retain the fission products in accident situations. The module and direct
power conversion design make the system simpler and safer.

The primary circuit is constituted with central reflector, fuel blocks, outer reflector,
reactor control system, reactor support system, core barrier, and RPV. The hexagonal
graphite blocks are placed in the center of reactor core as the central reflector. 102
columns of fuel block are annularly arranged around the central reflector. There are
10 layers of fuel blocks and consequently 1020 hexagonal fuel blocks in the core. Both
the central reflector and fuel block are replaceable. 36 operating control rods, 12 start-
up control rods, and 18 reserve shutdown channels are distributed in the inner and
outer boundary of annular cores. The replaceable outer reflector and permanent reflector
blocks are laid in the outside of the fuel rings. There are also two layers of reflector blocks
on the top and bottom of fuel blocks. The gas risers are distributed in the permanent
reflectors. A 10 cm thick region, which contains B4C between the graphite reflector
blocks and the core barrel, is used as a neutron shielding layer to prevent irradiation
damage to the RPV. The core restraint elements, which are used to provide adequate
dimensional stability during the operation of the reactor, are assembled between the core
barrel and RPV. They can also absorb the vibrations resulting from an earthquake.

Helium is used as the primary coolant in the reactor. The reactor runs at 7 MPa
during normal operation. The helium flow rate is 320 kg/s. The inlet and outlet pressure
are 7.07 MPa and 7.01 MPa, respectively. The inlet and outlet helium temperatures
are 490 ◦C and 850 ◦C. The high temperature helium flows through the cross vessel from
the hot duct of the primary circuit to the power conversion system [76]. It expands in the
turbine and drives the generator directly, and then exits the turbine at a temperature of
about 510 ◦C and 2.64 MPa. The helium, still at high temperature, flows through the
recuperator and returns part of residual thermal energy to the system. Then it enters
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into the precooler, which is used as the main heat sink for the cycle. The cool and
low-pressure helium at 26 ◦C is compressed in the intercooler and then directed into
the high pressure side of recuperator, where it is heated up with the residual thermal
energy of the turbine [79]. Then, the helium at high pressure exits the power conversion
system and reenters into the cold duct of the reactor core through the outer shell of the
annular cross vessel. In the reactor core, the helium enters into the cold plenum from
the cold duct and flows upwards through the gas risers in the permanent side reflector
to the upper plenum, which can reduce the vessel temperature during normal operation
and accidents and reduce the upper plenum metallic temperature in accidents. Then,
the helium streams into the coolant holes of the fuel blocks or the gap among the blocks
from top plenum to the bottom flow distribution blocks. Furthermore, the gas flow exits
as jets around the support posts into the lower plenum (outlet plenum). The helium is
heated when it passes through the fuel blocks. During the loss of forced coolant accident,
the natural convection between the top and lower plenum can cool down the reactor core
effectively, but the direction of the gas flow is inversed, which is from the lower plenum
to the upper plenum.

The three types of flow of the reactor core can be distinguished by their paths: the
main flow, bypass flow, and cross flow. The main flow is the flow that passes through
the coolant holes. It occupies about 90% of the total gas flow. From the diameter and
length of the coolant channels of about 1.6 cm and 8 m, respectively, a turbulent flow
is expected in such long tubes. These flow channels provide most of the primary circuit
flow resistance accounting for the main part of the pressure drop. The heat transfer
coefficient in the channels is characterized by the Nusselt number which is determined
by the Reynolds number, Re ∼= 50, 000. The bypass flow is defined as any flow that does
not pass through the coolant holes. It includes the flow through the vertical gaps between
blocks, the flow through the control rod holes and reserved shutdown system channels,
and the flow passing through the gap between fuel rod and graphite block. These flows
comprise the remaining 10% of the total gas flow. Generally, the bypass flow should be
minimized because it reduces the flow which passes the main coolant holes. However,
some part of the bypass flow is necessary to cool the control rods. The fuel rods, which
are located in the boundaries of the fuel block, also benefit from the cooling effect of the
bypass flow. Therefore, bypass flows should be optimized rather than minimized. The
cross flow is defined as the horizontal flow through gaps at block axial boundaries. It
is driven by the pressure gradients among the blocks and crosses from block to block.
Some hot blocks with a high power density may be cooled more efficiently because of the
short circuit of cross flow. Thus, it should be optimized as well. In general, the bypass
flow in the gaps between adjacent blocks can be avoided by adding some sealing devices
between the blocks.

In the annular fuel zone of the core, there are two types of hexagonal fuel blocks:
a standard fuel block, and a fuel block with control rod holes or reserved shutdown
holes. The fuel blocks use the same hexagonal shape and dimensions as in the FSVR.
The pitch of the fuel block is 36 cm, and the height of the fuel block is 80 cm. The
fuel holes and coolant holes are located in parallel in the graphite through the length
of fuel block. The fuel compacts, which are inserted in the fuel holes, are distributed
in a regular hexagonal array, and a coolant hole is located in the center of each fuel
hexagonal array. In the block-to-block contact face in the axial direction, there are four
dowel/socket connections to fix the position of fuel block and align the coolant holes.
In the center of the fuel block, there is a fuel handling hole with the depth of 26.4 cm.
It has a ledge where the fuel handling machine with a grapple can run in to install or
take out the fuel block. Generally, a standard fuel block contains 210 fuel holes with the
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diameter of 1.27 cm, 120 coolant holes with the diameter of 1.6 cm, and 6 small coolant
holes with the diameter of 1.27 cm. The other type of fuel blocks with control rod holes
or reserved shut down holes has 186 fuel holes, 86 large coolant holes, 7 small coolant
holes, and one big hole with the diameter of 13 cm for the control rod or reserved shut
down channel. The fuel block also includes 6 lumped burnable poison compacts with the
diameter of 1.25 cm and with the height of 72.14 cm in the six corners of the hexagonal
block. They are used to control the reactivity of the reactor and the burnout rate of fuel
compacts. The control rod is composed of boron carbide, and the total active length is
930 cm. The reflector blocks, which are on the top and the bottom of fuel blocks, have
the same coolant hole structure as the fuel blocks in the same column.

The GT-MHR fuel compact consists of TRISO-coated particles based on the same
principle as the coated particles of pebble fuel element. The TRISO-coated particles
fueled with plutonium dioxide and are bonded together with graphite shim particles
in a carbonaceous matrix forming a cylinder rod-shaped compact with the diameter of
1.245 cm and with the length of 4.93 cm. The packaging fraction of coated particles is
0.12978 in the graphite matrix [77]. These fuel compacts are filled into the fuel holes
in the hexagonal fuel block. The top and the bottom of the fuel holes are sealed with
graphite plugs to enclose the stacked compacts. The TRISO-coated particle is comprised
of a fuel kernel (PuO1.7), a porous carbon layer, an inner pyrolitic carbon, SiC, and outer
pyrolitic carbon layers.

There are four barriers to retain the fission products. The first barrier is the coated
particles. The fuel compact is the second barrier and it can prevent the metallic fission
product release. The primary circuit is the following barrier. The small amount of fission
products released from coated particles by diffusion will get into the coolant, and is
enclosed in the RPV. The radiation of coolant is monitored during the operation, and
the coolant is purified if necessary. All of the fission products can be retained in the
primary circuit during normal operation. If an accident happens, the containment, which
is the final barrier, can make sure that fission products will not be released into the
environment under any kind of accident scenario.

In order to protect the concrete of containment and the RPV, a water-cooled Reactor
Cavity Cooling System (RCCS) is introduced between the RPV and the wall of con-
tainment [78, 79]. It consists of a surface cooler, which includes two independent cooler
arrays, a RCCS header, a water-water heat exchanger, a quench tank, the connecting
piping, and a measurement system. The heat exchange between the RPV surface and
the air in the cavity by natural convection can remove part of the heat in the RPV and
decrease the surface temperature. Then the heat is transferred into the surface cooler by
natural convection as well. Another part of the heat is transported by thermal radiation
from the RPV surface to the surface coolers. Thus, the heat is transferred from the PRV
to the surface cooler only by natural circulation. The surface cooler is located on the
side, top and bottom of the cavity. It is cooled by water pipes, and pumps are used to
supply the water. Then the heat is taken out by an exchanger between this circuit and
another circuit, which connects with a huge heat sink.

The functions and basic requirements of RCCS include:

• The RCCS provides the shield of direct thermal radiation to the concrete wall. It
can prevent the directly heating of concrete wall.

• The RCCS must remove all wasted heat during normal operation to ensure that
the RPV and concrete temperature do not exceed the limits. The designed tem-
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perature of the RPV and the concrete wall of containment are 490 ◦C and 80 ◦C
respectively in normal operation.

• The RCCS must remove all of the residual heat during all of the designed accidents
(e.g LOFC, DLOFC). The designed temperature of the RPV and the concrete wall
of the containment are 540 ◦C and 100 ◦C respectively in accident scenarios.

• The RCCS uses water as coolant in both the first circuit and the circuit which
connects with the heat sink outside, and they work at atmospheric pressure. Basi-
cally, the water temperature should not exceed 100 ◦C, or the water will evaporate
and reduce its cooling ability.

• If the water in first circuit of RCCS evaporates, it will supply the heat sink for
the cooling system. It should be guaranteed that emergency cooling function is
maintainable without intervention for at least 48 hours in accidents.

The GT-MHR design simplifies the system into four main parts: primary circuit,
power conversion unit, RCCS, and containment. The high integration design reduces
the complexities of conventional reactor systems and makes the reactor simpler, smaller,
safer, and more efficient. It keeps the inherent safety characteristics of HTGR that the
reactor can be shut down by itself when temperature rises. The reactor has very slow
transient responses by using lots of graphite in the core and reflector. Several barriers can
retain the fission production effectively. The annular fuel assembly design of the core can
reduce the center temperature’s peaking. The fuel blocks are surrounded by a graphite
reflector, which can make full use of the neutrons, flatten the thermal neutron flux, and
therefore reduce the power’s peaking. The high conductivity of graphite guarantees that
the heat can be transported out of the core rapidly in accident scenarios. The reactor has
a height of more than 25 m. It enhances the natural convection in the cavity of RCCS.
So that the reactor pressure vessel can be cooled down efficiently in normal operation
and accident scenarios.

The CRP-3 benchmark, which was organized by IAEA, is chosen to verify MGT-3D.
There are three phases in the benchmark problems:

• Steady state: The reactor is at normal operation with inlet helium temperature
490 ◦C and outlet helium temperature 850 ◦C. Heat balance is achieved in the
reactor core. The surface cooler panels with water cooling are operational to guar-
antee that the vessel temperature limitations are not exceeded.

• LOFC accident: The accident starts from the steady state. The blowers of the
reactor are stuck, and the coolant stops flowing in a short time interval. At the
same time, the reactor is shut down with the reserved shutdown system. The
pressure of the primary circuit remains in the initial pressure. Heat transfers out
by natural convection, conduction, and radiation. The RCCS works to cool the
RPV and containment concrete wall as designed. The object is to predict the
maximum temperature, fuel temperature distribution, vessel temperature, heat
transfer mechanism.

• DLOFC accident: As the LOFC accident, it starts from steady state. The reactor
loses the coolant and is depressurized rapidly. The pressure is equivalent to atmo-
spheric pressure. It is accompanied by a scram as well. The RCCS works, and the
concrete wall temperature remains at 65 ◦C. The object is to research whether
the residual heat can be removed, and whether the designed fuel temperatures are
exceeded in the extreme accident.

82



Chapter 4 Validation and Application

4.2.2 Simulation Model

Figure 4.5: Simulation geometry of GT-MHR

The GT-MHR benchmark problems treated in the IAEA CRP-3 project were a code to
code comparison [79]. The participating countries used different approaches and different
codes to do the fluid mechanics simulation, and the comparisons between the simulation
results were presented in reference [81]. The suggested 2D model [78] is used in the
MGT-3D simulation as well. Then the calculation results of MGT-3D and the Russian’s
code GTAS are compared.

The simulation geometry with material sharing which is identified by different color is
shown in Figure 4.5. It is a two dimensional, cylindrically symmetric model with 28(R)×
32(Z) meshes. The model includes the primary circuit and the RCCS. It simulates the
fluid mechanics of the primary circuit with a homogeneous model, and uses a given heat
source. The hexagonal annular core can not be simulated with a two-dimension model,
but it can be approximated by an equivalent circular annular core with an inner radius
of 1.485 m and an outer radius of 2.455 m. The thermal conductivity of the fuel block is
homogenized, and it is anisotropic in the radial direction and the axial direction [2]. The
flow path is homogenized in R/Z direction in a cylinder coordinate system, and defined
as bundles of one-dimensional flow tubes with a diameter of 1.6 cm and a homogenized
void factor of 0.216. The heat exchange between solid and gas by convection is considered
by defining a convective heat source. The heat source of the reactor core is homogenized
in the solid phase of the block instead of specified in the fuel compacts. The reflector
blocks above and below the fuel blocks share the same thermal parameters.

The thermal properties of other parts, which include the central reflector, outer re-
flector, permanent side reflector, thermal shield, core barrel, and reactor pressure vessel,
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were specified and agreed upon by the CRP partners. In order to simulate the bypass
flow in the central reflector and outer reflector, some one-dimension flow tubes with a
small diameter are assumed in these blocks. The shape of the gap can not be determined
in detail, but this approximation method can be used by adjusting the diameter of these
small flow tubes, the flow resistance, and the void factor of reflector blocks. The fraction
of bypass flow which passes through the reflector block can be used as the criterion to
adjust these parameters. Nevertheless, this method can only simulate the vertical bypass
flow, while the cross bypass flow is neglected. The impact of the gap on homogeneous
conductivity is not considered as well. However, the specific heats of these blocks are
multiplied by the solid factor.

The holes for reserved shutdown rods and control rods are dispersed in the inner
and outer circuit of fuel columns. In the simulation model, these holes are concentrated
in two circular annular meshes, which are defined as flow meshes. The void factor is
calculated according to the ratio of total holes’ area to the circular annular meshes’
area. The gas risers are treated with the same method.

The restrain system between core barrel and RPV is simulated by a gap mesh. The
gas does not flow in this mesh. It can be considered as a solid mesh with the conductivity
and specific heat of the gas, and it is transparent for thermal radiation. The gas inlet
and outlet are arranged in meshes of the cold plenum and hot plenum, respectively. The
top cap and bottom catcher are designed in a semi-spherical shape, which can not be
described in a two dimension model. They are represented by two cylinder cavities.

For the reactor cavity cooling system, the structure of the cooling pipes is not simu-
lated in detail. The concrete wall is set as the boundary, and the boundary temperature
is fixed at 65 ◦C. The convective heat transfer in the cavity is simulated by an effective
thermal conductivity. The radiative heat transfer from the RPV to the concrete wall is
simulated, and their emissivities are equal to 0.8.

For the steady state, the power density, which was given as input to the CRP partners,
is shown in Figure 4.6. The gas streams into the inlet with 490 ◦C and 318 kg/s, and
the outlet temperature is 850 ◦C. The simulation starts from arbitrary initial condition
and the thermal equilibrium is achieved after several iterations.

The LOFC accident starts from the thermal equilibrium in normal operation. The
coolant rate decreases from 318 kg/s to 0 linearly in 10 seconds, which is quite a short
time interval. The pressure of coolant stays at 70 bar. The accident is accompanied
by a scram of the reactor. The reactor is assumed to be shut down immediately, and
the power decreases exponentially. It is also assumed that the power decreases in the
same ratio everywhere. The power histogram relative to the initial power is presented
in Figure 4.7.

The initial condition of the DLOFC accident is the equilibrium core in normal opera-
tion. The coolant flow is cut down in 0.1 s, and the reactor is depressurized in the same
time, which means that the pressure of the primary circuit is 1 bar. In the simulation,
the special command “NKNV” is used. With this option, all calculations involving gas,
e.g gas flow, gas diffusion, gas temperature, and convective heat transfer, are omitted.
The reactor is shut down with beginning of the LOFC accident scenario, and the same
heat source which is shown in Figure 4.7 is used during the simulation.

