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1. Introduction
In order to decrease CO2 emissions fossil fuels should be replaced by alternative
energy sources which include renewable sources (biomass, solar, wind, geothermal,
hydro) and nuclear sources (fission and fusion). According to reference [IEA2010], the
primary energy supply by fuel type is still dominated by oil (33.2%), coal (27.0%) and
gas (16.0%), though nuclear increased from 0.9% (in 1973) to 5.8%, hydro increased
from 1.8% (in 1973) to 2.2% and other renewables (solar, wind, geothermal, but biomass
is not included) increased from 0.1% (in 1973) to 0.7% (Fig. 1, left). Energy from nuclear
sources is used mainly in electricity generation, where its share more than quadrupled
since 1973 (Fig. 1, right). Leading countries in % of nuclear share in electricity
generation are Lithuania (76.23%), France (75.17%) and Slovakia (53.50%), closely
followed by Hungary on 7th place with 42.98% ([IAEA2010a]).

Fig. 1. World energy statistics: primary energy supply (left) and electricity generation
(right) by fuel types ([IEA2010]).
Most of today’s nuclear power plants are of Generation-II types which followed the
early prototype reactors of Generation-I (e.g. Shippingport, Magnox, Fermi 1,
[WWW_04]). The former are commercial reactors mainly constructed up to the end of
the 1990’s. The majority of them are Light Water Reactors (LWR) which can be further
subdivided into pressurized water reactors (PWRs, including western designs and the
Russian VVER) and Boiling Water Reactors (BWRs). They operate with light water as
coolant and enriched uranium as fuel. Further Generation-II reactors are the CANDU
(CANada Deuterium Uranium, with heavy water as coolant and natural uranium as fuel)
and the AGR (Advanced Gas-cooled Reactor, with carbon dioxide as coolant, graphite as
moderator and enriched uranium as fuel). The majority of these reactors are already more
than 20 years old with an average planned lifetime of 40 years. Many of the older
reactors are upgraded in order to maintain operation for 50-60 years, e.g. the Paks
Nuclear Power Plant’s original lifetime was 30 years, however uprating was completed in
2009 raising its power to about 2000 MWe and increasing its lifetime by 20 years
([WWW_05]).
At the same time, new designs were developed with the aim to keep the advantages
and to eliminate the disadvantages of Generation-II reactors. Furthermore, simplifications
and advanced construction techniques (e.g. modularity) were introduced which lead to
Generation-III reactors. They are designed for 60 years of operation with availability
factors exceeding 90%. The only design already in operation is the ABWR (Advanced
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Boiling Water Reactor) with 4 units in Japan. Other designs are: AP-1000 (an advanced
pressurized water reactor from Westinghouse), EPR (European Pressurized Reactor from
AREVA), ESBWR (Economic Simplified Boiling Water Reactor from GE-Hitachi),
APWR (Advanced PWR from Mitsubishi Heavy Industries), VVER-1200 (advanced
version of the VVER from Rosatom), ACR (Advanced CANDU Reactor from Atomic
Energy of Canada Ltd.), APR-1400 (a Korean PWR design), CPR-1000 (updated version
of an AREVA 1980s design developed by China), and PHWR (Pressurized Heavy Water
Reactor based on the CANDU developed by India, [IAEA2010b]).
The vast majority of the above mentioned reactors have an open fuel cycle, i.e. the
spent fuel is considered waste and is due to disposal in geological repositories. According
to [IAEA2010b], this fuel utilization strategy would consume known conventional
resources in only about 100 years. However, taking into account unknown and/or
unconventional resources this could rise to several hundred years. On the other hand,
spent fuel contains valuable isotopes (plutonium and also 235U is left) which can be
extracted (reprocessed) and used to fabricate new fuel (e.g. MOX). This closed fuel cycle
has a better fuel utilization which can be further improved with the use of breeder
(usually fast) reactors. In the latter, fertile isotopes like 232Th and/or 238U are converted to
fissile ones (233U and 239Pu, respectively). This strategy could prolong the lifetime of
nuclear resources to several thousand years.
The latest class of reactors, i.e. Generation-IV is being developed with four major
goals: sustainability, economics, safety and reliability, and proliferation resistance and
physical protection ([GIF2002]). The goal of sustainability includes the adoption of the
above mentioned closed fuel cycles and the best possible conversion of fertile material to
fissile. Based on a thorough selection process the Generation IV International Forum
(GIF) selected six reactor types for further research and development, these include: Gas
Cooled Fast Reactor (GFR), Lead Cooled Fast Reactor (LFR), Sodium Cooled Fast
Reactor (SFR), Molten Salt Reactor (MSR), Very High Temperature Reactor (VHTR)
and Supercritical Water Cooled Reactor (SCWR). A detailed description and status of
research of these reactor types is available in [GIF2010].
In this thesis the neutronic and thermal hydraulic analysis of SCWRs are presented.
Section 2 gives an overview of the different SCWR concepts with a focus on the
European design, the HPLWR. A trademark of SCWRs is the large change in the density
of the coolant in the core, thus, I developed a coupled neutronics – thermal hydraulics
program system which can use a Monte Carlo (MCNP), as well as a deterministic
(SCALE) code for the neutronics calculations (Section 3).
The limited computational resources at disposal constrain the size of the models to be
able to analyze in full-detail with MCNP. Thus, I used MCNP only to analyze smaller
models, e.g. pin or assembly; the large-scale calculations (e.g. core) are examined with
SCALE. Due to the strong coupling between the neutronics and the thermal hydraulics
and the highly heterogeneous setup of the SCWR assemblies, the usual SCALE
sequences are not applicable. Thus, I developed a new cross section homogenization
method (Section 4). I applied this method to the analysis of a one-pass SCWR – proposed
by Prof. Gyula Csom and myself – which has zirconium-hydride as extra moderator,
axially varying fuel enrichment and moderation, longer active length and smaller core
diameter. I found that in order to reach an appropriate power distribution the number of
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the ZrH rods has to be increased in the regions with low coolant density. A core with
acceptable power peaking is designed, but a long enough fuel cycle can be only
maintained with high fuel enrichment.
The complicated flow path of the HPLWR and the difficulties encountered during the
analysis of the SCWR with ZrH as extra moderator indicate that enriched UO2 is not the
natural fuel for the SCWR. As pointed out by Prof. Gyula Csom - upon examination of
the energy dependence of the cross sections of the isotopes - the Th-233U combination
looks more suitable. In order to underline this statement, I carried out one- and twodimensional calculations. Based on detailed parametric studies we designed a two-pass
assembly configuration. We have introduced several innovations, e.g. complete
elimination of any extra moderator, use of different pitch-to-diameter ratio in the two
passes. The path to the development of the final design is presented in Section 6. The
three-dimensional calculations prove the feasibility of this design; furthermore, the
conversion ratio above 1.0 encourages the further examination of such assembly
configurations in the future.
The active heights of the SCWRs analyzed (all over 4.0 m) are in the range where
xenon oscillations must be taken into account. There haven’t been any calculations about
these phenomena in SCWRs, but only some words in the open literature that the strong
thermal hydraulic feedback may stabilize these reactors against such oscillations. Indeed,
I found that the large density drop of the coolant (especially after crossing the
pseudocritical point) increases the migration area of the neutrons. On the other hand, this
is not enough to avoid instable xenon oscillations. Using the cross section
homogenization process mentioned above I proved, that the HPLWR is only stable
against these oscillations because of the Doppler feedback. Furthermore, due to the lower
135 135
I/ Xe ratio the SCWR with Th-based fuel has also the edge regarding this point
compared to the UO2-based configurations (Section 7).
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2. Supercritical Water Cooled Reactors
SCWRs were already investigated in the ‘50s and ‘60s. A good overview is given by
[Oka2000]. This topic was picked up again by the University of Tokyo in the ‘90s and by
the Russian Kurchatov Institute which designed the B-500 SKDI ([Silin1993]). The
driving force behind the developments is the fact that the fossil fired power plants are
continually increasing their efficiency by use of higher pressures and temperatures.
Scientists from the University of Tokyo showed that similar efficiencies are also
achievable in the case of nuclear power plants ([Oka1998]). These results encouraged
other countries to develop their own concepts:
 the High Performance Light Water Reactor (HPLWR) project was launched in
2000 with support from the European Union and was followed by the HPLWR
Phase 2 project (2006-2010);
 the USA made a feasibility study of the SCWR between 2001 and 2004;
 Korea started their research in 2002;
 in the case of CANDU, developing a supercritical pressure version is obvious
(also called CANDU-SCWR).
The SCWR has many advantages over today’s wide-spread Light Water Reactors
([GIF2002]):
 The plant efficiency is increased.
 The coolant mass flow rate is reduced since the enthalpy rise per unit power is
greater. Thus, the coolant pumps, pipes and other supporting equipment become
smaller.
 The coolant inventory is smaller which reduces the size of the containment.
 The single-phase coolant eliminates the boiling crisis.
 There is no need for steam dryers, steam separators and steam generators, thus the
SCWR has less components.
 Many of the components (e.g. turbine) are readily developed and available from
supercritical fossil fired power plants.
On the other hand numerous challenges must be solved before the first power plants of
this type can be built:
 The cladding materials have to withstand higher temperatures (600-650°C in
normal operating conditions) than in today’s LWRs.
 The heat transfer phenomena in supercritical water must be understood
thoroughly. However, in the last few years the number of publications in this field
has risen exponentially indicating a strong interest and effort.
 Due to the smaller coolant inventory, the dry out of the core progresses faster in
case of a loss of coolant accident.