84



Chapter 4 Validation and Application

Figure 4.6: Given power density of GT-MHR as specified in the CRP-3 benchmark

Figure 4.7: Relative power histogram of LOFC and DLOFC accidents
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4.2.3 Simulation Result

LOFC

The solid temperature distributions calculated with MGT-3D at 0 h, 20 h, 50 h, and
100 h of the LOFC accident are displayed in Figures 4.8 and 4.9. During normal opera-
tion, the coolant goes from the top to the bottom of the reactor core, where the forced
convection dominates. The top of the reactor is cooled down effectively by convection,
and the coolant is heated along the flow path. Consequently, the bottom of core is hotter
than the top, although power density on the top is higher than that at the bottom. With
the bypass flow in the reflector blocks, the central and side reflectors are also cooled.
There is no heat source in these zones. Therefore, there is a temperature jump at the
inside and outside edges of the active core. The temperature is much lower in the reflec-
tor zones. It proves the importance of a bypass flow in cooling the control rods located
in the reflector blocks.

After the accident, the gas flow is terminated. Without cooling, the heat is mainly
transferred out by conduction and radiation, even though there is natural convection.
The flow direction of natural convection is from bottom to top, which is inverse to the
initial forced flow direction. Additionally, the zone with highest power density is in the
center of the reactor. Therefore, the hot center of reactor shifts from the bottom to the
top center of the reactor. Figures 4.8 and 4.9 also show that the hot zone spreads from
one part of the core to the whole core and the reflector zone. This process takes 100
hours at least, which proves that the large amount of graphite in the core and reflector
can store a large amount of heat and prevents fast temperature rising. The maximum
temperature over time is presented in Figure 4.10. It can be seen that the temperature
increases in the beginning because of the reduced flow, and decreases later because of
the reduction of the heat source. The peak value of 1376 ◦C appears at about 60 hours.
It is sufficiently low for the coated particles not to lose their containment function for
fission products.

The transient vessel temperature of the middle plane is displayed in Figure 4.11. The
vessel temperature decreases at first because the reactor power decreases, and the reactor
core has not been heated up. Then, the temperature increases due to the heating up
of the reactor core. The maximum vessel temperature is about 420 ◦C, far below the
design limit.

The comparison between MGT-3D and Russian code GTAS is presented in Figures
4.12 and 4.13. Both of the presented zones are located in the reactor fuel zone. These
two simulation results fit very well during normal operation and at the beginning of the
accident. Large differences appear after 50 hours. Differences are small in the RPV, core
barrel, and side reflector part. The radial solid temperature distribution (see Fig. 4.12)
shows that simulated solid temperature of GTAS is higher than the results of MGT-3D
in the fuel zone and in the central reflector. The axial solid temperature distribution (see
Fig. 4.13) shows that the result of GTAS is lower on the top and higher on the bottom
than the result of MGT-3D. One reason that causes these differences is the different
simulation approach to natural convection. These two codes use different equations to
calculate the flow resistance friction factor. For GTAS, the correlation for friction is
calculated by the following Equations [79]:

{

ξ = 64
Re

laminar flow
ξ = 0.316

Re0.25
turbulent region

(4.2)
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Figure 4.8: Simulated solid temperature distributions of the LOFC accident at 0 h
and 20 h
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Figure 4.9: Simulated solid temperature distributions of the LOFC accident at
50 h and 100 h
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Figure 4.10: Transient maximum solid temperature of the LOFC accident

Figure 4.11: Transient vessel temperature of the LOFC accident in the middle
plane
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In MGT-3D, the resistance friction factor is determined by the following equations:















ξ = 64
Re

for Re ≤ 2320

ξ = 64
Re

+ 0.3164
Re0.25

(Re−2320)
8000−2320 for 2320 ≤ Re ≤ 8000

ξ = 64
Re

+ 0.3164
Re0.25

for 8000 ≤ Re ≤ 105

ξ = 64
Re

+ 0.0054 + 0.3964
Re0.3

for Re > 105

(4.3)

Another reason is the different pressure condition used in these two simulations. In the
MGT-3D simulation for LOFC, the pressure is assumed to be unchanged during the
process. In fact, if the blower is tripped and the pressure is not released during the
accident, the pressure will rise because of the increasing temperature. A pressure of
50 bar is used in other simulation [81]. The temperature difference of LOFC accident
with different pressure of primary circuit at 100 hours is presented in Figure 4.14. The
simulation results in a pressure of 70 bar as the reference in this comparison. It can be
seen that with 50 bar the solid temperature is about 80 ◦C higher than with 70 bar,
which is equal to the difference between GTAS simulation and MGT-3D simulation.
If this difference is added to the MGT-3D simulation with 70 bar, the results fit very
well. In the plane R = 172 cm, the solid temperature of the top part with 50 bar is
about 50 ◦C lower than that with 70 bar. Therefore, the difference in Figure 4.13 in
long transient can also be partly explained.

Furthermore, Figure 4.12 shows that the calculation results of the two codes on RPV
temperatures fit very well during the accident. Thus, the method to use an effective
conductivity to represent the convection in the gap zone works very well.

Figure 4.12: Comparison between MGT-3D and GTAS in the middle plane of the
reactor core in the LOFC accident

DLOFC

The solid temperatures of DLOFC accident at 0 h, 20 h, 50 h and 100 h are displayed
in Figures 4.15 and 4.16. The temperature increases in the same manner as the LOFC
accident. There are also some differences. For example, the hottest part is not in the top
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Figure 4.13: Comparison between MGT-3D and GTAS on radius of 1.72 m in the
LOFC accident

Figure 4.14: Comparison of MGT-3D simulation between 50 bar and 70 bar of the
LOFC accident at 100h
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center of the core, but in the center of the core. The reason is that the flow direction of
natural convection is from bottom to top. The hot gas causes the top part of the core
to be hot as well. But in the DLOFC accident, as mentioned above, the calculations
were conducted with all the gas flow calculation disregarded. The heat is removed by
thermal radiation and conduction. The hottest zone arises at the position with highest
power density, which is in the central plane of the reactor core.

The maximum temperature evolution is presented in Figure 4.17. The peak value is
1535 ◦C after 70 hours, which is about 159 ◦C higher than the maximum temperature
of the LOFC accident. It is still below the limitation of the HTR design. It also confirms
that the reactor core can not be cooled effectively without natural convection.

The transient vessel temperature of the middle plane of the reactor is displayed in
Figure 4.17. It decreases first and then increases, similar to the LOFC accident. However,
the maximum value, which is about 448 ◦C, is higher than the value in the LOFC
accident.

Figures 4.18 and 4.19 show that MGT-3D and GTAS simulation results on DLOFC
accident fit very well both in short term transient and long term transient. In general,
the differences are in the range of 50◦C. The simulation results of MGT-3D are generally
higher than the simulation results of GTAS. The reason is that all of the gas calculations
are neglected in MGT-3D simulation. In fact, the natural convection also exists although
it does not dominate in the reactor core. The simulations of both LOFC and DLOFC
accidents show that the temperature does not change significantly after 70 hours.

Parameter Variations

Several parameter variations of the DLOFC accident were studied as well to investigate
the parameters sensitivity of the model. They include decreasing the effective radiation
emission constant of the gap between core barrel and RPV, increasing the decay power,
and decreasing the thermal conductivity of reactor core and reflector. These variations
have an impact on the maximum solid temperature and vessel temperature. The results
are presented in Figures 4.20 and 4.21.

With a decrease of the thermal conductivity of the reactor core and reflector by 20%,
the peak value of maximum temperature increases to 1637 ◦C, about 100 ◦C higher than
the reference value. Because the heat is transported mainly out of the core by conduction,
the temperature rises significantly with decreasing conductivity. Also, the peak appears
several hours later than with default thermal conductivity. This is because the decreasing
conductivity makes the thermal relaxation time increasing. With the decrease of the
thermal conductivity of the reactor core and reflector, the vessel temperature does not
change significantly.

With an increase of power density by 10%, the peak value is about 1662 ◦C, which
is 127 ◦C higher than the reference value. The maximum temperature is very sensitive
to the power density. In the scram scenario, the decay heat is the only heat source.
According to Equation 2.16, the decay power is proportional to the initial reactor power.
Thus, the power density can not be too high for HTGR. Otherwise, the temperature
will exceed the temperature limitation. Additionally, the maximum vessel temperature
increases to 466 ◦C.

There are many gaps and air cavities in the reactor, e.g. gaps between the blocks, the
gap between the core barrel and RPV, the top plenum, the bottom plenum, the cavity
between the RPV and RCCS. The thermal conductivity is very low in these areas, and
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Figure 4.15: Simulated solid temperature distributions of the DLOFC accident at
0 h and 20 h
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Figure 4.16: Simulated solid temperature distributions of the DLOFC accident at
50 h and 100 h
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Figure 4.17: Transient maximum solid temperature and vessel temperature of the
DLOFC accident

Figure 4.18: Comparison between MGT-3D and GTAS in the middle plane of the
reactor core in the DLOFC accident

95



Chapter 4 Validation and Application

Figure 4.19: Comparison between MGT-3D and GTAS at a radius of 1.72 m in
DLOFC accident

the heat is transferred mainly by thermal radiation and natural convection in accident
scenarios. The heat flux of radiation is calculated by the Stefan-Boltzmann law:

j = εσT 4 (4.4)

where j is the heat flux per area, ε is emissivity, and σ is Stefan-Boltzmann constant.
It can be concluded that the thermal radiation heat flux is proportional to T 4, which
means that it will dominate in the cavity with a high temperature zone (T > 800 ◦C).
The gap between the core barrel and RPV is chosen to investigate the affect of thermal
radiation on core temperature. In MGT-3D, the effective radiation emission constant of
the cylindrical annular gap is determined by Equation [2]:

REPS =
1

1
ε1

+ F1

F2
( 1
ε2

− 1)
(4.5)

where ε1, ε2 and F1, F2 are the emissivities and areas of the two surfaces. By decreas-
ing the emissivity from 0.8 to 0.46, the effective radiation emission constant is reduced
from 0.67 to 0.3. The peak value of the time-dependent maximum temperature is about
1591 ◦C, which is 54 ◦C higher than the reference value. The vessel temperature de-
creases with the decrease of emissivity because less heat transfers from the barrel to the
RPV by radiation.

4.3 LOFC Simulation of the HTTR

The Committee on the Safety of Nuclear Installations (CSNI) of OECD/NEA estab-
lished a Task Group on Advanced Reactor Experimental Facilities (TAREF) to provide
an overview of facilities suitable for carrying out safety research on gas-cooled and sodi-
um fast reactors in 2007. This group compiles questionnaires regarding facilities that can
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Figure 4.20: Sensitivity studies of maximum solid temperature

Figure 4.21: Sensitivity studies of vessel temperature
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be used to do experimental studies, develops and inspects the phenomenon identification
and ranking tables (PIRT) as well as questionnaire responses, and makes suggestions to
the CSNI for the facility operation which is related to reactor safety aspects. The High-
Temperature Engineering Test Reactor (HTTR), which was built by Japan Atomic En-
ergy Agency (JAEA), is the only running HTGR facility in OECD countries. Therefore,
it is a very good tool to investigate the safety aspects identified in TAREF. The group
proposed a project to study the technical capabilities of HTTR on the safety issues and
to help the member countries in maintaining and further developing the scientific and
technical knowledge of HTGRs and in validating corresponding analysis tools. HTGR
is chosen as one of the candidates of generation IV reactors because of its particular
safety character. The proposed studying topic is the loss of forced coolant accident in
a pressurized primary circuit and without scram. It is important to examine whether
the power level decreases and the maximum fuel temperature exceeds the limitation. A
first experiment was conducted by JAEA in 2010, and the results were distributed to
the participating countries that are the Czech Republic, France, Germany, Hungary, the
Republic of Korea, Japan, and the USA. Another two experiments are still planned and
expected to be finished as soon as possible.

4.3.1 Introduction of HTTR and LOFC Benchmark

Description of the HTTR

The HTTR had been built from 1991 to 1996 and achieved the first criticality in
November 1998, with full power operation starting in 2001. It was licensed as a research
reactor on March 6th, 2002. HTTR is a helium cooled and graphite moderated high
temperature reactor with designed thermal power of 30 MW . The core diameter is
290 cm, and the power density is about 2.5 MW/m3. The primary coolant pressure
is 4 MPa, and the inlet gas temperature is 395 ◦C. The outlet helium temperature
is 850 ◦C in nominal running phase and achieves 950 ◦C in high temperature running
phase. It uses the prismatic fuel block which is fueled with low enriched uranium dioxide
with enrichment levels from 3% to 10%.

The HTTR applies a double containment concept, which consists of reactor contain-
ment vessel (C/V) and reactor pressure vessel. The containment vessel, with 18.5 m in
diameter and 30 m in height, is made of steel and is located in the center of the reactor
building. The RPV, Secondary Pressurized Water Cooler (SPWC), helium circulators,
Intermediate Heat Exchanger (IHX), and Primary Pressurized Water Cooler (PPWC)
are integrated in the containment vessel. With this design, the containment vessel be-
haves as one of the multiple barriers against fission product release in normal operation
and accident scenarios. It can also prevent air ingress from the environment if the pipes
or the vessel of primary circuit is ruptured.

Reactor Pressure Vessel

The reactor pressure vessel, which is made of Cr-Mo steel, is fabricated as a shape
of vertical cylinder with hemispherical top and bottom head closures. The stand pipes
are located in the top heat closures (see Fig. 4.22). They include control rods, reserved
shutdown rods, and irradiation stand pipes. There is a thermal shield layer inside the
top RPV to protect the closures and RPV from overheating by rising gas in LOFC or
DLOFC accident. The height of cylinder part of RPV is 7.67 m. The diameters of top
and bottom hemispherical plenum are all 5.5 m, which is also equal to the diameter of
the cylinder part. The total height of the RPV is 13.22 m.
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Figure 4.22: Vertical view of the HTTR [82]
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Core Configuration

Considering the advantage of flattening the neutron flux, decreasing the center tem-
perature of the reactor core, inherent safety characteristics for loss of forced coolant
accidents, and so on, the reactor core uses the typical annular assemble design as well
[83, 84, 85]. The position of the core is identified by naming of column in horizontal
direction and by naming of layer in vertical direction. The reactor core consists of fu-
el columns, control rod guide columns, irradiation columns, and replaceable reflector
columns (see Fig. 4.23). They are made of hexagonal graphite blocks like GT-MHR.
Two types of fuel blocks, which have 12 columns of 33 fuel rods and 18 columns of 31
fuel rods, are placed in the core in an hexagonal annular shape. The fuel blocks with 33
fuel rods are arranged in the central and middle annular ring and the fuel blocks with
31 fuel rods are arranged in the outer annular ring. There are 5 layers of fuel blocks. As
a result, 150 fuel blocks are loaded in the reactor. The active core, which is 290 cm in
height and 230 cm in effective diameter, consists of 30 fuel columns that are grouped
concentrically into 4 fuel zones and 7 control rod guide columns. One control rod guide
column is located in the center of the core, and another six columns are placed in the
middle annular ring with an arrangement of separated by fuel columns. It is occupied
by 12 replaceable reflector columns, 9 control rod columns, and 3 irradiation columns
in the outermost ring.

Figure 4.23: Horizontal cross sections of the HTTR [82]

The fuel blocks with 33 and 31 fuel pin holes are presented in Figures 4.24 and 4.25.
The fuel block is a prismatic hexagonal block that is made of IG-110 graphite. The
height of the block is 58 cm, and the across flat in width is 36 cm. The diameter of the
coolant hole is 4.1 cm. The hole is reserved for inserting the fuel pins. The center-to-
center distance of adjacent holes is 5.15 cm. In the top-center of the block, there is a fuel
handling hole. The fuel handling hole is shaped as an inverted truncated cone on the
top to guiding the fuel-handling machine. It forms a ledge for the grapple head to stand
against in the bottom cavity to lift the fuel block during shuffling. It has three dowel pins
on the top and three dowel sockets on the bottom. Under each of the unscrewable dowel
pins, there is a hole with diameter of 1.5 cm and 50 cm in height for burnable poison rod.
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Figure 4.24: Fuel block with 33 pin holes
[82]

Figure 4.25: Fuel block with 31 pin holes
[82]

The dowel pins are inserted in the down sockets of the top block to fix the position of
the fuel block, seal the burnable poison holes, and align the cooling holes. The burnable
poison rod is fabricated from graphite and boron carbon (B4C) and its diameter is about
1.4 cm. Normally, two burnable poison rods are used in reactor operation.

There are replaceable graphite blocks with coolant holes located on the top and the
bottom of fuel blocks. They are used to reflect the neutrons back to the reactor core to
make full use of the neutron flux, to avoid the high power peak and to protect the RPV
systems from neutron irradiation. The replaceable reflector block of 1st, 2nd, and 8th
layers in the 33 pin column and the 31 pin column are presented in Figures 4.26 and
4.27 respectively. They have the same hexagonal shape and dimension as the regular fuel
blocks. The coolant holes of reflector block are aligned with the contacted fuel blocks.
The diameter of the coolant hole of replaceable reflector block is chosen as 2.3 cm with
which its cross sectional area is equal to the cross sectional area of annular flow path of
fuel block. Therefore, the flow velocities and gas densities are the same in the aligned
flow path.

The envelope dimensions of the control rod guide blocks are the same as the graphite
blocks, and they are made of graphite of the same type. They also have the same handling
structure and dowel/socket structure. Each control rod guide block has three holes with
diameter of 12.3 cm: two for control rod insertion and another one for the emergency
reserved shutdown rod [86]. There are in total 16 pairs of control rods and 16 reserved
shutdown rods. The control rods are made of B4C/C pellets and metal spine. Each
control rod has a length of 309.4 cm. The control rods can penetrate until the 7th layer,
which is one block below the bottom fuel block. The blocks of 9th layer do not have
control rod guide holes. The control rods are installed to control the reactivity during
normal operation and to shut down the reactor reliably and safely in all of the designed
accidents. They are designed to be fail-in-safe. They are driven by AC motors in normal
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Figure 4.26: 1th, 2nd and 8th layers
reflector block in 33 pin
column

Figure 4.27: 1th, 2nd and 8th layers
reflector block in 31 pin
column
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case and can drop down by gravity if the driven system does not work. The reserved
shutdown system is composed of cylindrical B4C/C pellets, hoppers that surround the
pellets, driving mechanisms, an electric plug, and a guide tube. If the control rods can
not be inserted into the reactor in the accident, the electric plug will be pulled out,
and the pellets will fall down through the guide tube by gravity. They are designed to
hold the reactor below the criticality in emergency cases. The guide holes for reserved
shutdown rod are sealed in the bottom of the 7th layer.

Fuel Rod and Coated Particle

The HTTR fuel block uses pin-in-block design [88]. It is shown in Figure 4.28. The
fuel rod consists of fuel compacts graphite sleeves, plugs and spacers. Each fuel rod is
filled with 14 fuel compacts. They are stacked together and sealed in the graphite sleeve
with graphite plugs. The fuel rod is inserted in the coolant holes. It has several spacers
out of the graphite sleeves to support the fuel rod. The spacers are designed to make
sure that the fuel rod is located in the center of the coolant hole. With the support of
the spacers, it forms an annular gap between the fuel rod and the graphite block. The
helium flows in the annular gap to transport the fission heat out. In the fuel compact,
coated particles are homogeneously mixed with graphite. The fuel compact is shaped as
a hollow cylinder with a 1 cm inner diameter, a 2.6 cm in outer diameter, and a 3.9 cm
height. The center hole is filled with helium, which is sealed in the graphite sleeve to
be stagnant. Each fuel compact contains about 13000 TRISO-coated particles, which
have the same structure as the coated particles of pebble bed HTGR. The center of
the coated particle is a dioxide uranium fuel kernel with as average enrichment of 6%.
The fuel kernel is coated with porous carbon, inner PyC, SiC, outer PyC from inside to
outside. The coated particle, fuel compact, and graphite sleeve can retain both metallic
and gaseous fission products in a large temperature range.

Figure 4.28: The fuel rod structure of HTTR [82]

Permanent Reflector and Neutron Shielding Block

The core components are surrounded by a permanent reflector that is fabricated from
grade PGX graphite in radial direction. The permanent reflector consists of 12 circum-
ferential segments in 8 axial layers [87]. The shape of the permanent reflector block is
a large polygonal graphite block. The width across the horizontal cross section of the
core, including the permanent reflector blocks, is 425 cm as shown in Figure 4.22. There
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are some holes in the permanent reflector blocks for irradiation tests, temperature mea-
surements, and neutron flux detectors. The permanent reflector blocks are surrounded
by side shielding blocks that consist of B4C/C and casing of SUS316.

Restraint System

The core restraint mechanism is installed outside the side shielding blocks to stress
the reactor core, to supply a stable support during normal operation and seismic events,
and to provide enough space for the coolant flow between RPV and permanent reflector.
The stress from the restraint mechanism is transferred from the side shielding block and
permanent reflector blocks to the reactor core. Thus, it can stress the reactor core to
reduce the bypass gaps among the blocks. The restraint mechanism consists of restraint
bands, bands support, restraint rings, and radial keys. The restraint bands can reduce
approximately 60% of the restraint force by the relaxation of the material at the end
of the plant life [87]. The restraint mechanism is connected with the RPV by the keys
on it. The RPV is made of 2.25Cr − 1Mo steel. The inner diameter is 550 cm and the
thickness of the RPV wall is 12.2 cm.

Two layers of graphite reflector blocks are placed on the top and bottom of the fuel
and replaceable reflector columns. In total, there are 9 layers except the top shielding
blocks. They are identified by 1st to 9th layer from top to bottom. In the fuel columns,
the blocks with a height of 58 cm are stacked together. The fuel blocks are arranged from
the 3rd to 7th layers. The total height of the active core is 290 cm. The 1st, 2nd, 8th,
and 9th layers are reflector blocks with the same height of 58 cm. There is a shielding
block with a height of 30 cm on the top of the 1st reflector block. Therefore, the height
of a fuel column is 552 cm. In the control rod guide columns and replaceable reflector
columns, the highest block is also the shielding block with a height of 30 cm. The lowest
(9th) block is 48 cm high. Therefore, the total height of a control rod guide column or
a replaceable reflector column is 542 cm.

Top Plenum and Bottom Support Structure

There is a hemispherical cavity on the top of the shielding block, which is reserved
space for the control rod, shutdown rod, and measurement devices. The top hemispher-
ical cover of the RPV is screwed together with the cylinder body. It can also be opened
to shuffle the fuels. A thermal shield, which is constructed of 10 or 4 layers of stainless
steel plates, adheres to the inside surface of top RPV to prevent its overheating.

The reactor bottom internals are comprised of a hot plenum block, support post, lower
plenum block, carbon block, bottom block, support plate, and core support grid. The
details are shown in Figure 4.29. The support plate and core support grid are made
of metallic material, and the others are fabricated from IG-110 graphite, ASR-ORB,
and PGX graphite, which have excellent erosion resistance and thermal properties. The
geometry of these structures is as follows:

• Hot plenum block: There are 7 hot plenum blocks, which consist of seal blocks
on the top and key connection blocks on the bottom. Each seal block is 23 cm
in height and 95 cm in width across flats, and has 7 flow holes. The connection
blocks with a height of 67 cm have the same across flat as the seal block. Each of
them has only one flow hole.

• Support post: These hot plenum blocks are supported by a post with a diameter
of 15 cm and a height of 60 cm. The support structure forms a big cavity where
the hot coolant meets together.
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• Lower plenum block: The supports post stands on seven lower plenum blocks made
of PGX graphite. The height is 35 cm, and the across flat is about 95 cm. The
central one has one flow tube. The off-center coolant block has also one flow tube,
but with different diameter with the former one, which is reserved for the auxiliary
coolant. The other five blocks are solid without any coolant flow hole in them.

• Carbon block: There are seven columns and two layers of carbon block with a
total height of 60 cm. The width across flats of each block is 95 cm as well. These
blocks are made of the material ASR-ORB. They have the same structure as the
lower plenum block, and their coolants holes are aligned with the coolant holes of
lower plenum blocks.

• Bottom block: The bottom blocks are arranged in the same way as the carbon
block. The height of bottom block is 20 cm. They are fabricated from PGX
graphite.

Figure 4.29: The bottom intervals of HTTR [87]

• Support plate and core support grid: They are made of metallic material. The
support plate supplies the reactor core with the basic foundation surface. Its
thickness is about 9 cm, and its radius is about 485 cm. The support plate is
separated from the support grid by steel support posts. Therefore, there is a gap
with height of 9 cm between the support plate and the support grid. The forced
coolant is guided to flow through this gap to cool down the support plate and
support grid in normal operation. The total weight of the reactor core stands on
the support plate, and then it is transferred to the hemispherical bottom RPV
head closure through the support ribs.

The bottom internals play a role of insulating the reactor core from the RPV, mixing
the coolant flow, guiding the coolant to the outlet, and providing the stable foundation
for the reactor core in both normal situations and in earthquake.
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Reactor Cooling System

There are two cooling systems to remove the heat from the primary circuit [88, 82]:
the main cooling system (MCS) and auxiliary cooling system (ACS). The details are
shown in Figure 4.30. The MCS consists of a primary helium cooling system (PHCS),
a secondary helium/pressurized water cooling system (PWCS), a secondary helium/he-
lium cooling system (SHCS), and the pressurized water air cooler. In the PHCS, there
are two primary gas circulators (PGC) to blow the coolant into the reactor, and the
coolant flows through the core and exits from the hot gas duct. In the PWCS, the heat
transfers from the hot gas into the cooling water in the primary pressurized water cooler
(PPWC), and then the heat is transported out of the system in the pressurized water air
cooler to the environment. In the SHCS, the heat exchanges between the primary helium
circuit and secondary helium circuit, which is driven by a secondary gas circulator in the
intermediate heat exchanger (IHX). The SHCS includes a secondary pressurized water
cooler (SPWC). The water is pumped into the SPWC by a pressurized water pump. At
last, the heat is taken away by the pressurized water air cooler and released into the
environment. The SHCS shares the pressurized water air cooler with the PWCS. The
pressure of secondary helium of SHCS is set to be always about 0.1 MPa higher than
the primary circuit in normal operation [82]. It guarantees that there are no leakages of
radioactive materials from the primary circuit to the secondary circuit. The pressure of
the water loops is about 3.5 MPa, which is lower than that in both of the helium loops.
It can prevent water ingress into the helium loops and then into the reactor core in the
accident when the cooling pipes of SPWC and PPWC break.

The reactor is operated at 4.0 MPa during full power operation. The cold helium
is blown into the reactor through the outer annulus of the concentric flow tube which
is located in the bottom center of RPV. It passes through the empty space under the
metallic core support plate, to make sure that the support plate is cooled effectively.
The empty space is connected with the restraint system. Therefore, the flow rises up
from the restraint system to the top cold plenum. The mixed coolant is redistributed
into the coolant hole of the fuel block, where it is heated by fission energy. The hot
helium, which is from a different flow path, is ejected into the mixing promoter. Then
it flows down to the inner tube of the concentric flow tube, which is connected to the
heat exchanger.

The MCS has two operational modes: one is the parallel loaded operation mode in
which both PWCS and SHCS are operated, the other one is the single loaded operation
mode in which only the PWCS works. If the reactor runs at the full power of 30 MW
and in the parallel loaded operation mode, the PWCS will remove about 20 MW of the
total power, and SHCS will remove about 10 MW . The reactor is cooled only by the
PWCS during the single loaded operation.

The ACS is constituted of the auxiliary heat exchanger (AHX), auxiliary gas circulator
(AGC), auxiliary water air cooler, and auxiliary water pump. The water is pumped into
the AHX by the auxiliary water pump. The hot helium, which is from the reactor core,
is cooled down by the water in the AHX. The heat of the water is dissipated to the
atmosphere in the auxiliary water air cooler. The heat transfer capacity of the ACS is
about 3.5 MW . The helium is blown into the reactor core with a mass flow rate of about
200 kg/h in normal operation. In the ACS, the helium passes through a primary helium
purification system, in order to remove impurities contained in the reactor coolant. The
auxiliary cooling system starts automatically in an accident to remove the residual heat.
Although the residual heat of the core can be removed out of the RPV by the vessel
cooling system, the ACS reacts quicker than the vessel cooling system.
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Figure 4.30: The cooling system of HTTR [88]

Vessel Cooling System

The vessel cooling system (VCS) is designed to protect the RPV and biological shield-
ing concrete wall against thermal damage in normal operation and accident scenarios.
It consists of cooling panels and cooling water circulation. There are two independent
complete sets, which are an engineered safety feature with redundancy. The cooling pan-
els with cooling tubes in them are installed on the top, bottom, and side of the RPV.
The flow rates of the cooling water of the side panel, the top panel, and the bottom
panel are 72 ton/h, 6.5 ton/h, and 6.5 ton/h respectively. The total flow rate of the
cooling water is about 85 ton/h in each VCS set. The cooling panels are located in
front of the concrete wall, which can protect the wall from directly heating by thermal
radiation. The amount of the heat removal can be adjusted by controlling the water flow
rate in the cooling tubes. The designed removal power of the VCS is 0.6 MW . If the
outlet gas temperature of 950 ◦C is gained, the removal power should be adjusted to be
less than 0.6 MW during normal operation. The removal power of the VCS should be
more than 0.3 MW to avoid that the temperature of the reactor core and RPV exceeds
limitations.

LOFC Test Description

In order to investigate the safety characteristics in support of the licensing of HTGR
and to validate the current code simulation ability and model precision, several experi-
ments of loss of forced cooling accident are proposed to be done in HTTR. The project
is devised to provide detailed experimental data for the reactor safety research of the
participating countries and to prove the safety characteristics of HTTR. The LOFC ac-
cident is an integrated large scale test. The reactor performance under this accidental
condition is investigated in the experimental test [89]. In the project, JAEA plans to
conduct three runs of LOFC without scram experiments. During the LOFC transient,
the reactor power is monitored to measure the re-criticality time and re-criticality power
level. It involves the reactor kinetics, core physics, and fluid mechanics. Thus, it is one
of the most important safety aspects of the reactor. At the same time, the temperature
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evolution during the transient is recorded as well. The performance of the reactor cav-
ity cooling system, which is an important system to protect the RPV and remove the
residual heat in HTGRs, is researched as well. All of these data supply the participants
with experimental data to benchmark their code and simulation models.

In the LOFC test, all of the three helium gas circulators in the main cooling system
of HTTR are tripped and the auxiliary cooling system is deactivated as well [90]. The
accidents are designed without shutdown. In order to avoid the scram of the reactor due
to its response on accident scenarios, the control rods and reserved shutdown system
are forced to deactivate during the experiment. The control rods and reserved shutdown
rods stay in their position as in normal operation. The project consists of three runs of
experiments as following:

• Run 1: The reactor operates at the initial thermal power of 9 MW . The coolant
inlet and outlet temperatures are 180 ◦C and 320 ◦C respectively. The pressure of
primary circuit is 2.8 MPa. The mass flow rate of the coolant is 12.4 kg/s. The
front of the control rods in the center control rod guide block is 55.5 cm below
the top surface of the 1st layer of the fuel block. The front of the control rods in
one of the 1st ring control rod guide blocks is 56.2 cm below the top surface of
the 1st layer of the fuel block, and other control rods in the 1st ring control rod
guide blocks are 56.5 cm below the top surface of the 1st layer of the fuel block.
The control rods in the 2nd ring control rod guide blocks are also 56.5 cm below
the top surface of the 1st layer of the fuel block. The control rods in the 3rd ring
control rod guide blocks are fully withdrawn out of the reactor core. All of the
helium gas circulators are tripped, and the gas flow of the primary circuit decreases
from 12.4 kg/s to 0 kg/s in 10 s. During the transient process, the position of
the control rods are fixed. The forced cooling system is closed. The residual heat
is transferred out of the reactor by conduction, thermal radiation, and natural
convection. The VCS is activated to cool down the RPV and containment.