2.1. SCWR concepts
Most SCWR concepts feature a thermal core. Some survey was also carried out for
fast cores, especially in Japan. The four main thermal SCWR designs, the Japanese fast
SCWR and the CANDU-SCWR concepts are briefly presented. UO2 is foreseen as the
fuel in most of the concepts. A more detailed description can be found in [Reiss2008a].
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2.1.1. American thermal concept
The American scientists examined numerous materials (H2O, ZrHx, SiC, Be, BeO, C)
to choose the best one for the role of moderator. They found that ZrH1.6 (δ-phase) has
many advantages ([Buongiorno2003]), still they adopted a similar concept as the
Japanese: square assemblies with water rods which have a constant cross section along
the axial direction (Fig. 2). The calculations showed that the water rods should be
insulated which was accomplished with zirconium-oxide. As structural material
Inconel 718, ODS (MA956) and SiC was examined: the SiC is – from a neutronics point
of view - even superior to Zircaloy used in LWRs; on the other hand, the 718 alloy highly
reduces the reactivity due to the high absorption cross section of Ni, Fe and Cr. The axial
and radial power peaking was mitigated with varying fuel enrichments. The core was
designed to be a one-pass core with an outlet temperature of 500°C ([MacDonald2004]).

Fig. 2. American square-type assembly design ([MacDonald2004]).
2.1.2. CANDU-SCWR
The Gen-III ACR, the successor of the CANDU-6, will be followed by the CANDUSCWR ([Torgerson2006]). Currently, the calandria and the pressure tubes are combined
into a single tube which is insulated on the inside. The enrichment of the UO2 is going to
be increased: some calculations with an average enrichment of 4% look promising
([Shan2010]). The advantages of this design are the “usual” ones: the moderator is
separated from the coolant, thus the latter has relatively less effect on neutronics, and no
pressure vessel is needed.
2.1.3. Japanese thermal concept
One of the first concepts ([Oka1992]) featured a core with hexagonal assemblies and
extra moderator in the form of zirconium-hydride (ZrH). Because of safety requirements,
the outlet temperature of the coolant was limited to 400°C. Later in [Dobashi1998], the
ZrH rods were replaced by “single tube water rods” with downwards flow, axially
varying fuel enrichment with gadolinium burnable poison was introduced for flattening
the power distribution, and the cladding was modified to be Ni-alloy since the maximum
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cladding surface temperature with stainless steel was limited to 450°C. Due to the high
outlet temperature of about 500°C this design was named SCLWR-H. In [Yamaji2003],
the hexagonal assemblies were replaced by square ones. A two-pass core was adopted in
[Kamei2005] (Fig. 4) and was named Super LWR (500°C outlet temperature, 2744 MW
thermal power and 1418 kg/s mass flow rate). Furthermore, due to its high absorption
cross section for neutrons, the Ni-alloy was replaced by a new type of stainless steel,
SS316L (for this steel the maximum cladding surface temperature was set to 650°C).
With these measures a more favourable power distribution and a lower average
enrichment (6.11%) for the fuel rods were achieved.

Fig. 3. Japanese square-type assembly design ([Kamei2005]).

Fig. 4. Two-pass core design of the Japanese Super LWR ([Kamei2005]).
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2.1.4. Japanese fast concept
The neutron spectrum is softer than in liquid metal cooled fast reactors, thus the
conversion ratio is smaller. ZrH1.7 layers are introduced to ensure a negative void
coefficient with MOX fuel ([Ishiwatari2001]). With proper design (minimizing radial
power peaking) a core outlet temperature of 500°C is possible ([Yoo2005]).
2.1.5. Korean thermal concept
Early assembly configurations were of square-type with Ni-based alloys as structural
material and ZrH2 moderator rods ([Joo2003]). In order to increase the neutron
moderation and to decrease the power peaking, some of the square ZrH2 rods were
replaced by cruciform-type rods. Furthermore, the enrichment of the fuel pins was set to
vary axially, as well as radially and Gd2O3 burnable poison was introduced. Corrosion
studies in supercritical water are underway based on which the structural material can be
changed: candidates are Ni-based alloys, high Cr steels, Ferritic/Martensitic steels and
ODS. The height of the assemblies is 381 cm. A 1400 MWe power plant with an outlet
temperature of 510°C was designed ([Bae2006], [Bae2007]).

Fig. 5. Korean square-type assembly design ([Bae2007]).
2.1.6. European thermal concept
The starting point for this concept was the Japanese design by [Dobashi1998] and
matured to the 3-pass High Performance Light Water Reactor (HPLWR, [HPLWR_02]).
The reactor pressure vessel (RPV) of the HPLWR looks similar to that of a PWR, but the
coolant system is a BWR-type direct cycle. The assembly was reconstructed based on
extensive mechanical, neutronics and thermal hydraulics research (Fig. 6,
[Hofmeister2005]). Some of the geometrical dimensions of the assembly are : the active
height and the width are 4.2 m and 67.2 mm, respectively, the fuel pin consists of fuel
pellets, filling gas and cladding in cylindrical forms with outer diameters of 6.9 mm,
7.0 mm and 8.0 mm, respectively, while the pitch is 9.2 mm. Detailed information can be
found in [Köhly2009b].
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Fig. 6. The design of the HPLWR assembly ([Hofmeister2005]).
In the original one-pass core the German research group faced the problem of hot
spots which arose because of local power peaking. This resulted in excessive cladding
temperatures (above 630°C), thus a three-pass core was developed ([Schulenberg2006])
keeping the envisioned outlet temperature of 500°C (the outlet temperature of the onepass core was reduced to about 380°C and was named PWR-SC, [Vogt2006]).
The route of the water in the RPV of a one-pass core is shown in Fig. 7. The water
enters the RPV through the cold nozzles and splits. A certain part (downcomer flow)
flows downwards between the RPV and the core-holding vessel into the lower plenum,
while the other part flows to the upper plenum and then downwards in the middle channel
of the assemblies and between the assemblies (in the moderator box and the water gap,
respectively). This water is often called moderator, since its heat-up is small,
consequently the density remains high which results in good moderation for the neutrons.
The water flowing upwards between the fuel rods (in the sub-channels) in each assembly
of the core is called the coolant, which is a mixture of the downcomer and the moderator
(they are mixing in the lower plenum). It is called coolant because cooling of the fuel
rods is its main function.
The main difference between the one-pass and the three-pass cores (Fig. 8) is, that in
the latter the coolant flows through three different regions (Evaporator, Superheater1 and
Superheater2) before leaving the core via the outlet nozzles. This way, the heat-up of the
coolant is split between these regions, and the non-uniformities are somewhat balanced
by mixing the coolant from the different assemblies before each region.
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Fig. 7. The route of the water in the
one-pass PWR-SC ([Vogt2006]).