• Run 2: The initial power has a significant effect on the fluid mechanics such as
solid temperature evolution, and natural convection, after the forced coolant is
closed. It also impacts the decay heat, initial Xenon density and so on. Therefore,
the total effects of initial power on the re-criticality time and power peak are
important issues to investigate. In order to collect more information about this
topic, the Run 2 experiment is proposed. In the Run 2 experiment, the reactor
operates with an initial thermal power of 30 MW . The inlet and outlet coolant
temperatures are 395 ◦C and 850 ◦C respectively. The primary circuit runs at
4 MPa, and the coolant flow rate is 12.4 kg/s. The control rods of center, 1st
ring, and 2nd ring control rod guide block are located at 15 cm below the top
surface of the 1st layer of the fuel block. The control rods of the 3rd ring are totally
withdrawn. All of the control rods keep their position during the experiment. To
simulate the LOFC accident, all of the helium gas circulators are tripped, and
the forced flow rate reduces to 0 kg/s in 10 s. The VCS is fully loaded, as in the
experiment of Run 1.

• Run 3: The reactor cavity cooling system is an important passive cooling system
of HTGRs. It is designed to remove the decay heat, and to cool the RPV and
containment wall, mainly by natural convection in the cavity between the RPV
and the VCS. In order to research the fluid mechanics of reactor cavity cooling
system, the Run 3 experiment is carried out with the deactivation of the VCS.
The initial condition is the same as with Run 1 with a thermal power of 9 MW .
The impact of VSC on RPV temperature, re-criticality time, and power level, and
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fluid mechanics of reactor core are studied in Run 1 and Run 3 experiments. The
Run 3 experiment tests the fluid mechanics and neutronics evolution of HTTR in
the case of a loss of all the cooling systems. The experiment data can also provide
suggestions to make the design range of VSC of HTGRs.

The general information of the initial condition of these three runs of experiments is
summarized in the following table:

Case No. Reactor power
(MW )

Gas inlet/outlet
temperature
(◦C)

Pressure(MPa) Flow rate (kg/s)

Run 1 9 MW 180/320 2.8 12.4
Run 2 30 MW 395/850 4.0 12.4
Run 3 9 MW 180/320 2.8 12.4

Table 4.2: Initial conditions of the test experiments

In the experiment, the wide range monitoring system and the power range monitoring
system are used to measure the reactor power. The control rod position is measured with
an encoder sensor, and many thermocouples are used to measure the gas temperature,
permanent reflector block temperature RPV temperature, VSC temperature, and con-
crete temperature. The measurement results supply the participants with experimental
data to prove the occurrence of reactor re-criticality in the case of the anticipated tran-
sient with LOFC and without scram to validate their codes on fluid mechanics, reactor
kinetics, and core physics, to test the capability of the codes on coupled fluid mechanics
and neutronics simulation, and to study the parameter dependency of their codes.

4.3.2 Serpent Model of the HTTR

Serpent is a three-dimensional continuous energy Monte Carlo reactor physics burnup
calculation code. It has been developed at VTT Technical Research Center of Finland
[91]. It is based on the universally constructive solid geometry model, which is simi-
lar to MCNP and Keno-VI. Serpent can be used to simulate reactor physics, neutron
transportation, and burnup of both light water reactor (LWR) and HTGRs. It can be
applied to the calculation of fuel pin, fuel assembly and core levels. Serpent can use the
parallel calculation mode with the Message Passing Interface (MPI). It also provides
some interfaces for the data exchange with other codes in the input and output files, so
that it is easier to be coupled with other codes. INL has developed a Serpent model of
HTTR and conducted code-to-code benchmarking with the MC code MCNP5, the de-
terministic transport codes INSTANT, DRAGON, and HEXPEDITE [92]. Also at FZJ,
an independent model for HTTR has been developed to calculate its burnup and sim-
ulate the reactor physics such as effective and infinite multiplication factors, assembly
pin-power distributions, normalized neutron flux, fission rates, etc. The data required
by MGT-3D is converted to the right format from the output of Serpent by an interface
program for the further MGT-3D simulation.

The geometry definition of Serpent is based on lattice and surface. The lattices of the
model are connected by the surfaces. The material content is defined in the lattice. The
geometry is constructed with independent levels such as the reactor core, fuel assembly,
fuel pin, and coated particles, which are required for HTGRs’ model. Serpent provides
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some specific geometric features, such as fuel pins for American and Japanese type
HTGRs, spherical pebbles for pebble bed HTGR, square and hexagonal lattices for
LWR geometries, and circular cluster arrays for CANDU fuels.

In the HTTR simulation, the geometry model consists of independent levels of reactor
core, hexagonal fuel, reflector and control rod guide block, fuel pins, and coated particles,
which are embedded in the graphite matrix of fuel compacts. They are nested into each
other. At the first level, the coated layers of fuel particles are described in detail from
the central fuel kernel to the outer pyrolytic carbon, the surface of each layer is defined
as sphere, and the contents of the layers are defined as the isotopes from which they
are fabricated. At the fuel pin level, the definition of annular cylinder material surface
is used, and the coated particles are randomly dispersed in the fuel compacts, which
are encapsulated in the fuel pins. At the assembly block level, the fuel pin and B4C/C
poison sticks are located in the graphite blocks with the hexagonal shape. At the reactor
core level, fuel blocks, control rod guide blocks, and reflector blocks are placed in the
cylindrical reactor core as they are assembled in the core. Figure 4.31 displays the
Serpent model of HTTR in the horizontal cross section showing the thermal neutron
fluxes in the topmost fuel block layer as a function of the intensity of the blue color
(white = high, blue = low). The red circles identify the fuel compacts.

The mean-free-path length of thermal or epithermal neutrons in graphite is about
2.4 cm. It is quite small compared to the dimension of the reflector block with 58 cm
in height and 36 cm in across flat. The neutron flux is already very low after passing
through 1 or 2 reflector blocks. It is not necessary to include the whole structure of the
RPV in the Serpent model. In vertical direction, the topmost layer is the reflector block
on the top of the fuel block. The lowest layer is the bottom reflector block. Namely,
the Serpent model covers the zone from the 2nd layer to the 9th layer. In the radial
direction, it reaches the outer boundary of the permanent reflector block, by means of
212.5 cm in radius. This zone is already enough to simulate the reactor physics and
neutron transportation.

In the Serpent input, the geometry is constructed with lattices and surfaces. The
materials that consist of nuclides associated with a cross section library are defined in
the lattices. The temperature is required to determine the cross section of each nuclide.
In the serpent model, the temperature distribution of the reactor core is taken from
the reference [93]. The helium temperature is set at 900 ◦C. These temperatures are
fixed during the burnup process. It is an important parameter to calculate the Doppler-
broadening of resonance peaks and to determine the thermal scattering libraries for
moderator nuclides.

The initial 235U enrichment and natural boron concentration of poison sticks are taken
from the published data of JAEA [94]. According to the operational histogram of HTTR,
the accumulated operation time of the reactor is about 14639 h, and the accumulated
thermal heat is about 11202.83 MWD. Therefore, the effective full power day (EFPD)
of the reactor until the LOFC experiment is about 373.43 days. During the calculation
process, the positions of the control rods are fixed as well. They are all inserted through
to the bottom of the first fuel layer, which is different from the changes of control rod
insertion depth with burnup [95]. The integral reaction rate estimates are more or less
arbitrarily normalized in Monte Carlo simulation. In HTTR simulation, the thermal
power density, which is averaged by the total initial mass of fissile isotopes, is used to
normalize the neutron source rate. The irradiation history is condensed to 373 EFPD,
and it is divided into 10 time intervals.
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Figure 4.31: The horizontal view of HTTR Serpent model [4]
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Figure 4.32: The nuclide inventory evolution of 137Cs, 90Sr and 131I during the
operation [28]

The short-lived fission products can be accumulated and decay quickly. Their nuclide
densities are sensitive to the reactor power. The long-lived fission products will slowly
increase during the burning process of the reactor, and it takes a long time for them
to achieve equilibrium. All production rates of these nuclides are dependent on the
irradiation power. Considering the productive rate of the nuclides’ dependence on the
irradiation power, 5 extra days with a thermal power of 9 MW are added after 373 days
irradiation with 30 MW for the burnup calculation of Run 1 experiment. Figure 4.32
displays the nuclide inventory evolution of 137Cs, 90Sr, and 131I during the operation.
The half life of 137Cs, 90Sr, and 131I are 30.17 years, 28.79 years, and 8.0197 days
respectively. It can be seen that the amount of the long-lived products 137Cs, and 90Sr
increase linearly with the operation time in the irradiation period with 30 MW , and
the accumulation rate decreases in the irradiation period with 9 MW . The amount of
the short-lived product 131I increases quickly and reaches equilibrium after about 300
days. It also decays very quickly, and its amount decreases significantly in the irradiation
process with 9MW . The cross section of the homogeneous meshes of MGT-3D is decided
by the nuclide densities. The initial nuclide density of 135Xe is an important parameter
to calculate the re-criticality of the reactor. Its half life is 9.2 hours. Thus, it is important
to extend the burnup process with 9 MW for several days in the simulation models of
Run 1 and Run 3 experiments.

The decay heat calculation of MGT-3D is based on the DIN 25485. It counts the
fission product contribution of the isotopes 235U , 238U , 239Pu, 241Pu, the contribution
of the actinides 239U , 239Np, 233Th, 233Pa. In order to distinguish these contributions
during the burnup process, the detectors, which are defined on the blocks, are set to
detect the fission numbers of different isotopes.
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4.3.3 MGT-3D Model of the HTTR

The reactor protection system and engineered safety system can be simplified by
taking the inherent safety of HTGRs into account. The accurate simulation of a LOFC
event without scram is very important to such a design approach in a HTGR. The
behavior of the reactor in a LOFC accident is determined by both the reactor’s neutronics
and the fluid mechanics design characteristics. From the neutronics’ point of view, the
cross section is dependent on the nuclide inventory, the fuel and moderator temperatures
can broaden the neutron transport and absorption cross section, and the nuclide density
of 135Xe, which has a large neutron absorption cross section, decays very fast during
the process. All of these parameters affect the reactivity performance of the reactor.
The reactivity is used to predict the converging level of reactor fission power, which
is an important factor in determining the fuel and moderator temperature. From fluid
mechanics’ point of view, part of the heat is removed from the core to the outside by
conduction, thermal radiation, and natural convection, and part of the heat is stored in
the graphite of the reactor core due to its high heat capacity. In the reactor core, heat
is mainly transferred by conduction and thermal radiation, while on the surface of the
RPV, it is mainly transferred by natural convection and thermal radiation. Therefore,
the thermal conductivity of graphite is crucially important in predicting the fuel and
moderator temperature, and the cooling effect of RCCS is important in decreasing the
RPV temperature. As mentioned above, the temperature is the required parameter to
obtain the right nuclear cross section. Consequently, the simulation of LOFC accident
without scram needs coupled neutronics and fluid mechanics. MGT-3D is a coupled
reactor kinetics and fluid mechanics code.

Figure 4.33 shows the structure of HTTR as horizontal cross section including fuel
blocks, control rod guide blocks, irradiation blocks, replaceable blocks, and permanent
blocks. It shows that the structure does not have a cylindrical symmetry. The fuel blocks
of HTTR are distributed in four hexagonal annular rings. The fuel blocks of the second
fuel ring are separated by control rod guide blocks. Thus, the second ring can not be
replaced with the circular annular ring in MGT-3D. It is essential to build a 3D model
for the HTTR simulation. If the asymmetry of the position of two control rods in each
control rod block is neglected, the core can be considered as rotational symmetry of
order 3. It is not necessary to establish a model in 360◦. After using the reflection
boundary condition in the azimuthal direction, only the core in 60◦ is considered in
the MGT-3D model. This symmetry structure was also used by the 3D fluid mechanics
simulation of HTTR with the code “STAR-CD” [96]. The calculation zone of the R/Φ
plane is displayed in Figure 4.33 with the meshes in cylindrical coordinate system. In
this MGT-3D model, both azimuthal boundaries are set as reflective boundaries.

The MGT-3D simulation model of HTTR is a three dimensional model based on
R/Z/Φ coordinates. According to the arrangement of the blocks’ type, the azimuthal
zone within 60◦ is divided into 10 meshes so that the 5th and 6th meshes can be merged
together (see Fig. 4.33). The key in defining the meshes in the R/Φ plane is that blocks
of the same type are kept as much in the same simulation mesh as possible by adjusting
the azimuthal and radial coordinates. In the simulation model, both the primary circuit
and the RCCS are included. Figures 4.34, 4.35 and 4.36 present the details of 3rd, 5th,
and 10th angle meshes. Each angle mesh is divided into 30(R)×41(Z) sub-meshes the in
R/Z plane. The zone in the marked red frame is the neutronics calculation zone, which
is limited by the simulation model of Serpent.

The input mainly includes two parts: neutronics data and fluid mechanics data. They
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Figure 4.33: Simulation model in the horizontal cross section [28]

Figure 4.34: Simulation model in the 3rd angle meshes
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Figure 4.35: Simulation model in the 5th angle meshes
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Figure 4.36: Simulation model in the 10th angle meshes

are provided in separated files. For the neutronics, the group structure of neutron energy,
data library, nuclide inventory, and life histogram are given to calculate the neutron
flux, fission power, decay power, gamma transport. Normally, the nuclear cross section
data is provided by the interface with VSOP in the pebble bed reactor simulation [2].
However, VSOP does not have the function to calculate the burnup of HTTR. Serpent
is used to calculate the burnup and nuclide inventory evolution. The nuclide inventory
and life histogram are prepared by the interface between Serpent and MGT-3D. The
nuclide inventories of the moderator and the control rods are taken from the documents
[97, 98]. In the project, the recommended decay heat is calculated by the following
equation [99]:

P

P0
(∞, ts) = At−α

s (4.6)

where P0 = 200 MeV/fission, and ts is the elapsed time since the start of the test. The
constants A and α are time dependent and shown in Table 4.3.

The data library of MGT-3D is based on ENDF/B-VII evaluated data files. It is
able to handle up to 43 neutron energy groups [17]. In the HTTR simulation, the cross
sections of 43 fine groups are condensed to 6 groups, which include 3 thermal groups
and 3 fast groups. The neutron energy boundaries of these 6 groups are shown in the
following table:

Regarding the fluid mechanics, both the homogeneous calculation of the reactor and
the heterogeneous calculation of the fuel elements and coated particles are involved. The
fission heat and decay heat deposit mostly in the fuel rod and partly in the moderator.
In the heterogeneous model of the fuel rod, it is assumed that all of the heat deposits
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A α
0.1 ≤ t ≤ 1 0.0605 0.03
1 < t < 10 0.0618 0.12
10 ≤ t < 102 0.0689 0.17
102 ≤ t < 103 0.082 0.21
103 ≤ t ≤ 104 0.1301 0.277
104 < t ≤ 109 0.1301 0.283

Table 4.3: The constants to calculate the decay heat of HTTR

Group number Neutron energy range (ev) Spectrum
1 2.5× 10−3 − 1.2× 10−1 thermal
2 1.2× 10−1 − 4.5× 10−1 thermal
3 4.5× 10−1 − 3.06 thermal
4 3.06− 1.3× 102 fast
5 1.3× 102 − 6.39× 105 fast
6 6.39× 105 − 1.0× 107 fast

Table 4.4: The neutron energy group structure of HTTR simulation

in the annular cylindrical fuel compacts. There is stagnant helium in the center of the
fuel rod, and the gas pressure is taken as 4 MPa. The heat conductivity and specific
heat of helium are related to 4 MPa. The neutron irradiation will cause damage to the
structure and properties of graphite. The graphite will pass through volume shrinkage
after a large dose of neutron irradiation [100]. Therefore, an annular gap filled with
helium is assumed between the fuel compacts and the graphite sleeve. The emissivity
of the graphite is set as 0.8. The heat conductivity and specific heat of the graphite
sleeve and fuel compacts are taken from the distributed data [101]. Heat is transferred
by conduction and thermal radiation from the fuel compacts to the graphite sleeve. After
this, the heat is transferred to the coolant and graphite block by convection and thermal
radiation.

The homogeneous model of fluid mechanics calculation is comprised of the reactor
core, top plenum, bottom support structure, side restrain system RPV, and VCS, as
former description. There are five zones in the reactor core: the 33 fuel pins zone, 31
fuel pins zone, control rod guide block zone, reflector block zone with coolant holes (top
and bottom replaceable reflector block), and reflector block zone without coolant holes
(permanent reflector block). The 33 fuel pins zone and 31 fuel pins zone are homogenized
in the 1D flow tubes meshes. Their void fractions are 0.121 and 0.114 respectively, which
do not include the sealed helium in the center of the fuel pins. The contribution of
the stagnant helium and fuel handling hole should be considered when calculating the
specific heat. Therefore, the homogeneous specific heat of these meshes is the product
of graphite’s specific heat and the solid fraction, which is 0.85 and 0.86 for 33 fuel pins
zone and 31 fuel pins zone, respectively. The thermal radiation is considered as the
equivalent thermal conductivity. The top replaceable reflector blocks are defined in the
1D flow tubes meshes. They are aligned with their related fuel blocks. The void fractions
are 0.121 and 0.114 as well. For the bottom replaceable reflector blocks, the homogeneous
thermal properties are adjusted due to their design feature as well. The graphite blocks
of the 9th layer of the control rod guide column have only a small gas flow tunnel for the
vertical bypass flow of control rod guide block. This bypass flow is used to cool down the
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control rods, and it is about 5%-8% of the total flow [93]. In order to simulate this bypass
flow without losing the precision for the heat conduction calculation, the void fraction
is set as 0.012, and the specific heat and heat conductivity correction factor are set as
0.2. The cross bypass flow is considered as zero in the simulation model. The permanent
reflectors, which are constructed with 12 integral graphite blocks, are considered as solid
material since the cross bypass flow from the permanent reflectors to the core blocks
or the hot plenum is neglected. The boundary of the permanent reflector is a regular
dodecagon. It is represented by a circle with a radius of 212.5 cm. The hot plenum
blocks, which use key-connection design, are defined as 1D flow tubes as well. All of the
vertical flows meet together in the hot cavity, which is supported by the support post
[87]. A cavity with gas flow in all directions and with height of 40 cm is employed to
simulate it. It is connected with the mesh of gas outlet directly.

The permanent reflector block, hot plenum, lower plenum, and bottom support graphite
block are fabricated from PGX graphite. The core components, which include the fuel
compacts, fuel block, control rod guide block, and replaceable reflector block, are made
of IG-110 graphite. The thermal conductivity is dependent on the fast neutron flux irra-
diation and temperature [102, 103]. The thermal conductivity changes significantly after
long-term neutron irradiation. However, there are few differences between the irradiation
with 330 EFPD and the irradiation with 660 EFPD. Therefore, the thermal conductivity
of IG-110 under irradiation of 660 EFPD is used to calculate the homogenized thermal
conductivity of fuel blocks, control rod guide blocks, and replaceable reflector blocks.

The top and bottom hemispherical structures are equivalent to cylindrical cavities.
The height of the cylinder is chosen to make sure that they have the same volume. For
the top cavity, it is filled with the gas flow coming from the gas risers. The inlet gas is
mixed in the top cavity and distributed into the 1D flow tubes of the fuel blocks and
control rod guide blocks. For the bottom cavity, it is separated from the reactor core
by the core support plate. The core support grid is in the bottom hemispherical cavity.
There is no gas flow entering this cavity. Therefore, these meshes are defined as “solid”
with corrected heat conductivity and specific heat.

The core restraint system is also designed for the path of rising gas flow. There are
two paths for the rising gas flow: one path is the empty space between the permanent
reflector and the neutron shielding blocks, which are composed of sintered B4C/C and
SUS316 casing, and the other path is the empty space around the restraint bands. In
order to make the model easy to converge, the simulation model restricts the gas flow in
the first path. The restrain system is considered as no gas flow zone. The conductivity
rule of stainless steel with corrective multiplication factor is used to calculate the thermal
conductivity of the restrain system. The corrective multiplication factor is related to the
solid fraction in this zone. The emissivities of the neutron shielding blocks and the RPV
are equal to 0.8, which are used to calculate the radial thermal radiation across the
empty space of the restrain system.

The gas inlet mesh, which is connected with the source, is set in the rising flow path.
The helium inlet temperature is 180 ◦C, and the forced flow rate is 12.4 kg/s. The
helium rises from the restrain system to the top plenum. Then it streams down through
the 1D coolant holes in the fuel blocks and control rod guide blocks. The gas flows from
different paths mix in the bottom hot plenum. Finally, the hot helium exits the outlet
mesh, which is set in the hot plenum. This mesh is connected to an opened heat sink
with reference pressure 2.8 MPa and 4.0 MPa for initial thermal power 9 MW and
30 MW respectively.
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Considering the limitation of MGT-3D on the simulation of large cavities, the RCCS
is simulated in the same way as GT-MHR’s MGT-3D model. The natural convection in
the cavity is simulated by an effective thermal conductivity. The thermal radiation from
the RPV to the containment wall is also considered. The emissivity of the material is set
as 0.8. The temperature of the containment wall is fixed at 30◦C during the transient.
Another simplified method is also used to simulate the Run 1 experiment. In the Run
1 experiment, the RPV temperature is measured. This transient temperature is set as
the boundary temperature of RPV.

MGT-3D provides the option of the external one-dimensional flow network, which
consists of “components” and “nodes” for the simulation of heat exchanger, steam gen-
erators, over-pressure valves, gas blowers, and so on. The simple heat transfer, pressure
loss, or gas flow are calculated in these components. They are coupled with the 3D
meshes of the reactor model. Considering that the gas inlet and outlet temperatures,
and pressure of primary circuit are given values, it is not necessary to build the complete
model for the secondary cooling system. An infinite heat sink is used. The gas inlet and
outlet meshes should be defined in the same angle mesh in MGT-3D.

In the simulation of the Run 1 experiment, the calculation achieves steady state on
fluid mechanics and neutronics after several iterations at first. The power to normalize
the neutron flux is 9MW . In the beginning of the accident, the flow rate of forced coolant
decreases from 12.4 kg/s to 0 in 10 s. Then, the reactor runs at free transient. The
pressure of the primary circuit is kept at 2.8 MPa during the transient. The boundary
temperature of the RPV is set with the value taken from Reference [105].

In the simulation of the Run 2 experiment, the calculation achieves steady state in
the beginning as well. The power to normalize the neutron flux is 30 MW . The gas
inlet and outlet temperatures are chosen as 395◦C / 850◦C as shown in Table 4.2. For
the LOFC accident, the flow rate is assumed to decrease from 12.4 kg/s to 0 in 10 s as
well. The following calculation is done with free transient. The pressure and the RPV
temperature are assumed to remain unchanged during the transient.

4.3.4 Interface between MGT-3D and Serpent

MGT-3D allows simulation of the reactor in both steady state and transient case
with coupled neutronics and fluid mechanics solver, but it can not perform the burnup
calculation. In the pebble bed reactor simulation, the reactor core status of MGT-3D
is determined with the help of VSOP. In case of the prismatic block type HTTR, the
nuclide densities and life histogram are provided by Serpent. Therefore, it needs an
interface approach to transfer the data from the output of Serpent to MGT-3D. Figure
4.37 shows the details of the interface program.

In the Serpent simulation, the initial nuclear inventory, time steps, and reactor power
are given as input data. The detectors that collect the data for decay heat calculation are
defined on the fuel block as well. After the required 330 EFPD, the depletion file and the
detector file are obtained. The depletion file includes the nuclide densities of fuel pellets
of each individual fuel block, burnable poison sticks, and control rod guide blocks. All of
the data is based on the geometry of block/pin-wise. The data arrangement of MGT-3D
is based on the Cartesian mesh grids (R/Z/Φ). The superimposed MGT-3D grid on the
prismatic blocks is presented in Figure 4.33. Considering that the blocks are the same
in the same level of axial direction, the transformation matrix is determined in the 2D
plane. The transformation matrix is used to calculate the contribution of each hexagonal
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Figure 4.37: Interface process between Serpent and MGT-3D [28]

block on the MGT-3D mesh. The matrix is calculated by the following approach: first,
the prismatic block is equally divided into a certain number of triangles; second, the
MGT-3D mesh in which the center of the triangle is located is determined by the code,
and the number of the triangles is counted; and finally, the ratio of the triangles that
are located in a certain MGT-3D mesh to the total triangles of the Serpent block is the
element of the matrix. The precision of the transformation matrix can be improved by
increasing the number of triangles.

The transformation matrix is composed of the weighting factor of each hexagonal
block’s contribution on MGT-3D mesh. The product of the transformation matrix and
the physics value vector of hexagonal block is the physics value vector of each MGT-3D
mesh. For example, the nuclide density of each block multiplied by the transformation
matrix is the nuclide density of each MGT-3D mesh. The life history of each mesh is
calculated in the same way. The mesh based nuclide inventory and life history are written
in a file with fixed formate, which is used by MGT-3D to calculate the nuclear cross
section and decay heat.

4.3.5 Post-Calculation of Run 1 Experiment

Steady State of Run 1 Experiment

In the Run 1 experiment simulation, the total power of the reactor is 9 MW . To
simplify the calculation, the top and side RPV temperature are set as 170 ◦C, and the
bottom RPV temperature is set as 150 ◦C [105]. After the iteration between fluid me-
chanics and neutronics, the calculation converges in solid temperature, gas temperature,
and effective multiplication factor. The steady state of the reactor is obtained. The ef-
fective neutron multiplication factor of the normal operation is 0.99746. The maximum
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fuel temperature is 471◦C. In the normal operation, 99% of the heat produced in the
fuel compacts is transferred into the coolant by forced convection.

The spectrum calculation subroutine of MGT-3D is based on the MUPO program
[107]. It uses an algorithm that directly solves the 0-dimensional diffusion equation with
arbitrary leakages for 43-energy groups and replaces an explicit resonance calculation
with a look-up table [2]. The heterogeneity effects of fuel element and coated particle are
accounted for by the input of energy dependent disadvantage factors. The disadvantage
factors are benchmarked by MCNP for the pebble bed reactor. For the HTTR simulation,
the same disadvantage factors are used. The normalized neutron spectrum of HTTR
with 9 MW is presented in Figure 4.38. With the result of the neutron spectrum, the
spectrum weighted average absorption cross section of 135Xe is 2.15× 106 barn.

Figure 4.38: Normalized neutron spectrum of the HTTR, 9 MW

The neutron flux densities of the first energy group and the last energy group in the
R/Z plane are presented in Figures 4.41 and 4.39. According to Table 4.4, the neutrons
of the first energy group are thermal neutrons, and the ones of the last group are fast
neutrons. The top one and the bottom one in the figures are the neutron flux density
in the third angular mesh and in the fifth angular mesh respectively. Corresponding to
Figure 4.34, the fuel zone is discrete in the third angular mesh and continuous in the
fifth angular mesh. Therefore, these two typical fuel distribution zones are chosen to
plot.

Figures 4.41 and 4.42 show that the fast neutron flux reaches the peak value in the
fuel zone. The reason is that the fission process occurs in the fuel zone and produces high
energy neutrons. The mean free path of neutron transportation is several centimeters.
The generated fast neutrons can arrive in the surrounding moderator block, and they
are moderated to thermal neutrons in the graphite. Thus, the fast neutron flux density
decreases in the moderator zone.

It can be seen in Figures 4.39 and 4.40 that the thermal neutron flux is lower in
the moderator block than in the fuel block, which is opposite to the distribution of
fast neutron flux. As mentioned, the fast neutrons are turned into thermal neutrons by
the scattering in the nucleus. The thermal neutrons are mainly absorbed by uranium
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or plutonium to sustain the nuclear chain reaction. Therefore, the thermal neutrons are
much less in the fuel zone than in the moderator zone. On the top fuel blocks of the third
azimuthal mesh, there are two zones where thermal neutron flux decreases significantly.
They are the control rod guide blocks and the control rods are inserted into the top fuel
block. Therefore, a large amount of thermal neutrons are absorbed there.

Figure 4.39: Flux density of first group neutron, 3rd angle mesh, 9 MW , steady
state

Nuclear power is generated in the fuel rod. Part of the energy deposits in the fuel rod
and part of the energy deposits in the moderator by γ transport [106]. The local nuclear
power density in the azimuthal meshes is displayed in Figures 4.43 and 4.44. It shows
that the local nuclear heat is discrete in the third azimuthal mesh and continuous in the
fifth azimuthal mesh due to the location of fuel blocks. The 235U enrichment decreases
from the top to the bottom fuel block [94]. Also, the control rods are located in the top
fuel blocks. Therefore, the zone with high power density is close to the center of the
reactor. The maximum value is about 1.3 MW/m3.

Figure 4.45 shows the local nuclear power density in the transverse cross section with
Z = 159.5 cm, which is the bottom part of the third fuel layers. It is plotted with X/Y
coordinates. The reactor center is located at the point (x = 0 cm, y = 0 cm). The power
density is zero in the center of the reactor because the control rod guide block is placed
there. There are six other control rod guide blocks in the middle annular ring where the
local nuclear power densities are also zero (see Fig. 4.23).

The solid temperature of the homogenized mesh is equivalent to the surface tem-
perature of the fuel elements in MGT-3D. Both the solid temperature of the homog-
enized mesh and the temperature of fuel kernels are displayed in the output file. The
temperature difference between the homogenized solid temperature and the fuel kernel
temperature is determined by the power density in the steady state case (see Eq. 3.28,
3.20). From the fluid mechanics’ point of view, the homogenized solid temperature is the
important parameter in calculating the heat transfer between the solid and the gas flow.
The solid temperatures of the third and fifth azimuthal meshes are presented in Figures
4.46 and 4.47. It shows that the solid temperature increases along the coolant hole of
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Figure 4.40: Flux density of first group neutron, 5th angle mesh, 9 MW , steady
state

Figure 4.41: Flux density of sixth group neutron, 3rd angle mesh, 9 MW , steady
state
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Figure 4.42: Flux density of sixth group neutron, 5th angle mesh, 9 MW , steady
state

Figure 4.43: Local nuclear power density in the 3rd azimuthal mesh, 9MW , steady
state
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Figure 4.44: Local nuclear power density in the 5th azimuthal mesh, 9MW , steady
state

Figure 4.45: Local nuclear power density in the transverse cross section, 9 MW ,
steady state
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fuel block due to the heated process of the coolant along the flow path. The maximum
solid temperature is in the bottom of the last fuel layers. It is about 425 ◦C.

The solid temperature in the transverse cross section with Z = 159.5 cm is presented
in Figure 4.48. The temperature reaches the peak in the fuel block of first ring. The
central temperatures of the central control rod guide block and other control guide
blocks are lower than their surrounding fuel blocks, because they are cooled by the
bypass flow. Although the flow fraction is very small, it is already enough to cool down
the control rod. If there were no bypass flows in these blocks, their temperatures would
be comparable with those of the surrounding fuel block, which may destroy the casing
of the control rods in the high temperature running phase.