Fig. 8. The route of the water in the
three-pass HPLWR ([Köhly2009]).

2.1.7. Similarities in the designs
Several thermal designs have been developed to date which share some common
ground. Generally, in order to ensure competitive economics, the goal is to achieve an
outlet temperature – and with it a plant efficiency – as high as possible, at the same time
keeping the fuel enrichment as low as feasible. Due to the limitations to cladding
temperatures, multi-pass cores are employed to reach the previous goals. Other
similarities include:
 Square-type assemblies are preferred to hexagonal ones.
 In order to increase the neutron moderation, extra moderator is used. The most
common solutions are water rods (see Japanese and European concept) and
zirconium-hydride rods (see Korean and American concept).
 Materials which contain isotopes with high absorption cross section for neutrons –
like nickel – are avoided.
 The outlet temperature is mainly limited by the maximum allowable cladding
temperature, thus a power profile as uniform as possible is aimed for. This can be
achieved with the following measures:
o Adjusting the axial and radial fuel enrichment in the rods and/or
assemblies.
o Utilizing burnable poison, e.g. Gd2O3.
o If the above two measures are not sufficient, orifices at the coolant inlet of
the assemblies are used to regulate the coolant mass flow rate separately.
Thus, the non-uniform heat-up of the coolant is mitigated.
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2.2. Supercritical water
The classical states of matter are: gas, liquid and solid1. These states can be depicted in
a phase diagram (Fig. 9) which has the following characteristics:
 phase boundaries: lines for sublimation, melting and boiling;
 triple point: gas, liquid and solid coexist at a given temperature and pressure;
 critical point: the difference between gas and liquid diminishes.
Usually, the solid-liquid phase boundary has a positive slope, a well known exception is
the water.

Fig. 9. Phase diagram of water ([WWW_06]).
By definition, at the critical point the following holds ([Pioro2007]):
  2p 
 p 
0
 0 and  2 


 V  T Tc
 V  T Tc

(1)

At this critical point a second order phase transition takes place, i.e. the changes are
continuous, but not analytical. At pressures greater than the critical pressure the physical
properties undergo a fast transition, but without singularities. With increasing pressure
the transition becomes smoother. This transition region is called pseudocritical region, at
a given pressure the temperature where the specific heat has its maximum is called
pseudocritical point. Some of the physical properties for supercritical water2 are shown in
Fig. 10. The data required for the calculations and the drawings are generated with the
help of the tool from [Spang2002].
1

Since the intermolecular forces are different for plasma, nowadays it is common to refer to it as the fourth
state of matter. On the other hand, some sources in literature define the states of matter through phase
transitions, thus e.g. water has several solid states.
2
Strictly speaking supercritical fluids are characterized with a temperature and a pressure above the critical
values. Nevertheless, it is common to denote fluids with a temperature below, but a pressure above the
corresponding critical value also as supercritical fluid. This somewhat sluggish terminology is also
employed throughout this document.
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Fig. 10. Physical properties of supercritical water at 25 MPa, the usual operating pressure
of SCWRs.
SCWRs operate at pressures above the critical pressure, thus there is no change in the
phase of water in the core. On the other hand, physical properties such as density, specific
heat, etc. suffer non-negligible changes, especially in the temperature range of the
pseudocritical region (for 25 MPa between 372°C and 392°C). The density of
supercritical water at the inlet and at the outlet is about 800 kg/m3 and 100 kg/m3,
respectively (corresponding temperatures are about 280°C and 500°C, respectively).
From a neutronics point of view, the density of water is the most important factor: greater
density means greater moderation, thus greater power density. For this reason, a coupled
neutronics - thermal hydraulics calculation is inevitable to obtain an exact power and
temperature distribution for an SCWR core or assembly.
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3. Coupled neutronics – thermal hydraulics programs
One of the first coupled neutronics – thermal hydraulics calculations for SCWRs was
developed by [Yamaji2003]. The SRAC code system was coupled with the single
channel thermal hydraulics code SPROD to analyze the Japanese SCLWR-H concept.
Also, burnup calculations were included with few group macroscopic cross sections
prepared in advance.
[Waata2006] used MCNP and STAFAS to examine the assembly of the European
HPLWR concept. STAFAS is a sub-channel code based on the COBRA code with some
modifications specifically made for the HPLWR. With this approach local behaviour of
various parameters of the fuel assembly were analyzed. The calculations were carried out
in steady state, for the heat transfer between the fuel rods and the coolant Bishop’s
correlation was used, and the fuel temperature was calculated with a one-dimensional
heat conduction model.
[Maráczy2008] coupled the KARATE nodal code - which is based on the matrix
response method - with the SPROD single channel thermal hydraulics code. Validation
was done using the KIKO3D-ATHLET code system. For the burnup calculations, cross
sections were prepared in advance using average technological parameters for the
assemblies with and without absorber. At certain burnup steps branch calculations were
performed for a wide parameter range. This method was rigorously tested.
In [HPLWR_01], Monti used the ERANOS/TRACE coupled code system to examine
the HPLWR core. ERANOS is a package of various neutronics codes with a common
interface originally developed for fast reactors. Nevertheless, it was successfully used for
LWR applications. TRACE is a best-estimate thermal hydraulics system code which also
includes 3-dimensional models. After convergence was achieved for the core, a burnup
analysis was carried out, but without any thermal hydraulic feedback ([Monti2009]).
Several other coupled neutronics - thermal hydraulics programs have been used to
date. In the following, the program system developed by myself is presented which
general flowchart is shown below (Fig. 113). The idea is to determine the steady-state
solution of the temperature and power distribution at each burnup step, since the time
scale of the burnup is much larger than the residence time of the coolant in the core.
Next, a depletion step with appropriate length follows which changes the material
composition of the system. This results in the change of the microscopic cross sections,
thus also the power distribution. Hence, a new steady-state solution has to be determined.
The process is repeated until the desired burnup is achieved.

3.1. Inner iteration
In the inner iteration, convergence must be achieved for the temperature distribution of
the coolant. More precisely, in two successive iterations the difference between the
temperature distributions must be smaller than a predefined value. Achieving this
convergence is usually not trivial. The difficulty comes from the fact that the variations
of the physical properties of the coolant (particularly density and specific heat) are far
from linear. Furthermore, the peak in the specific heat introduces a region in which the
3

In this section the nomenclature inner and outer iteration is used differently as usual, i.e. it does not
denote the calculation scheme typical in deterministic neutronics codes.
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temperature change is quite slow, but the density changes rapidly. Thus, for supercritical
systems which go through the pseudocritical region, the convergence should be based on
the temperature and, at the same time, on the density distribution. Furthermore, if the
Doppler feedback is taken into account, also a convergence criterion for the fuel
temperature is required.