Figure 4.46: Solid temperature in the 3rd azimuthal mesh, 9 MW , steady state

Figure 4.47: Solid temperature in the 5th azimuthal mesh, 9 MW , steady state
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Figure 4.48: Solid temperature in the transverse cross section, 9MW , steady state

LOFC Transient of Run 1 Experiment

The HTTR was operated at 30 MW from the beginning of January 2010 to the end
of March 2010 [108]. The total operation time was about 2010 hours. Then the reactor
was shut down for about 9 months. The Run 1 experiment was started on December
13th, 2010. It was operated at 9 MW at steady state for about 8 days, and the LOFC
experiment was performed on December 21st, 2010.

As mentioned, the operation history is condensed to 373 EFPD in the burnup cal-
culation of Serpent and is divided into 10 continuous time intervals. In the decay heat
calculation of MGT-3D, it accumulates the contribution of the decay heat from the de-
tailed operation process. Due to lack of details of the operation history in the Serpent
model, special treatment is needed for the operation history part of the MGT-3D input
file. In order to describe the operation process of the reactor, the MGT-3D input file is
as follows: at first, the HTTR runs at full power for 373 days; then, it is shut down for
300 days; at last, it starts to run at 9 MW for 8 days.

In the experiment, the reactor power is monitored with the wide range monitoring
system (WRM), that is located in the irradiation blocks, and the power range moni-
toring system (PRM), that is located in the concrete shielding. The temperatures of
the permanent reflector block, RPV, VCS, concrete are measured during the transient
process.

The forced gas flow of the HTTR is tripped in 10 seconds. Afterwards, the reactor
runs in a free transient. The data of the reactor was measured for 12 hours after the
LOFC test started. Therefore, the free transient process is sustained for 15 hours in the
simulation. The maximum fuel temperature evolution is shown in Figure 4.49. It can be
seen that the maximum fuel temperature decreases in the beginning of the accident due
to the reactor power decreasing exponentially. Afterwards, it increases slowly because the
heat is removed from the reactor mainly by thermal conduction and thermal radiation,
which are less efficient compared to forced convection. Towards the end of the calculation,
the maximum fuel temperature is still increasing because the reactor has not reached
equilibrium in fluid mechanics. If the free transient process is prolonged, it will be
observed that the reactor achieves equilibrium in fluid mechanics after about 80 hours.
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The average fuel temperature and moderator temperature have a difference of about
44 ◦C in the beginning of the accident due to the heat transfer mechanism from the fuel
rod to the coolant, which has been discussed in the section of heterogeneous temperature
calculation of the unit cell of the HTTR fuel. The reactor is shut down automatically
after several minutes of the LOFC accident. Then the local nuclear power density is
negligible. The thermal relaxation time of the unit cell is about one minute. Therefore,
the average fuel temperature and average moderator temperature are almost equal at
10 minutes after the LOFC accident.

In the LOFC accident, the reactor power decreases due to the broadened resonance
absorption cross section of 238U . The reactor is shut down automatically. The amount of
135Xe will stop accumulating. 135Xe is an unstable isotope with a half-life of about 9.2
hours. It will decay in hours, and the reactivity of the reactor will increase. The reactor
can achieve re-criticality after a time period. Therefore, the re-criticality process of the
reactor is a comprehensive effect of neutronics and fluid mechanics. The re-criticality
time and power level of the reactor are important parameters in benchmarking the
simulation model.

Figure 4.50 shows the comparison of fission power between the MGT-3D simulation
and the experimental values measured by WRM. The reactor power is normalized by
the total thermal power 9 MW . The simulation result with MGT-3D fits very well with
the measured data. The reactor power will decrease to 1% of the initial power in 500 s.
The HTTR achieves re-criticality at 8.02 hours after the accident, and the re-criticality
power is 3.2% of the initial power. The simulation result shows that the re-criticality
happens at 7.9 hours after the LOFC, and the re-criticality power is 4.12% of the initial
power. The full width at half maximum (FWHM) of the re-criticality power peak is
about 0.215 h during the experiment. The simulated FWHM of the re-criticality power
is about 0.24 h. The specific heat of the reactor core is very large due to the large
amount of graphite. Thus, there is a delay of the rise or fall of the fuel and moderator
temperature when the power is increasing or decreasing. The reactor power vibrates for
several periods after the first re-criticality occurs. After that, the reactor power increases
gradually without vibration. The final measured power level is about 2.3% of the initial
power. The final simulated power level is also about 2.3% of the initial power.

The fuel temperature, moderator temperature, and 135Xe concentration are the main
parameters in determining the reactor reactivity. The fuel temperature has a negative
feedback effect on the reactivity due to the broadened resonance absorption cross section
of 238U . The graphite moderator temperature has a positive feedback on the reactivity.
The concentration of 135Xe has a negative feedback effect on the reactivity due to
its large thermal absorption cross section. The average fuel temperature and average
moderator temperature are presented in Figure 4.49. Figure 4.51 displays the percent
of neutrons which are absorbed by 135Xe. The evolutions of these parameters fit with
their reactivity feedbacks in the references that analyze the reactivity balance with point
kinetics model [110, 111]. Therefore, the calculation results with deterministic coupled
neutronics and fluid mechanics solution can also provide information for the method
with point reactor kinetics.

The reactor power reaches the peak after around eight hours; then it oscillates several
times due to the negative reactivity feedback effect (see Fig. 4.52). The power increases
because of the continuous decay of 135Xe and decreases because of the increase of fuel
temperature, which causes the oscillation of the reactor power. Moreover, it gradually
decreases to a steady state case. In the steady state case, the amount of 135Xe reaches
equilibrium between the decay and the production due to fission. Basically, it takes
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Figure 4.49: Maximum fuel temperature, average fuel temperature and average
moderator temperature after the accident, 9 MW , LOFC

Figure 4.50: Re-criticality of the HTTR after LOFC accident, 9 MW
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Figure 4.51: Fraction of 135Xe neutron absorption, 9 MW , LOFC

Figure 4.52: Reactor fission power for 100 hours, 9 MW , LOFC
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Figure 4.53: Maximum fuel temperature and average fuel temperature for 100
hours, 9 MW , LOFC

several days for the 135Xe to achieve steady state. The reactor will reach equilibrium in
fluid mechanics as well in 80 hours (see Fig. 4.53). The reactor power remains constant.

In summary, the post-calculation of Run 1 experiment with MGT-3D fits very well
the experimental data. Although the operation history is condensed to 373 EFPD in
the Serpent burnup calculation, the operation process of one year before the Run 1
experiment is considered in detail when calculating decay heat with DIN 25485 standard.
The fuel temperature, moderator temperature, and 135Xe neutron absorption are also
presented. The trends of the evolutions of these parameters also fit with the analysis
result with point reactor kinetics method in general.

Parameter Variations

The decay heat is calculated according to DIN 25485 standard in MGT-3D, which is
different from the formula (see Eq. 4.6) suggested by JAEA. Decay heat is the only heat
source after the reactor is shut down, so it is an important parameter in determining the
re-criticality of the reactor. The study of GT-MHR shows that the solid temperature is
sensitive to the decay power. In order to investigate the impact of decay power on the
re-criticality time and power level, several life histories are assumed. At first, the reactor
is operated at 30 MW for 373 days. Then it is shut down for 10 days, 30 days, 100 days,
or 360 days. Finally, the reactor runs at 9 MW for another 2 days.

Figure 4.54 displays the elapsed time and reactor power peak level at the occurrence
of the re-critical reactor power with different operation histories. It can be concluded
that the elapsed time and reactor power peak level increases with the decreasing of the
shutdown period. The calculated elapsed time and reactor power peak level fit with the
experimental data if the shutdown period is chosen as 100 days. In order to find the
reason that leads to this result, the dependence of decay power on shutdown period
should be determined. The decay powers with different shutdown terms are presented
in Figure 4.55. The amount of isotopes that contribute to the decay heat reduces with
time. Therefore, the longer the period in which the reactor is shut down, the less decay
heat will be generated during the LOFC experiment. Consequently, it takes more time
for the temperature to decrease to the level of re-criticality.
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If the shutdown period is set as 30 days, the decay heat calculated by MGT-3D fits
with the suggested values before the re-criticality. In MGT-3D, the operational history
is extended after the end of a given life histogram by a short time period. The time-
dependent decay heat production is calculated by Equation 2.8. Thus, the decay heat
calculated by MGT-3D is higher than the suggested values after the re-criticality.

Figure 4.54: Elapsed time and power level at the occurrence of the re-criticality
with different shutdown terms, 9 MW , LOFC

Figure 4.55: Decay heat of the HTTR with different shutdown terms, 9 MW ,
LOFC

After the forced gas flow is tripped, heat will be transferred out of the reactor mainly
by thermal conduction and thermal radiation. Therefore, the homogenized conductivity
of MGT-3D meshes is an important parameter to achieve the right elapsed time and
reactor power peak level at the re-criticality. The thermal conductivity of graphite is
dependent on the irradiation temperature and neutron dose. It varies significantly dur-
ing the operation of the reactor, which is presented in Figure 4.56. Thus, the thermal
conductivity of the graphite with different irradiation conditions will result in different
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moments in time for the re-criticality of the reactor. The calculation result with the
non-irradiation graphite and the graphite with 660 EFPD irradiation are presented in
Figure 4.57. In order to obtain the same decay heat with the suggested decay data, both
calculations use the operation history with 30 days’s shutdown period. The elapsed time
and reactor power peak level with unirradiated graphite are 7.5 hours and 4.16%, re-
spectively. The values are 9.28 hours and 4.31%, respectively, when assuming 660 EFPD
irradiated graphite.

The thermal conductivity of unirradiated graphite is much larger than that of graphite
with long-term irradiation. The relaxation time of the reactor is smaller with the unirra-
diated graphite. It takes less time for the reactor to be cooled down by thermal conduc-
tion. Therefore, the re-criticality occurs earlier than it does with the irradiated graphite.

Figure 4.56: Thermal conductivity of IG-110 graphite as a function of temperature

Figure 4.57: Elapsed time and power level at the occurrence of the re-criticality
with different thermal conductivity, 9 MW , LOFC
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Although there is no forced flow in the LOFC accident, natural convection will estab-
lish in the reactor core. The natural convection can be significant at low temperatures.
If the temperature of the reactor core is about 1000 ◦C, the thermal conduction and
radiation will dominate. To change the flow distribution of natural convection, an addi-
tive term, which is three times the initial flow resistance, is added to the normal flow.
The calculation results with and without additive flow resistance are plotted in Figure
4.58. They do not show noteworthy differences.

According to the studies for the GT-MHR, the increasing pressure in the primary cir-
cuit may decrease the solid temperature. Therefore, the reactor operation with 9 MW
and 4 MPa is studied. The re-criticality of the reactor power with different pressures is
displayed in Figure 4.59. The elapsed time for re-criticality of the reactor at 4 MPa is
3 hours later than for the reactor at 2.8 MPa. The natural convection is suppressed at
low pressures in an enclosure [112]. The amount of heat that is transported by natural
convection is increased by enhancing pressure of the primary circuit. Thus, the tempera-
tures will decrease faster with higher pressure. Then it will take less time for the reactor
to achieve re-criticality.

Figure 4.58: Elapsed time and power level at the occurrence of re-criticality with
different flow resistance, 9 MW , LOFC

The experiment has shown that the side RPV temperature decreases from 170 ◦C
to 160 ◦C in 12 hours with operating RCCS. To simplify the model, the former sim-
ulation uses a fixed RPV boundary condition. In order to investigate the impacts of
the boundary temperature on elapsed time and peak power level of the re-criticality, a
linear temperature ramp is applied in the simulation. The calculated results with a fixed
boundary temperature and with a time-dependent boundary condition are presented in
Figure 4.60. The transient processes are almost the same in these two situations. The
maximum temperatures have some difference, but they are not significant. Therefore,
the fixed boundary temperature is a good approximation.

The studies of parameter variations indicate that decay heat, thermal conductivity of
the reactor graphite, and primary pressure have a strong impact on the elapsed time and
power peak level of the re-criticality of the reactor. The different flow resistances will
result in different re-criticality of the reactor as well, but the difference is not obvious. If
the reactor shutdown period is chosen as 30 days, the calculated decay heat fits with the
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Figure 4.59: Elapsed time and power level at the occurrence of re-criticality with
different pressures of primary circuit, 9 MW , LOFC

Figure 4.60: Elapsed time and power level at the occurrence of re-criticality with
the fixed RPV temperature and with time-dependent boundary con-
dition, 9 MW , LOFC
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data suggested by JAEA. However, the elapsed time and power peak level do not fit very
well with the measured values. The result can be optimized by considering the operation
history in as much detail as possible. The thermal conductivity with irradiation of 330
EFPD does not differ significantly from the thermal conductivity with irradiation of
660 EFPD, but it does differ from the un-irradiated graphite. A good simulation result
can be obtained by using the thermal conductivity of graphite with irradiation of 660
EFPD.

4.3.6 Pre-Calculation of Run 2 and Run 3 Experiments

Steady State of Run 2 Experiment

The Run 2 experiment will start from steady state running phase with a thermal
power of 30 MW . The reactor operates in the low temperature phase with the inlet
gas temperature of 395 ◦C and outlet gas temperature of 850 ◦C. The radial RPV
temperature is set at 360 ◦C, and the top and bottom RPV temperatures are set at
300 ◦C [105]. The calculated outlet gas temperature is 854 ◦C. The effective neutron
multiplication factor is 0.9669 in the steady state case. The calculated maximum fuel
temperature is 1334 ◦C.

The normalized neutron spectrum of HTTR with 30 MW is presented in Figure 4.61.
When the reactor runs at a different power level, the positions of control rods are inserted
at different positions and the nuclide inventory is also different. Therefore, the neutron
spectrum has some difference when the reactor is operated at different power level. The
average absorption cross section of 135Xe weighted by the neutron spectrum is 1.52×106

barn when the reactor operates at 30 MW .

Figure 4.61: Normalized neutron spectrum of the HTTR, 30 MW

The local nuclear power densities of the third and fifth azimuthal meshes are presented
in Figures 4.62 and 4.63. Because the top layer fuel block has the highest enrichment and
the control rod is only inserted into the first fuel layer with about 29 cm, the maximum
power density is in the bottom part of the first layer of fuel blocks, and its value is about
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4.9 MW/m3. Figure 4.64 displays the local nuclear power density in the transverse cross
section of the reactor with Z = 159.5 cm. The power density is comparable to the average
nuclear power density of the reactor. The power peak factor of the main part in this
part of the reactor is approximately 1, which means that the reactor power profile is
flat in the transverse directions avoiding too large temperature gradients of the reactor
core.

Figure 4.62: Local nuclear power density in the 3rd azimuthal mesh, 30 MW ,
steady state

Figures 4.65 and 4.66 display the homogenized solid temperature in the R/Z plane
with respect to the third and fifth azimuthal meshes. The maximum temperature is
achieved in the fuel blocks located in the third fuel ring and the fifth fuel layer. The
figure also shows that the solid temperature of the control rod guide block, in which the
control rods are inserted, is around 500 ◦C due to the cooling effect of the bypass flow.
Therefore, the control rods are protected against melting down. The solid temperature in
the R/φ plane with Z = 159.5 cm is shown in Figure 4.67. The solid temperature of the
reactor core is in the range between 600 ◦C and 1200 ◦C. Considering the temperature
difference between the moderator and the fuel rod, the fuel temperature is still far below
a temperature of 1600 ◦C when the reactor is operated at full power.

LOFC Transient of Run 2

In the Run 2 experiment, the reactor is initially operated at 30 MW . The neutron
flux is normalized by the thermal power of the reactor. The coolant flow is assumed to
be tripped in 10 s. Due to the operation of the RCCS, the boundary temperatures on
the top, bottom, and side of the RPV are assumed to be constant during the transient.
The studies of the flow resistance’s impact on the reactor re-criticality shows that the
flow resistance does affect the re-criticality of the reactor significantly. In order to make
the simulation converge in the gas flow calculation, the flow resistance is multiplied by
a factor of 2.