Fig. 11. General flowchart of the coupled neutronics - thermal hydraulics program
system with burnup.
In the inner iteration, the neutronics part can be calculated with deterministic or Monte
Carlo codes. Deterministic codes are usually faster, but some approximations must be
included. From the thermal hydraulics point of view, sub-channel or single channel codes
can be used4. Single channel codes are appropriate if local values are not needed. In case
the pressure losses are neglected5, only the energy and mass conservation equations have
to be solved.
I have done calculations only for vertically oriented assemblies. Thus, the control
volume for the inner iteration is an axial level of the assembly (Fig. 12).
The neutronics module calculates the power released through fission in every control
volume (g is the heating response function):

Pnuclear      r , E  g  r , E  dEdV

(2)

V E

This is used in the energy balance equation of the coolant to determine the unknown
temperature (T2) of the control volume (pressure losses are neglected).
Pnuclear

1
 kAe T  Te   m 
2 

 
 T1 
 T2 

2

T2

 1 v12  m  c p T  dT

T1

4

CFD codes are not an option yet due to the enormous computational resources required.
During the calculations I used small inlet orifices for the coolant, thus the mass flow rate of the
assemblies will be independent of their power.
5
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(3)

where the mass conservation is already included, i.e.:
m  const.  1v1 A   2 v2 A

(4)

and the average temperature is:
T2

T T
T 1 2
2

 Tc T  dT
p

or T 

T1
T2

(5)

 c T  dT
p

T1

Fig. 12. Discretization scheme of the assembly (left) and the control volume (right, only
one fuel pin is highlighted).
Due to the fine enough axial division of the assembly - i.e. the difference between the
temperatures T1 and T2 are only a few Kelvin - the average temperatures calculated from
the above two equations are usually equal.
The left-hand side of Eq. (3) contains the power transferred to the control volume
(from fission and heat transmission); the first term on the right-hand side describes the
acceleration effect due to the change in the density of the coolant (usually, this can be
neglected, as well the change in the potential energy), whereas the second term contains
the heat-up. Since the density and the isobaric specific heat capacity are both temperature
dependent, the equation must be solved numerically. The heat transmission term must be
only included if there is another fluid flowing in the examined geometry, e.g. the
moderator in the moderator box of the HPLWR assembly (Fig. 6). In this case the heat
transferred to or from the coolant depends on the properties of the fluids and the wall
separating them (Fig. 13, [Gróf1999]):

k

1
1  1
 
1   2

(6)
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where the heat transfer coefficient (HTC) can be calculated from empirical correlations.

Fig. 13. One-dimensional geometry used for heat transmission calculations: heat transfer
from fluid 1 to wall, heat conduction in wall, heat transfer from wall to fluid 2
(red line demonstrates a typical temperature profile).
If the feedback from the Doppler broadening is also taken into account, the
temperature of the cladding and the fuel must be calculated. Using the one-dimensional
formalism in cylindrical geometry we obtain (nomenclature: fi – fuel centreline, fo – fuel
outside, g – gap, ci – cladding inside, co – cladding outside):

Tco 

q 
2 Rco

(7)

Tci 

R
q 
ln co
2c Rci

(8)

T fo 

q 
2 Rg g

(9)

T fi

q 

  T  dT  4

(10)

T fo

Rg 

g 

R fo  Rci

(11)

2

g
T fo4  Tci4


 g 1  1  1 T fo  Tci
 f c

(12)

and usually the approximation of constant thermal conductivity for the fuel holds, i.e.:
T fi  T fo 

q 
4

(13)

In case the Doppler feedback is taken into account - i.e. the fuel temperature is
calculated - the spatial distribution of the energy released during fission (e.g. the direct

15

heating of the water through the slowing down of the neutrons) must be accounted for. Of
course, in steady-state conditions the coolant takes away all the released energy from the
fission process.
Thus, the steady-state coupled calculation starts with calculating the power
distribution of the assembly (Pnuclear from Eq. (2) for every level) assuming a starting
temperature distribution. Since the inlet temperature of the coolant (Tth,0 in Fig. 12) is
known, the temperature distribution can be determined sequentially in the direction of the
coolant flow path from Eq. (3)6. Finally, the average temperatures for every level (Tn,i in
Fig. 12, i = 1, 2, … n) are updated using Eq. (5). The procedure is repeated until
convergence is achieved.
Due to the strong variation of the physical properties of supercritical water (especially
the specific heat and the density, Fig. 9), the convergence is often tedious and even
oscillations can occur. Thus, a large enough number of axial levels are needed, and
additionally an under relaxation scheme is used:

Tthj,i  f Tthj,i  1  f  Tthj,i 1

(14)

i.e. the temperature of the ith level of the jth iteration is calculated taking into account also
the result from the j-1. iteration. The under relaxation factor f is chosen experimentally
between 0.15-0.30.
The equations (6) and (7) contain HTCs between the cladding/assembly wall and the
coolant which is supercritical water. Due to the complex processes during heat transfer in
supercritical water, no analytical solution is known yet, thus the HTC is usually
calculated from experimentally set up correlations. A summary of such correlations is
given in [Cheng2001] and [Pioro2007].
In order to underline the importance of the usage of appropriate HTC correlations, I
have performed a parameter study: I have calculated the HTC with four different methods
including the Dittus-Boelter formula and the Bishop-, Swenson- and Yamagatacorrelations. The three correlations mentioned before are based on experimental work,
i.e. they are valid only in a tight parameter range. It is accepted that the real HTC deviates
from the Dittus-Boelter equation, especially near the pseudocritical line ([Cheng2001]).
The calculations have been performed on a 4.2 m high 1-pass HPLWR assembly7. For the
neutronics, a full-detail model of the assembly with 15 axial levels has been used. For the
thermal hydraulics, a single channel code has been employed. According to [Cheng2001]
the Bishop correlation is recommended for the analysis of the HPLWR8.
Fig. 14 and Fig. 15 show the HTCs for the coolant and the temperature distributions
for the water gap and the coolant. The enhanced heat transfer using the Yamagatacorrelation induces a smaller peak in the power distribution and also smaller cladding and
fuel temperatures. The Yamagata method gives a lower maximum linear power density of
28.8 kW/m and a smaller maximum fuel temperature of 1620 °C compared to the results
6

If the moderator and the coolant is separated (e.g. in the HPWLR assembly, Fig. 6), the neutron and
gamma heating of the moderator must be taken into account, i.e. an equation for the moderator similar to
Eq. (3) must be solved. Since the HTC depends on the moderator/coolant temperature, an iteration is
required to solve for the temperature distribution.
7
These calculations were carried out before the design of the HPLWR changed to the 3-pass configuration.
8
In the HPLWR Phase 2 project the modified Jackson correlation ([Jackson2002]) is proposed as the base
correlation [HPLWR_03].
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of the Dittus-Boelter equation: 32.5 kW/m and 1830 °C, respectively. Thus, for cladding
and fuel temperature calculations reasonable care should be exercised.

Bishop
60000
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Value (W/m2K)

Yamagata
Dittus
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0
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Fig. 14. HTC calculated with different formula and correlations.
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Fig. 15. Temperature distributions of the coolant (T_co) and the water gap (T_wg) using
different formula and correlations to calculate the HTC.

3.2. Outer iteration
The outer iteration is a burnup calculation for a predefined time step while the
Bateman equations are solved. These calculations require the power distribution from the
inner iteration and appropriate cross sections from which the reaction rates can be
calculated. Cross sections can be prepared in advance which usually speeds up the
calculations. Nevertheless, some approximations have to be made since an infinite
number of material compositions can occur. These approximations can be omitted if the
cross sections are prepared on the fly. The output of the burnup is a new material
composition which must be fed to the next inner iteration.
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Xenon oscillations can be thought of as special burnup calculations since the material
composition changes as well. Due to the half-life of the isotopes in the xenon decay chain
(Fig. 59), the concentration changes of other isotopes can be neglected. Xenon
oscillations in SCWRs are discussed in section 7.
The neutronics - thermal hydraulics program system developed by myself has the
following features:
 Modular setup, i.e. well separated modules for neutronics, thermal hydraulics,
convergence checking, data exchange, cross section preparation etc.
 The neutronics module is based on MCNP ([Briesmeister2000]) or SCALE
([ORNL2009]). In order to keep the computational time reasonable, MCNP is
suitable for smaller models up to assembly calculations. Larger models – e.g. a
full core – should be only calculated with well-thought approximations
introduced. Such an approximation is a cross section homogenization method
described in detail in the next section.
 The thermal hydraulics module is a single channel code and the pressure losses
are neglected.
 Convergence is mainly based on the temperature with a criterion of 1.0-3.0 K.
 Convergence based on density is also introduced9 with a criterion of 25.050.0 kg/m3.
 Burnup calculations are performed with the SCALE module ORIGEN or the
BURN card in MCNP. There are two more options in the preceding: either using
the three-group formalism (also known as using the values THERM, RES and
FAST) or updating the default cross section libraries with the problem dependent
values, which is of course more precise but also more expensive computationally.

3.3. Uncertainties
The neutronics codes used (MCNP and SCALE) are best estimate codes. MCNP is a
Monte Carlo code, i.e. information is collected based on simulating the particles
individually and thus rigorous, robust statistical analyses are made. I use MCNP (also the
SCALE module KENOVI) mainly for three-dimensional assembly analyses where the
number of particles is chosen to obtain a power distribution with a relative error smaller
than 5% for every axial level (usually, the relative errors were at most 1-2%). The
SCALE modules used (the one-dimensional XSDRNPM and the two-dimensional
NEWT) are deterministic tools, no information about errors is given in the output files.
However, the limit for the different iteration schemes is set to the recommended values.
At the same time - where possible - the results from SCALE are compared to that of
MCNP (see Section 4.3) and good agreement is found.
Nuclear data (e.g. cross sections, fission yields) has been collected from wellestablished sources (e.g. [WWW_01]) and double-checked independently. Still, the usage
of different cross section evaluations, e.g. ENDF/B-VI.2 and ENDF/B-VII.0, can result in
discrepancies in the k∞ as high as 1.0%.
Data required by the thermal hydraulics (specific heat, density, etc.) has been
collected from [Spang2002] which is based on the industrial standard IAPWS-IF97. The
9

This is true for the calculations which were carried out in 2010 and 2011.
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largest source of error in the thermal hydraulics calculations is the usage of the heat
transfer coefficient correlations if the Doppler feedback of the fuel temperature is taken
into account. As already pointed out in Section 3.1, there exists no analytical solution for
the heat transfer in supercritical water, thus (semi-)empirical correlations have to be used.
In extreme cases these can introduce an error in the linear power density as high as 10%
(see previous section and Fig. 14). Similar results were reported in [HPLWR_01]. Thus, I
used the recommendation from [Cheng2001] in the thermal hydraulics module, i.e. the
Bishop correlation.
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4. Cross section homogenization method
Due to the limitations of available computational resources, I have looked for methods
which can significantly speed up the calculations. One of these methods is the cross
section homogenization which I have developed to calculate large models - e.g. full cores
- fast and at the same time accurately. A brief description of the underlying theory
(section 4.1) along with a few remarks about the neutronics programs used (section 4.2)
is provided below. The implementation of the cross section homogenization method is
described in section 4.3.
The theory presented in section 4.1 is well-established, the processed literature
includes:
[Briesmeister2000],
[Case1967],
[Duderstadt1976],
[ORNL2009],
[Ronen1986], [Stacey2007], [Szatmáry2000]. In order to ease the readability of this
section, the references to these books are not denoted explicitly. Similarly, the literature
used in section 4.2 is: [ORNL2009] and [Ronen1986].

4.1. Basic neutron transport theory
The time independent form of the Boltzmann equation is:

ΩΦ  r, E, Ω  + Σ t  r, E  Φ  r, E, Ω  = Q  r, E, Ω 

(15)

Q  r, E,   =  Σs  r, E  E,     Φ r, E,   ddE + S  r, E,  

(16)

using the well-established nomenclature. At this point, approximations are already made,
namely “that neutrons which are produced by collision appear at the point of collision”
and secondarily, neutrons appear right at the time of the collision (i.e. delayed neutrons
are ignored which is an important phenomenon in reactor kinetics). The source term
(denoted with Q) contains the reactions elastic scattering, inelastic scattering, fission and
external sources. Practically, the cross sections possess rotational invariance (exceptions
include crystalline anisotropies), thus the integral kernel depends only on the energies
before and after the collision and on the angle between the incoming and outgoing
trajectories. This equation is still very complicated and can be only solved analytically in
special cases, thus numerical methods are used. These include the expansion in series of
orthogonal functions (e.g. PL-approximation), the discrete ordinates method (e.g. SNmethod), the collision probability method, etc. A special approximation is the infinite
homogeneous medium setup, also known as asymptotic transport theory. Due to the
exponential increase in computational power, Monte Carlo methods have evolved rapidly
and are frequently used to solve directly problems with complex geometries.
4.1.1. PL-approximation
The angle-dependent quantities in Eq. (15) are expanded in terms of the spherical
harmonics, i.e. the flux becomes:


Φ  r, E, Ω   

l

 Φ  r, E  Y  Ω  μ,   
lm

(17)

lm

l  0 m  l

where
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1 2

Φlm  r, E  

  Φ  r, E, Ω  Y  Ω  μ,    dd

(18)

lm

1 0

Thus, the scattering source (first term on the right-hand side of Eq. (16)) becomes:
 

l

l
m
m
 Σs  r, E  E,     Φ r, E,  ddE    Σs  r, E  E   Yl  μ,   Φl  r, EdE
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where, due to the assumption that the scattering material is isotropic:
1

Σ ls  r, E  E     Σ s  r, E  E,  0  Pl   0  d 0
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The fission source is isotropic, thus the second term on the right-hand side becomes:




l

S  r, E,      r, E    r, E  f  r, E   0  r, E  dE    Qlm  r, E  Ylm  ,   (21)
l  0 m  l

0

The first term on the right-hand side is the fission source, the second term the
inhomogeneous source. Here the assumption is made that the fission neutron distribution
does not depend on the energy of the incoming neutron E’.
If the expansion in terms of the spherical harmonics is truncated at a finite value of L,
i.e. all Φlm and Qlm vanish for l > L, the PL-approximation is reached. A special case of
the P1-approximation, where additionally an isotropic source is applied, leads to the
diffusion equation and to Fick’s rule.
A programmable version of the PL-approximation is the following:
 NM

  r, E dE 
ΩΦ  r, E, Ω  + Σ t  r, E  Φ  r, E, Ω  =    2l  1 ls  r, E  E  R n  Ω  
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 are tabulated in terms of the scattering order.
The functions Rn and 
n

4.1.2. SN-method
A more efficient computational algorithm can be obtained with the discrete-ordinates
method: a set of discrete Ωm directions with corresponding wm weights are chosen
(m = 1, 2, … MM), and Eq. (22) is integrated over these directions.
G NM
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(23)

where the multigroup formalism is introduced: the energy interval is partitioned into
g = 1, 2, … G groups and Eq. (22) has been first integrated over energy group g.
Furthermore:
 m,g  r  

1
wm

   r ,   d

(24)

g

m

One of the limitations of the discrete-ordinates method can be seen in Eq. (23): the
streaming term is geometry dependent. Although the introduction of triangular meshes
elevated some of the restrictions, the SN-method is used best in simple slab, sphere and
cylindrical geometries.
4.1.3. Asymptotic transport theory
In an infinite homogeneous medium the neutron balance equation becomes (for
simplicity the angle dependence is omitted):


Σt  E  Φ  E  =  Σ s  E  E  Φ E  dE + S  E 

(25)

0

In a non-absorbing medium the following formula is obtained for the flux:
Φ E 

1

(26)

EΣs  E 

which is usually referred to as asymptotic flux.
In the resonance region - which is well below the fission spectrum – the neutron
balance in the vicinity of the resonance can be written as:
E / res