The pressure of the primary circuit is 4 MPa and is assumed to be constant during
the accident. The thermal conductivity of graphite IG-110 irradiated by neutrons for
660 EFPD is taken into account in the simulation model. It is assumed that the reactor
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Figure 4.63: Local nuclear power density in the 5th azimuthal mesh, 30 MW ,
steady state

Figure 4.64: Local nuclear power density in the transverse cross section, 30 MW ,
steady state
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Figure 4.65: Solid temperature in the 3rd azimuthal meshes, 30 MW , steady state

Figure 4.66: Solid temperature in the 5th azimuthal meshes, 30 MW , steady state
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Figure 4.67: Solid temperature in the transverse cross section, 30 MW , steady
state

has been operated for two days at 30 MW before the LOFC accident occurs. Figures
4.68 and 4.69 display the fission power and the decay power of the reactor for two cases:
without shutdown phase, and with the shutdown period of 30 days before the Run 2
experiment. The fission power and decay power are normalized by the initial power of
30 MW . If the shutdown period was not added between the 373 EFPD operation and
the Run 2 experiment, the decay heat according to DIN 25485 standard will correspond
to the decay heat suggested by the project. With the 373 EFPD’s operation and 2
additional full power days operation, the elapsed time of re-criticality is 13.73 h, and
the peak power level is 5.44% of 30 MW . The fission power decreases to 1% of the initial
power at 784 s, and the reactor is considered to be shutdown.

The evolution of the maximum fuel temperature, average fuel temperature, and aver-
age moderator temperature are presented in Figure 4.70. The initial difference between
the average fuel temperature and average moderator temperature is about 100 ◦C. It is
greater than the temperature difference when the reactor is operated at 9 MW due to
the higher power density. Because the reactor is shut down at 784 s, and the thermal
relaxation time of the fuel-moderator unit cell is about 60 s, the difference between aver-
age fuel temperature and average moderator temperature becomes less than 2 ◦C after
20 minutes of the LOFC accident. The maximum fuel temperature of the reactor is still
increasing after 20 hours, which means that the reactor has not achieved equilibrium
due to the large heat capacity of the reactor core graphite.

The thermal conductivity is another important parameter in calculating the re-criticality
of the reactor power. Therefore, the reactor power evolutions with different thermal
conductivities are investigated (see Fig. 4.71). Considering that the re-criticality of the
reactor power occurs earlier with a longer shutdown period, the reactor operation with a
30 day shutdown period is chosen as the reference to determine the range of the elapsed
time and peak power level of the re-criticality. The reactor achieves re-criticality at
10.66 h, and the peak power is 4.48% of 30 MW assuming unirradiated graphite. The
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elapsed time and peak power level of re-criticality are 11.56 h and 4.56% of initial power
with the graphite irradiated to 660 EFPD.

In conclusion, the upper range of the elapsed time and peak power level is (13.73 h,
5.44%) and the lower range is (10.66 h, 4.48%). With the suggested decay heat, the
elapsed time and peak power of re-criticality are 13.73 h and 1.632 MW , respectively.
The maximum fuel temperature reaches 1260 ◦C after 20 hours.

Figure 4.68: Elapsed time and power level at the occurrence of the re-criticality
with different shutdown terms, 30 MW , LOFC

Figure 4.69: Decay heat of the HTTR with different shutdown terms, 30 MW ,
LOFC

LOFC Transient of Run 3

In the Run 3 experiment, the initial thermal power is again 9 MW , as in the Run
1 experiment. But different from Run 1, the Run 3 experiment is carried out with
the deactivation of both active cooling trains of the VCS. As mentioned earlier, the
recent MGT-3D does not calculate the heat transfer from the RPV to the VCS. In
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Figure 4.70: Maximum fuel temperature, average fuel temperature and average
moderator temperature after during LOFC, 30 MW

Figure 4.71: Elapsed time and power level at the occurrence of the re-criticality
with different thermal conductivities, 30 MW , LOFC
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the experiment of Run 1, the RPV temperature decreases from 170 ◦C to 160 ◦C in
12 hours. In the simulation results, the elapsed time and peak power level of the re-
criticality do not have significant differences with a fixed RPV temperature and with
a transient temperature (see Fig. 4.60). If the RCCS is inactive, the RPV temperature
should increase during the accident.

The concrete wall temperature will be below 65 ◦C, and the RPV temperature will
not exceed 190 ◦C in the LOFC accident without the operation of the RCCS [90]. In
order to investigate the impact of the RPV temperature on the elapsed time and peak
power level of the re-criticality, the RPV temperature is supposed to increase from
170 ◦C to 220 ◦C in the MGT-3D simulation, which is far more than the suggested
maximum RPV temperature in the Run 3 experiment. A shutdown period of 30 days is
added to the operation history to guarantee the decay heat fitting with the suggested
value. The calculated result is shown in Figure 4.72. The elapsed time and the peak
power level overlap with different boundary conditions on the RPV. Fuel and moderator
temperatures should be higher than those in the Run 1 experiment due to the loss of
the VSC.

Figure 4.72: Prediction of the elapsed time and power level at the occurrence of
the re-criticality in Run 3 experiment, 9 MW , LOFC

In this section, the neutronics and fluid mechanics design of the HTTR have been
introduced. The LOFC accident is simulated from the initial core to the end of the
experiment with the coupled neutronics and fluid mechanics method. The operation
history is condensed to 373 EFPD, and the burnup is calculated with the MC code
Serpent, for the purpose of obtaining the status before the LOFC accident experiment
of the reactor core. For the LOFC accident with initial thermal power 9MW , the reactor
is extended to operate at a low power level over several days. It is quite necessary to
do so because the atom density of short-lived nuclides, which include 135Xe, is different
when the reactor is operated at different power levels.

A new approach has been applied to generate the data required to calculate the
nuclear cross sections, namely the interface between Serpent and MGT-3D. The nuclide
density and operation history of the hexagonal block are homogenized in the block-wise
geometry. Then, the calculation result of Serpent is interfaced with the input of MGT-
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3D, which is based on R/Z/Φ coordinates, to determine the nuclide inventories and
operation history of the MGT-3D meshes.

To simulate the HTTR in detail, a 3D deterministic model has been built. The reactor
was calculated from steady state to the end of the LOFC transient. The calculations of
both short-term and long-term transient were performed. The simulated results of Run
1 experiment regarding the re-criticality of reactor power fit very well with measured
values. The parameter studies show that the decay heat and thermal conductivity of
irradiated graphite have a great impact on the elapsed time and peak power level of the
re-criticality. Based on the post-calculation of Run 1 experiment, the pre-calculations of
Run 2 and Run 3 experiments were discussed as well.
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Conclusions and Outlook

The Very High Temperature Reactor (VHTR) has been chosen as one of the candidates
of the generation IV reactors due to its excellent safety characteristics and its large
potential for nuclear process heat applications. Safety features are given, for example,
by the fuel to withstand temperatures much more than 1400 ◦C in accident scenarios
without significant damage, and by the huge amount of graphite and low power density
in the reactor core. The pressurized LOFC and depressurized LOFC accidents without
scram are two of the serious design basis accident scenarios in the Phenomena Identifi-
cation and Ranking Table (PIRT) of VHTRs that include both pebble bed HTGRs and
block type HTGRs. It is of utmost importance to conduct research on the evolution of
neutronics and fluid mechanics of those HTGRs during LOFC and DLOFC accidents.

In this thesis, the coupled neutronics and fluid mechanics code MGT-3D is further
developed for pebbled bed reactor simulations and extended to simulate HTR with
prismatic fuel elements. The code is validated against experiments, verified with the
simulation results of other codes, and then applied to study the LOFC and DLOFC of
representative reactors and related experiments.

SANA experiment with only a central heating element is calculated with both the
new code MGT-3D and MGT-2D. For the steady state case, the differences between the
measured solid temperatures and the calculated solid temperatures with MGT-3D are
within a range of 20 K. The maximum difference of the solid temperatures which are
calculated by MGT-3D and MGT-2D is about 0.2 K. Because thermal radiation will
be more important than natural convection in the temperature regime above 1000 ◦C,
the calculated solid temperatures fit better with the measured temperatures in the case
of a heating power of 35 kW in comparison to the case of 10 kW . For the transient
case, the maximum difference between the measured temperatures and the calculated
temperatures is about 30 K. Both the experiment and the simulation show that it takes
about 40 h for the facility to achieve a new steady state. Then, MGT-3D is applied
to calculate SANA experiment with both central heating element and three additional
radial heating elements. In the 3-D model, the radial heating elements are simulated in
detail. It shows that the solid temperatures of the pebble bed around the radial heating
element rises significantly due to the heat source. The results clearly demonstrate the
good performance of the 3-D model. In the pebble bed, the difference between the
calculated solid temperatures and measured temperatures is in the range of 30 ◦C. The
maximum solid temperature is about 1300 ◦C. Comparing the average power density of
the experiment to the decay power density of HTR-Modul, it confirms that the residual
heat can be removed from the reactor by conduction, natural convection, and thermal
radiation without exceeding critical temperatures when the DLOFC accident happens
in pebble bed HTGR.
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Up to now, the old overheating model that considers coated particles as an indepen-
dent point-like heat source with heat storage and heat flux resistance was applied to
calculate the temperature difference between the graphite matrix of fuel element and
the fuel kernel of coated particle. The temperature difference was added to the mod-
erator temperature to obtain the fuel temperature. This overheating model has been
re-evaluated, and a new kernel model that solves the 1-D heat transfer equation in a
coated particle is developed to calculate the distinct temperature profile inside the coat-
ed particles. The new kernel model solves the temperature profile of the coated particle
in detail. Therefore, it will take longer computation time with the new kernel model
than with the overheating model. In any case, the new kernel model provides an ana-
lytical method to determine the effective heat flux resistance for the overheating model.
The heat flux resistance which was used in the overheating model is suggested to be
3.0 K ·m3/MW instead of 1.0 K ·m3/MW for PBMR. In addition, a CFX model is set
up to verify the new kernel model. The difference between the temperatures calculated
by the new kernel model and the temperatures calculated by CFX model is less than
1.5 K in the steady state. Both the CFX model and the new kernel model show that the
relaxation time of coated particles is about 0.3 s. The new kernel model has been imple-
mented into MGT-3D and applied to the simulation of both steady state and different
transient cases of the PBMR. The comparison of the calculation results between the old
overheating model and new kernel model proves that they do not result in significant
differences for the steady state and slow transient case such as a control rod withdrawal
accident. However, there is some difference for fast transient cases such as the control
rod ejection accident. This is because the relaxation time of the coated particle is shorter
than the nuclear time step in the slow transient, and the nuclear time step of MGT-3D
is comparable with the relaxation time of the coated particle.

Block-type reactors can be treated in a coarse way as homogeneous cores with 1-D
vertical flow in MGT-3D. To extend the applicability of MGT-3D to coupled neutronics
and fluid mechanics calculations for block-type reactors, it is necessary to implement
a new approach to calculate the temperature profile of the fuel element located in the
hexagonal fuel block. The smallest symmetric geometry is chosen as the unit cell to
represent the structure of the fuel block. The heat conduction equation is solved in the
unit cells of the fuel block concepts for both GT-MHR and HTTR. In addition, the
CFX models are established to verify the calculation results of the unit cell analysis.
In the steady state case for the unit cell of the HTTR, the differences in the tempera-
tures calculated with these two models are not larger than 2 K. In the transient case,
both models show that the temperatures do not change significantly after about 60 s. A
simplified 1-D model of the unit cells is introduced in the thesis as well. To extend for
treating MGT-3D into block-type reactors, it is also necessary to calculate the thermal
conductivity of the homogeneous meshes. The effective thermal conductivity of the ho-
mogeneous meshes, which is anisotropic, i. e. different in axial direction and in transverse
direction, is driven by an analytical model. The replaceable reflector blocks, control rod
guide blocks, and reserved shutdown blocks consist of two discrete materials, and the
fuel block consists of three discrete materials. Therefore, different equations are chosen
to calculate their effective thermal conductivity, all of which have been implemented
into MGT-3D.

The extended MGT-3D including the implementation of block-type reactors is then
applied to simulate a heat-up experiment of NACOK-II with a ceramic cuboid block.
Considering the geometry of the experimental facility, a pseudo X/Y/Z model is used to
simulate the experiment. Due to the limitations of MGT-3D on the calculation of thermal
radiation, a new method with an external heat source is introduced to represent the heat
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transferred by thermal radiation across the transparent cavity. The maximum difference
between the calculated temperatures and the measured values of solid temperature is
about 30 K at the point where the temperature is higher than 600 ◦C. The experimental
data provide a good validation for the analytical equation to calculate the homogeneous
thermal conductivity of a cuboid block. The external heat source can be obtained by
an iteration approach in the steady state. However, the iteration method can not be
applied in transients. For the transient case, the following approach is suggested: first,
the transient process is divided into many time intervals, in which the external power
changes linearly; in a second step, the equilibrium calculation is performed to obtain the
equivalent external heat at the beginning and end time point of each time interval.

The LOFC and depressurized LOFC accident scenarios are simulated with MGT-3D.
The code-to-code comparison is made, and the simulation results of MGT-3D are in
good agreement with the benchmark data obtained within the IAEA directed CRP-3
project. The results represent an excellent verification of the MGT-3D model. In the
normal operation, the difference of the temperatures calculated by MGT-3D and the
code GTAS is in the range of 10 ◦C. The maximum solid temperature was determined
to be 1376 ◦C in the LOFC scenario, and 1535 ◦C in the depressurized LOFC scenario.
The calculation results also show that the temperatures of the reactor do not change
significantly after around 100 hours in the accident. Studies of parameter variations
reveal that the thermal conductivity and decay heat have a significant impact on the solid
temperatures. The study of the LOFC accident shows that the pressure of the primary
circuit affects the solid temperature significantly due to natural convection. The changes
of solid temperature can reach 80 K if the pressure of the primary circuit decreases from
70 bar to 50 bar. In the LOFC and DLOFC simulation for the GT-MHR, a 2-D model
is applied. The fuel blocks and control rods are homogenized in the annular circle. The
positions of the control rods cannot be specified in the 2-D model, and rather require the
development of a 3-D description for the reactor. Additionally, it only involves the fluid
mechanics calculation with given heat source. If the nuclide inventories and operational
history are supplied separately by some burnup code, the coupled neutronics and fluid
mechanics simulation can be made by MGT-3D. By developing the HTR code package
(HCP), the steady state and transient operating conditions of the GT-MHR can be
simulated with a full 3D model.

The full time-dependent, coupled neutronics and fluid mechanics calculation is em-
ployed to simulate the LOFC experiments conducted and planned, respectively, with
the HTTR, which is the LOFC project of OECD/NEA. The post-calculation of the Run
1 experiment with the initial power of 9 MW shows that the elapsed time and peak
power level at the occurrence of re-criticality are 7.9 h and 0.37 MW , respectively, which
fits with the measured values of the wide range monitoring (WRM) system. The long
term transient calculation concludes that the solid temperatures do not rise again after
about 70 h into the LOFC scenario. The studies on decay heat, which has a significant
impact on the re-criticality, show that the suggested equation of decay heat is in good
agreement with the calculated results according to DIN 25 458 when the initial thermal
power is 30 MW , but there are differences when the initial thermal power is 9 MW .
It means that the suggested equation of decay heat should be re-evaluated. The study
on thermal conductivity of graphite reveals that the elapsed time with re-criticality is
lower with higher thermal conductivity. Flow resistance and boundary temperature do
not have significant influence on the re-criticality. Due to the Fukushima accident, the
restart of HTTR is delayed later than April, 2015. The Run 2 experiment has not yet
performed. In this thesis, the calculation of the Run 2 experiment with initial power
30 MW has been performed as a prediction. The simulated elapsed time and peak pow-
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er level of the re-criticality are 13.7 h and 1.63 MW , respectively. The discussion of the
Run 3 experiment with an initial power of 9 MW concludes that its elapsed time and
peak power level will be the same as in the Run 1 experiment. The major parameters
which have a significant effect on reactor kinetics during loss of forced cooling of HTGR
are the thermal conductivity of reactor core internals, the heat transferred by natural
convection, and the concentration of the neutron poison nuclides. They are well con-
sidered in the MGT-3D model. However, some features are still not included, such as
the location of the B4C poison sticks in the hexagonal fuel block, the nuclides which
represent the fission products of 233U , 235U , 238U , and so on. This may be the reason for
the calculated peak power at the occurrence of the reactor re-criticality being greater
than the measured value.