 Σ tres  E  + Σ mod
 Φ  E  
s


E

E / αmod


Σ res
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 E Φ  E  dE
s E  Φ E 
s
dE  
1   res  E
1   mod  E
E

(27)

where res denotes the resonance absorber, mod the other isotopes whose absorption cross
section is much smaller than their scattering cross section, and the scattering kernel for
isotropic elastic processes is used for simplicity. Since the scattering-in interval of the
moderator is usually much larger than the practical width of the resonance, the first term
on the right-hand side can be evaluated with the asymptotic flux. The second term can be
approximated in two extreme cases, i.e. the narrow (NR) and the wide (WR) resonance
approximation. The former uses the asymptotic flux for the resonance absorber as well,
thus:
Φ NR  E  =

Σ mod
 Σ res
s
p
 Σ

mod
s

Σ

res
t

 E  E

i.e. Φ NR  E  

1
Σt  E  E

(28)

where Σp is the potential scattering cross section.
Using the adequate approximation of the neutron flux, the resonance integral can be
evaluated with the following formula:
I =  σ  E   E  dE

(29)

using which a multigroup capture cross section can be introduced:
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I
g


σ =

i

ig

(30)

ln  E g 1 / E g 

The infinite homogeneous approach is a good approximation in the unresolved region
since the mean free path of the neutrons is larger than the unit cell dimensions. On the
other hand, heterogeneous effects must be taken into account in the resolved resonance
region. It can be shown that the lumped fuel-moderator heterogeneous setup has the same
resonance integral as a homogeneous setup where the moderator scattering cross section
is increased with a so-called escape cross section (equivalence theorem):
σ e = PF0

mod
σ res
t  E   σs

(31)

1  PF0

where the moderator microscopic cross section is per fuel nucleus, and PF0 is the escape
probability from the fuel. The latter can be obtained from rational approximations, e.g.
the Wigner-approximation is:
P0 

1
1   4V / A 

(32)

where P0 is the first-flight escape probability, V and A are the volume and surface of the
fuel pin. P0 and PF0 can be linked with the Dancoff-factor, which takes into account
lattice effects:
PF0  P0 1  c Dancoff



(33)

4.1.4. Monte Carlo method
This method is completely different from the deterministic ones since the transport
equation is not solved. Instead, a large number of particles are simulated individually,
from which the average behaviour is determined with statistical methods. Essentially,
with this method as accurate as desired results can be achieved by simulating a large
enough number of neutrons. The limiting factors are the computational resources
available and the accuracy of the cross sections. Due to the rapid development of the
computers, today there are almost no constraints on the geometry to be simulated. This
makes Monte Carlo codes especially attractive for complicated three-dimensional
calculations where integral quantities (e.g. keff) have to be determined. On the other hand,
differential quantities (e.g. the angular flux) can not be calculated, at best only to a certain
volume and energy interval.
The typical analog Monte Carlo calculation (e.g. determination of the multiplication
factor in a reactor core) consists of the following steps:
1. A starting source distribution of the neutrons is assumed. For the source particle, a
point in space is determined from this distribution by using random numbers.
Next, the energy and the direction of the particle is sampled e.g. from the Wattspectrum and an isotropic distribution in angle, respectively.
2. From the birth location the neutron will travel in a straight line until a collision
with the underlying medium happens. The distance traveled depends on the total
macroscopic cross section of the medium (which is spatially dependent and also a
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function of neutron energy). Again, random numbers are generated to determine
the position of the collision.
3. At the point of collision two things can happen: the neutron is absorbed or
scattered. The ratio of the cross sections and a new random number determines
the outcome of the collision. In the former, the neutron is absorbed (a special case
is a fission – see point 4) and a new source particle is sampled. In the latter, using
random numbers, a new energy and direction has to be determined according to
the laws of the scattering process. Point 2 and 3 are repeated until the neutron is
absorbed.
4. After a large enough number of neutrons has been simulated, the starting source
distribution is updated based on positions where fission occurred, and execution is
continued from point 1.
During this process information is gathered in so called tallies, e.g. the power distribution
can be determined using the fission events and the space dependent energy losses of the
neutrons.
The result of the tallies is a statistical estimate with a given error which can be of
course decreased by running more neutron histories. On the other hand, there are so
called variance reduction techniques using which the error can be decreased more
efficiently. These include: importance sampling, exponential transformation, forced
collision, absorption weighting, Russian roulette, splitting, etc.
One of the most prominent Monte Carlo codes is MCNP, “a general-purpose Monte
Carlo N-particle transport code that can be used for neutron, photon, electron, or coupled
neutron/photon/electron transport, including the capability to calculate eigenvalues for
critical systems”. A thorough description of this code and more insight into the Monte
Carlo method can be found in [Briesmeister2000].

4.2. SCALE modules used
The calculation of large models with Monte Carlo methods requires huge
computational resources, thus it is impractical for parametric studies during which a large
number of calculations has to be performed. Thus, with the help of the SCALE program
package, I used the following procedure:
 Selection of appropriate cross section libraries (if necessary, reconstructing the
Doppler broadened cross sections).
 Preparation of (ultra)fine group cross sections.
 Determination of the detailed neutron flux in unit cells.
 Collapse of the fine group cross sections into few group cross sections.
 Transport calculation with few group parameters.
Detailed documentation of the SCALE modules used can be found in [ORNL2009].
The solution methods presented in section 4.1 are implemented in the SCALE modules.
This section concentrates on the problem-specific application of these methods and
modules. Most of the SCALE modules use lethargy instead of energy (E0 is an
appropriately chosen upper limit):
E 
u  ln 0  .
 E 

(34)
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4.2.1. BONAMI
During the preparation of appropriate few group cross sections self-shielding is one of
the most important issues. Since the neutron flux at energy E is the total distance traveled
per unit volume and unit time, an increase in the cross section at this energy E will
decrease the distance between successive collisions, thus reducing the neutron flux. This
is referred to as energy self-shielding. The self-shielding is spatially and directionally
dependent, thus various approximations are used to determine the adequate self-shielded
flux which is needed to collapse the cross sections to few energy groups. “Since the most
pronounced effects of self-shielding occur when the neutron cross section rapidly
changes as a function of energy”, the above procedure is often referred to as resonance
self-shielding. These resonances can be resolved or unresolved, i.e. at lower energies the
resonances are well-separated in energy, but at higher energies - due to the “Doppler and
instrumentation resolution widths becoming much greater than the corresponding natural
width of the resonance” – only expectation values are given.
BONAMI is a one-dimensional code which performs resonance shelf-shielding
calculations in the unresolved resonance region based on the Bondarenko method. The
output is the self-shielded microscopic cross section for every nuclide present in the
problem, which would be exactly

 σ u Φu du
i

σ ig 

g

 Φu du

.

(35)

g

In the Bondarenko method the narrow resonance approximation is used (see Eq. (28)),
which, using the lethargy variable, is
Φu  

const.
.
Σ t u 

(36)

Applying the above approximation and introducing
σ i0  
j i

N jσ tj u 
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(37)

Eq. (35) can be rewritten:
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The infinite dilution average (i.e. σ0=∞) becomes
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g
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and for a finite σ0 and a temperature T the Bondarenko-factors are used:

σig  σ 0 , T   σig  ID  Bog  σ 0 , T  .

(40)

Bondarenko-factors are generated for a few specific values and intermediate ones are
determined by interpolation. Iterations can be requested to take into account the modified,
i.e. self-shielded cross sections.
4.2.2. CENTRM
This module was first introduced in SCALE5 in order to provide an alternative
approach to the self-shielding in the resolved resonance region. Prior to CENTRM,
besides BONAMI, NITAWL – using the Nordheim Integral Treatment approximation was the only option to produce self-shielded cross sections. Most of the limitations from
using NITAWL are removed in CENTRM. CENTRM is a one-dimensional code using
both multigroup and pointwise data10 for calculating the high resolution flux with the
discrete ordinates method. The “multiregion cylindrical” option including Wigner-Seitzcell approximation with white boundary condition is used to determine the problemdependent ultra fine flux spectrum. This flux is than used in the PMC module as a
weighting function to generate (238-group) self-shielded microscopic cross sections.
4.2.3. XSDRNPM
XSDRNPM is a one-dimensional multigroup code which is used to perform
calculations using the SN-method. A cylindrical geometry is selected, thus Eq. (23)
becomes:
  r m,g  r  

w m
m

r

 cm 1/2 m 1/2,g  r   cm 1/2 m 1/2,g  r  

 w m r t,g  r   m,g  r   w m rQ m,g  r 

(41)

with the assumption that Φg(r,Ω) varies linearly over Ωm. The subscripts m-1/2 and
m+1/2 denote values at the edges of the angular interval Ωm. The second and third term
results from the angular redistribution, where the constants can be obtained recursively:
c m1/2  c m 1/2  w m m and c1/ 2  cMM 1/2  0

(42)

The geometry is divided into IZM zones with each containing several spatial intervals,
(altogether i = 1, 2, … IM spatial intervals). Integrating Eq. (41) over these spatial
intervals gives the fully discretized SN transport equations. The interval-centred and the
interval-edge fluxes are related through a weighted-diamond difference scheme to ensure
positivity. Reflected and white boundary conditions are specified at the respective
boundaries of the cylindrical geometry. The equations are solved in an energy group first
by sweeping through the spatial mesh for a given angle, than going to the next angle. Due
to the angular coupling this inner iteration has to be repeated until convergence is
achieved. Next, the process is repeated for all energy groups (outer iteration – coupling
between energy groups), and the fission sources are updated. In order to speed up the

10

The module CRAWDAD has been used to interpolate the cross sections to the required temperature.
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convergence, group banding in the thermal range is applied11. Upon convergence of the
outer iteration, the flux is obtained for every energy group, angle and spatial interval.
Cross sections for every isotope are weighted with the calculated fluxes for an arbitrary
inner cell (“inner-cell weighting”, e.g. for a fuel pin which consists of fuel pellet, gas gap
and cladding) and for a specified number of energy groups in a manner that conserves
reaction rates (z stands for zone, sp for spatial interval):


σG 

spCell

3
N sp  σ sp
g  d rΦ g r 
gG

z

sp

z

V N
   d rΦ r 
V

.

(43)
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The output of this module is microscopic cross section library on a user-defined energy
group structure.
4.2.4. NEWT
As already mentioned in section 4.1.2, the SN-method is difficult to use in geometries
with curved or irregular surfaces. The SCALE module to use for such applications is
NEWT. NEWT is a two-dimensional multigroup discrete-ordinates transport code, the
discretization scheme of which makes it possible to perform calculations for problems
that are difficult to model in an orthogonal frame of reference. NEWT uses the method of
characteristics: the transport equation is solved analytically along selected directions, i.e.
Eq. (15) takes the form

dΦ  s, E 
ds

= -Σ t  s, E  Φ  s, E  + Q  s, E 

(44)

The geometry is cut into polygons in which an average source and average macroscopic
cross section is defined. Thus, Eq. (44) has a solution in the form:
Φ  s, E  = -Φ 0  s, E  e  Σ t  E s +

QE

1  e
Σ E

 Σ t  E s



(45)

t

NEWT uses the Extended Step Characteristic Approach to allow for concave polygons.
Eq. (45) is solved in multigroup form for every polygon in the geometry. A coarse mesh
finite difference rebalance method is used to accelerate convergence. The calculated flux
distributions on the fine mesh are used to generate problem dependent microscopic cross
section libraries and/or homogenized (flux- and number density-weighted) macroscopic
cross sections using a user-defined energy group structure.
4.2.5. KENOVI
KENOVI is a Monte Carlo criticality module used to calculate the multiplication
factor of three-dimensional systems. It can be run stand-alone in the continuous energy
mode or it can use the problem dependent multigroup cross section libraries previously
generated by NEWT (or XSDRN).
11

Convergence acceleration techniques used in other codes include Coarse Mesh Rebalance, Diffusion
Synthetic Acceleration and Chebyshev Acceleration.
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4.3. Implementation of the XSHM
In order to effectively analyze reactor cores, several approximations have to be
introduced, e.g. cross section homogenization. There is no uniquely accepted approach,
although the procedures are similar starting from fine-group analysis of simple (mostly
one-dimensional) models and going to broader energy group structures and coarser
meshes as the examined model becomes greater.
In the 1970s and 80s the most common approach for reactor calculations was to solve
the homogenized multigroup diffusion equation. The determination of the appropriate
diffusion coefficient is far from trivial, several definitions can be found in the literature,
e.g. Benois-uncorrected and -corrected, Deniz-Gelbard, etc., Hungarian contributions
include [Gadó1978] who obtained the diffusion coefficients “from an inverse solution of
the diffusion equation” and [Makai1981] who gave “a rigorous mathematical extension
of the buckling method”. The most widely used codes in Hungary at that time were
GRACE and THERMOS to generate the required group cross sections ([Szatmáry2000]).
The exponentially increasing computational power in the last decades resulted in the
constant upgrade of the existing and the development of a new generation of codes, such
as SCALE and MCNP. Using the SCALE modules described in the previous section I
have developed a cross section homogenization method (XSHM), which is explained in
this section through the program system used for the analysis of the SCWR with ZrH1.6
rods as extra moderator (Fig. 16). I have tested this method with the help of MCNP
thoroughly: the multiplication factors, neutron spectrums and power distributions of
numerous test cases at each step of the XSHM have been compared.

Fig. 16. Flow chart of the program system for the SCWR with ZrH1.6 rods.
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The major steps of XSHM are the following (blue box in Fig. 16):
1. Starting from the continuous energy libraries, problem-dependent resonance
corrected cross section libraries are prepared on a 238-group structure using the
unit cell of the lattice. (Step 1)
2. The above libraries are used in a one-dimensional unit cell calculation to
determine the fine-group flux distribution. This is then used to homogenize the
microscopic cross sections while preserving the reaction rates, at the same time
the group structure is condensed to 27 groups. (Step 2)
3. The homogenized 27-group microscopic cross section libraries are used in a twodimensional assembly-wise calculation in order to generate 27-group
homogenized macroscopic cross sections for the assembly. (Step 3)
In this way, in the Monte Carlo KENOVI module the assemblies can be built of large
homogeneous “blocks” to speed up the calculation. The detailed descriptions of each step
are given in the following subsections.
4.3.1. Preparing microscopic cross sections
First, resonance corrected cross section libraries are generated for the unit cell of the
assembly with the SCALE modules T-XSEC (Step 1; this includes among others the
modules BONAMI and CENTRM) and XSDRNPM (Step 2). In some cases it is not
possible to choose this cell in the traditional way because of the presence of some extra
moderator in the form of water rods (in Fig. 6 the moderator box) or solid ZrH1.6 (in Fig.
17 the yellow rods). On the other hand, an appropriate flux spectrum is necessary to
preserve the reaction rates during homogenization. Thus, a so-called supercell
([Ronen1986b]) has been determined whose core is the unit fuel cell in the periodic
lattice and additionally takes into account the extra moderator regions, assembly walls,
etc. During the construction of this supercell the Wigner-Seitz cylindrical-cell
approximation is applied with white boundary condition at the outside of the geometry.
For example the solid ZrH1.6 extra moderator can be taken into account with the geometry
called “Homogen” (Fig. 18, right). For comparison, the neutron spectrums of the
geometries without any extra moderator (Fig. 18, left) and with some in a heterogeneous
setup (Fig. 18, middle) are also determined:
 There are only small differences between the cases with and without extra
moderator if the density of the coolant – in this case water – is high (Fig. 19). On
the other hand, the spectrum softening effect of the solid ZrH1.6 is significant if
the density of the coolant is low (Fig. 20).
 The relative differences between the cases “HeterogenType1” and “Homogen”
are lower than 0.5% for every energy group. On the other hand, the case
“Homogen” is simpler, thus it is favoured during the XSHM.
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Fig. 17. Square and hexagonal assembly setups with nomenclature.