MGT-3D can be applied to calculate steady state and transient scenarios of pebble bed
HTGRs and has been extended to calculate block-type HTGRs in this thesis. However,
there are still some issues that need to be optimized in MGT-3D. First, for the gas flow
through porous media, the viscous sheer stresses and momentum changes as a result
of flow diversions are accounted for by an equivalent flow resistance. The flow in the
big cavity cannot be simulated precisely. Also the process of the gas mixing cannot
be simulated. Second, the thermal radiation across the gap or cavity is simulated by a
contribution to the thermal conductivity, and the average temperature of the surface of
the gap is used to calculate the effective thermal conductivity. It causes a certain error
when calculating the radiation heat transfer across big gaps or big cavities, especially in
the cases of high temperatures. As mentioned above, the gas flows are not calculated by
solving the momentum conservation equation with the finite element method in MGT-
3D. However, the NACOK-II experiment with measuring the gas flow in the porous
media can be used to validate the gas flow procedure implemented in MGT-3D.
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Appendix A

The Nuclear Flux Diffusion Equation

The neutron diffusion equation is the derivation of the following neutron transport
equation:

1

ν

∂

∂t
ϕ(r, E, Ω̂, t) + Ω̂ · ▽ϕ(r, E, Ω̂, t) + Σt(r, E, t)ϕ(r, E, Ω̂, t)

=

∫

4π

∫

∞

0
ΣS(r, E

′ → E, Ω̂′ → Ω̂, t)ϕ(r, E′, Ω̂′, t)dE′dΩ̂′ + s(r, E, Ω̂, t)
(A.1)

For equilibrium:

Ω̂ · ▽ϕ(r, E, Ω̂, t) + Σt(r, E, t)ϕ(r, E, Ω̂, t)

=

∫

4π

∫

∞

0
ΣS(r, E

′ → E, Ω̂′ → Ω̂, t)ϕ(r, E′, Ω̂′, t)dE′dΩ̂′ + s(r, E, Ω̂, t) (A.2)

Integrate Equation A.1 over direction, which is specified by the variable Ω̂ . The result
is:

1

ν

∂

∂t
φ(r, E, t) + ▽ · J(r, E, t) + Σt(r, E, t)φ(r, E, t)

=

∫

∞

0
ΣS(r, E

′ → E, t)φ(r, E′, t)dE′ + S(r, E, t)
(A.3)

Where,

φ is the scalar neutron flux: φ(r, E, t) =
∫

4π

ϕ(r, E, Ω̂, t)dΩ̂

J is the neutron current density: J(r, E, t) =
∫

4π

Ω̂ϕ(r, E, Ω̂, t)dΩ̂

ΣS is the scattering cross section from the energy E′ to energy E:
ΣS(r, E

′ → E, t) =
∫

4π

ΣS(r, E
′ → E, Ω̂′ → Ω̂, t)dΩ̂

S is the neutron source: S(r, E, t) =
∫

4π

s(r, E, Ω̂, t)dΩ̂

If the high-order terms of the expansion are neglected, the expressions of the angular
neutron flux and the scattering cross section are as follows:

ϕ(r, E, Ω̂, t) =
1

4π
φ(r, E, t) +

3

4π
Ω̂ · J(r, E, t) (A.4)

ΣS(r, E
′ → E, Ω̂′ → Ω̂, t) =

1

4π
ΣS0(r, E

′ → E, t) +
3

4π
µ0ΣS1(r, E

′ → E, t) (A.5)
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Where µ0 = Ω̂ · Ω̂′.

Substituting Equations A.4 and A.5 into the equilibrium transport Equation A.2 and
separating the zero-order and first-order, it obtains:

▽J(r, E) + (Σt − ΣS0)φ(r, E) = S(r, E) (A.6)

1

3
▽φ(r, E) + J(r, E)(Σt − ΣS1) = 0 (A.7)

Extending Equation A.7 to the time dependent case, it obtains:

J(r, E, t) = −D(r, E, t)▽φ(r, E, t) (A.8)

with

D(r, E, t) =
1

3[Σt(r, E, t)− µ̄0(r, E, t)ΣS(r, E, t)]
(A.9)

and

µ̄0(r, E, t) =
ΣS1

ΣS0

=
2π

∫ +1
−1 µ0ΣS(r, E, µ0, t)dµ0

2π
∫ +1
−1 ΣS(r, E, µ0, t)dµ0

(A.10)

With this first-order approximation, the diffusion coefficient D(r, E, t) is obtained. Sub-
stituting Equation A.8 into the neutron diffusion Equation A.3, the simplified diffusion
equation can be obtained:

1

ν

∂

∂t
φ(r, E, t)− ▽ · [D(r, E, t)▽φ(r, E, t)] + Σt(r, E, t)φ(r, E, t)

=

∫

∞

0
ΣS(r, E

′ → E, t)φ(r, E′, t)dE′ + S(r, E, t)
(A.11)

As for the neutron source part, S(r, E, t) includes the fission neutron source and other
neutron sources, e.g. (n, 2n), (n, 3n), (γ, n) reactions and external source. Divide the
energy interval [0,∞) into following G groups:

EG(= 0) < EG−1 < ...... < E1 < E0(= ∞)

The energy interval of g-th group is [Eg, Eg−1) with g=1,...G. Integrate the equation(A.11)
over the g-th group:

∂

∂t

∫ Eg−1

Eg

1

ν
φ(r, E, t)dE − ▽ ·

∫ Eg−1

Eg

[D(r, E, t)▽φ(r, E, t)]dE +

∫ Eg−1

Eg

Σt(r, E, t)φ(r, E, t)dE

=

∫ Eg−1

Eg

[

G
∑

g′=1

∫ Eg′−1

Eg′

ΣS(r, E
′ → E, t)φ(r, E′, t)dE′]dE +

∫ Eg−1

Eg

S(r, E, t)dE

(A.12)
Doing the integration for g=1,...G, the G group neutron diffusion equations set can be
obtained, which is multi-group neutron diffusion equations. In MGT-3D, the equation
is solved in the R/Z/Φ coordinate system.
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The Fluid Mechanics Calculation

The Fuel Element Temperature

In MGT-3D, a numerical method based on the analytical result is introduced to calcu-
late the temperature profile of the fuel element which includes the spherical fuel element
and the representative unit of the block type fuel blocks [43]. Recently, a finite difference
method solution with mesh centered temperature is coded for the one dimension case.

To solve the solid temperature profile of the fuel element, the energy conservation
equation is employed:

ρscp
∂Ts

∂t
= ▽ · (k▽Ts) + q′′′ (B.1)

The boundary conditions are in the center and at the outer edge of fuel element are as
follows:

{

∂T (r,t)
∂r

|r=0 = 0

−k ∂T (r,t)
∂r

|r=R = α(T (R, t)− Tg)
(B.2)

where α is the effective heat transfer coefficient, T (R, t) is the surface temperature of
fuel element, and Tg is the surrounding temperature. Integrating Equation B.1 over a
domain of volume, it obtains:

∫

V

ρCp
∂T (r, t)

∂t
dV =

∮

S

k▽T (r, t) · dS +

∫

V

q′′′(r, t)dV (B.3)

The fuel element is divided into several numerical mesh grids and they are identified
with i = 1, ...I from center to the outer layer. The discretization equation of the i-th
layer of the time interval n is:

ρCp∆Vi

∆t
(Tn

i − Tn−1
i ) = Li−1(T

n
i−1 − Tn

i )− Li(T
n
i − Tn

i+1) + q′′′i ∆Vi (B.4)

where Li is the coefficient to calculate the heat flux across the surface.

For the spherical fuel element, Li is determined by the following equation:

Li−1 =
r2
i− 1

2

r
i− 1

2

−ri−1

ki−1
+

ri−r
i− 1

2

ki

(B.5)

where ri is the central radius of the i-th mesh, ri− 1

2

is the radius of the surface between

the (i− 1)-th mesh and the i-th mesh, ki is the thermal conductivity of the i-th mesh.

151



Appendix B The Fluid Mechanics Calculation

For the cylindrical fuel element, Li can be written as:

Li−1 =
ri− 1

2

r
i− 1

2

−ri−1

ki−1
+

ri−r
i− 1

2

ki

(B.6)

The Solid Temperature

The solid temperature of the homogeneous meshes is defined as the mesh centered
temperature in the meshes with compact solid body and is defined as the solid surface
temperature in the meshes with porous media. In the normal operation, the heat gener-
ated in the fuel rod is mainly taken away by convection. In some defined accidents such
as LOFC, the heat is mainly removed by thermal conduction and thermal radiation. To
calculate the heat transferred by thermal conduction and thermal radiation, the effec-
tive thermal conductivity including the effect of thermal radiation is introduced in the
porous media [43].

There are not mass transfer and momentum transfer in the solid materials. There-
fore, the solid temperature is obtained by solving the energy conservation equation (see
Eq. 2.12). It is coupled with the heterogeneous fuel element temperature and the gas
temperature calculation with the term of heat source. The energy conservation equa-
tion of the solid phase has the same form with the diffusion equation of neutron flux.
The leakage iteration method is applied to calculate the solid temperature profile in the
homogeneous meshes [24].

The heat transfer in the homogeneous meshes includes the thermal conduction be-
tween the solid materials, the thermal radiation and the convection between the solid
and the gas. For a homogeneous target mesh, the heat which is transported from the
solid surface into its surrounding gas, is:

Jg = αA(T̄R − Tg) (B.7)

where T̄R is the average solid temperature of the porous media, A is the contact sur-
face between gas and solid material. The heat exchange of the target mesh with its
neighboring meshes by thermal conduction is:

Js =

n
∑

i=1

kiAi

∆li
(T̄R − T̄Ri) (B.8)

where T̄Ri is the average solid temperature of the neighboring mesh, Ai and ∆li are the
contact surface area and the center distance between the target mesh and its neighboring
mesh. The heat exchange across the gap and the thermal radiation between the fuel
elements are calculated with different ways [2]. The total heat flux transferred out of
the target mesh is:

J = Jg + Js = (αA+

n
∑

i=1

kiAi

∆li
)T̄R − (αATg +

n
∑

i=1

kiAi

∆li
T̄Ri) (B.9)

Assuming that the total heat flux can be written as

J = αeffA(T̄R − Teff ) (B.10)
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the effective heat transfer coefficient and the effect surround temperature are

{

αeff = (α+
∑n

i=1
kiAi

A∆li
)

Teff = 1
αeff

(αATg +
∑n

i=1
kiAi

∆li
T̄Ri)

(B.11)

The Gas Flow

The gas flow calculation involves the solution of mass and momentum conservation
equations (see Eq. 2.10, 2.11). The momentum conservation equation implies the momen-
tum density balance which is determined by the pressure gradient, gravity and friction.
If there is a gas sink or source in the homogeneous mesh, the source term should be
added in the right hand side of Equation 2.11.

Helium is used as coolant in the HTGRs. The inertness of helium is very small. The
new equilibrium can be achieved after a short time interval if the flow conditions change.
Therefore, the transient case of the gas flow can be treated with “quasi-stationary”, as
a sequence of equilibrium states. Based on the speed of sound of helium and the size of
the reactor core, it can be concluded that the small disturbance of flow condition can
propagate through the reactor at the time interval of centisecond, which is smaller than
the normal time step of MGT-3D. It is not clear whether it is suitable for the very fast
transient. For the stationary case, the momentum conservation equation is:

▽ · ρguu− ▽ · ¯̄τ + ▽P − ρgg = 0 (B.12)

The flow resistance is determined by an experiment under controlled conditions. The
viscous sheer stresses and/or momentum changes as a result of flow diversions due to
obstacles and bends in the flow path can be accounted for by introducing the right
resistance:

▽ · ρguu− ▽ · ¯̄τ = Wρgu (B.13)

Submit Equation B.13 into Equation B.12, it can be obtained:

▽P − ρgg +Wρgu = 0 (B.14)

From Equation B.14, it can be obtained:

ρgu =
ρgg − ▽P

W
(B.15)

Integrating the mass conservation Equation 2.10 over volume ∆V and applying the
generalized divergence theorem, it gives:

∫

∆V

∂ρg
∂t

dv +

∮

A

ρgudA =

∫

∆V

Sdv (B.16)

Substitute Equation B.15 into Equation B.16:

∫

∆V

∂ρg
∂t

dv +

∮

A

ρgg − ▽P

W
dA =

∫

∆V

Sdv (B.17)

which is applied to solve the pressure distribution of the gas flow.
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New Kernel Model

Integrating Equation 3.15 over a small volume Vi on both sides and using the divergence
theorem, we can obtain:

∫

Vi

ρCp
∂T (r, θ, φ, t)

∂t
dV =

∮

S

k▽T (r, θ, φ, t) · dS +

∫

Vi

Q̇′′′(r, θ, φ, t)dV (C.1)

Finite volume method is chosen to solve this equation numerically [42]. Considering the
spherical symmetry, we divide the coated particles into numerical cells. The discretized
form of Equation C.1 in cell i in time interval n is:

ρiCpiVi
Tn+1
i − Tn

i

∆t
= Qn

i− 1

2

−Qn
i+ 1

2

+ Q̇′′′

i Vi (C.2)

where index i is used to identify center parameters, index i − 1
2 and i + 1

2 are used to
identify surface parameters, Vi is the control volume, Ti is the center temperature, Qi− 1

2

is the heat flux transferring from the (i− 1)-th cell into the control volume, Qi+ 1

2

is the

heat flux transferring out of the control volume into the (i+ 1)-th cell. This discretized
equation follows the energy conservation laws. The heat flux entering a given volume is
identical to that leaving the adjacent volume. Heat transferred across the inside surface
of the control volume can be expressed as:

Qn
i− 1

2

= −ki−1(A
∂Tn

∂r
)|i− 1

2

= −ki−1Ai− 1

2

Tn
i−1 − Tn

i− 1

2

ri−1 − ri− 1

2

= −kiAi− 1

2

Tn
i− 1

2

− Tn
i

ri− 1

2

− ri
(C.3)

The center radius ri is evaluated by: ri =
√

ri− 1

2

ri+ 1

2

. Eliminate surface temperature

Tn
i− 1

2

in Equation C.3:

Qn
i− 1

2

= Ai− 1

2

ki−1ki
ki(ri− 1

2

− ri−1) + ki−1(ri − ri− 1

2

)
(Tn

i−1 − Tn
i ) (C.4)

In a similar way, we can get the heat transferred across the outside surface:

Qn
i+ 1

2

= Ai+ 1

2

kiki+1

ki+1(ri+ 1

2

− ri) + ki(ri+1 − ri+ 1

2

)
(Tn

i − Tn
i+1) (C.5)

Equations C.2, C.4 and C.5 use the explicit time differencing method. There is no
matrix solving for this method, but time step is limited by stability consideration. The
value of time step n + 1 can be used to evaluate the RHS of Equation C.1, which is
the implicit time differencing method. After introducing a time weighting factor α, the
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general discrete equation is written as:

ρiCpiVi
Tn+1
i − Tn

i

∆t
= (1− α)(Qn

i− 1

2

−Qn
i+ 1

2

) + α(Qn+1
i− 1

2

−Qn+1
i+ 1

2

) + Q̇′′′

i Vi (C.6)

where 0 6 α 6 1. If α = 0, the equation degenerates into explicit discrete form. If
α = 1, it is the fully implicit discrete form. The critical time step of this model can be
estimated by the following equation:

δt′ =
1

1− 2α

ρcp
k

(δr) (C.7)

Like for steady state, the volume-averaged kernel temperature is used to represent fuel
temperature:

Tn
f =

∑Nf

i=1 T
n
i Vi

Vf
(C.8)
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