Fig. 18. Unit cell geometries used during preparation of microscopic cross sections.
From the above it follows that the homogenization of the unit cell with XSDRNPM
must be done in two steps. First, the fuel with the corresponding gap, cladding and
coolant is homogenized, i.e. the obtained 238-group flux from the one-dimensional
calculation is used to do an “inner-cell” weighting (see Section 4.2.3) of the previous
zones. Afterwards, the geometry is inverted – i.e. the extra moderator will be in the
innermost circle – and the inner region with the extra moderator is homogenized. Of
course, the proper volume ratios are accounted for. An extra step is required if there is
burnable poison, e.g. Gd2O3 in the fuel. Similarly to [Wartmann1978], the fuel with the
burnable poison is homogenized in a step where it is surrounded with the homogenized
fuel - extra moderator mixture12. The effect of the burnable poison on the neighbouring
rods is a second order effect and will be accounted for in a later step (Step 3). The
neutron spectrum of the inverted geometry and that with burnable poison has been also
verified with MCNP.
Further improvement in computer time can be achieved if the generated microscopic
cross sections are collapsed for the subsequent step (Step 3 – calculation with NEWT):
the group structure from [Bowman2009] is used to decrease the number of energy groups
from 238 groups to 27.

12

Another possibility is to set the angular fluxes at the boundary, but, as it turned out, this approach blurs
the strong flux depression because of the burnable poison at the boundary.
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Fig. 19. Neutron spectrum of different unit cells with high density water as coolant.

Fig. 20. Neutron spectrum of different unit cells with low density water as coolant.
4.3.2. Preparing macroscopic cross sections
Next (Step 3), the module NEWT is used to homogenize the 2D model of a quarter of
a specific level of the assembly (Fig. 21). Reflective boundary conditions are applied at
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the four sides13, and a buckling of 0.0 is used resulting in a zero-leakage condition similar
to [Monti2009b]. An S8 quadrature is used since it yields sufficient accuracy and is two
and three times faster than S12 and S16, respectively. The computational mesh (also
depicted in Fig. 21) is a compromise between accuracy and computational time as well.
The previously mentioned collapsing of energy groups speeds up the calculations: with
238 groups, NEWT needs more than 10-20 minutes, whereas with 27 groups it only
needs about 1 minute. It should be noted that without the homogenization method
described in this and the previous section, a full-detail 238-group NEWT calculation
takes more than an hour.

Fig. 21. Two-dimensional geometry of an assembly with burnable poison (light blue) and
solid ZrH1.6 (green) Colors: fuel – red, water gap and cladding – dark blue and
yellow (different volume fractions).
The accuracy of this step has been also checked with the help of MCNP: several
configurations have been run and compared with the results from NEWT (and also
XSDRNPM). The following regularities have been observed:
 Compared with MCNP, NEWT systematically under predicts the k∞ for every
geometry. Nevertheless, the average of the relative differences is smaller than
0.9% and 2.1% for geometries without and with burnable poison, respectively.
 The power distributions with NEWT and MCNP agree very well: the average of
the relative differences in the test cases are smaller than 0.5% and 2.0% without
and with burnable poison, respectively (Fig. 22). The greatest difference occurs in
the top right corner (0.112 vs. 0.113 and 0.093 vs. 0.097 without and with
burnable poison, respectively) which is not the hottest spot.
Further tests have been executed to understand the quite large differences in the
multiplication factor. The first calculations with MCNP have been done with the cross
section libraries from ENDF/B-VI.2. Furthermore, only libraries for fuel temperatures of
900.0 and 1200.0 K were available, thus a 2:1 mixture of them has been used. With the
help of the NJOY program (including updates through 259, [ORNL2000]) cross section
13

It should be noted that using reflective boundary conditions is an approximation since the surroundings
can be of different material and geometry, especially at the periphery of the core. Cross section sets for
these cases have not been generated, because the huge number of sets already required would have further
increased by a factor of about 2-3.
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libraries have been prepared from the ENDF/B-VI.8 and ENDF/B-VII.0 sets. SCALE6.0
includes the newest version of cross section libraries, ENDF/B-VII.0, which I used for
my calculations. As expected, the differences in the multiplication factor decreased
significantly: the average of the relative differences is smaller than 0.3% and 1.25% for
geometries without and with burnable poison, respectively14.
Several methods were tried to lower the differences regarding k∞ if burnable poison is
included (see footnote 12), but to this point no better result has been achieved as given
above. On the other hand, I have examined the differences between cases which material
compositions only differed in one aspect, e.g. the density of the coolant. As shown in Fig.
24, these differences agree quite well: not taking into account the two points at 425 and
675 kg/m3, the differences are below 100 pcm. Thus, the following conclusions can be
drawn:
 Differential results (e.g. power distribution, perturbation of the k∞) obtained with
this homogenization process agree very well with MCNP.
 On the other hand, integral values (e.g. k∞) calculated with the homogenization
process agree very well only if no burnable poison is present.
In the future, this homogenization process can be improved further, for example
different weighting procedures during homogenization of the cross sections can be used.
XSDRN offers cell weighting (this is the recommended option; I used the inner-cell
weighting which is a special case of this), zone weighting and region weighting. In
NEWT, the homogenized macroscopic cross sections are generated with flux weighting
combined with the number densities. The used weighting procedures are aimed at
preserving the reaction rates. According to [Heeds1978] the bilinear weighting is better
suited to conserve the eigenvalues.

Fig. 22. Comparison of power distributions of geometries with (left) and without (right)
burnable poison. The colors used are the same as in Fig. 21.

14

Further comparison of the different cross section evaluations specifically done for the HPLWR can be
found in [Rimpault2003].
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Fig. 23. Infinite multiplication factor calculated with NEWT and MCNP (with different
cross section libraries). Left figure is for case: number of ZrH rods is 8, fuel
enrichment is 5.0%, no burnable poison. Right figure is for case: number of ZrH
rods is 12, fuel enrichment is 6.0%, burnable poison (Gd) content is 4%.

Fig. 24. Difference of the k∞ of setups with neighboring coolant densities for the case
described in Fig. 23 on the right (±1σ for the MCNP values is included).
4.3.3. Assembly or full core calculation
The previously prepared homogeneous macroscopic libraries are used by the next
module, the Monte Carlo code KENOVI. In this module the entire core can be modelled
or, if desired, only a single assembly. In both cases the assembly (assemblies) is (are)
split into axial levels. In each of these axial levels the material is homogeneous. Due to
this setup the geometry of such a model is greatly simplified, thus the Monte Carlo
calculations run quite fast: it takes about 60-65 minutes to simulate 24 million neutrons in
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a full core15. The output of this neutronics calculation is the power distribution which can
be used e.g. to determine the temperature distribution.
4.3.4. Preparing cross sections
In case cross section homogenization is included in the calculation procedure, the
generation of the homogenized cross sections can be made in advance or on the fly. The
former method is used in problems where a large number of calculations have to be
performed (e.g. safety and sensitivity analysis), whereas the latter is suitable for scoping
calculations. The preceding case consists of four steps:
1. Selecting the parameters (state parameters) on which the cross sections depend:
These are usually: burnup, fuel temperature and xenon concentration
([Ronen1986b]). Additional parameters can be included taking into account the
specific features of the reactor analyzed (e.g. boron concentration in PWRs).
2. Constructing a mesh of these parameters: The traditional approach is to build a
regular Cartesian mesh. On the other hand, it was pointed out by several papers
(e.g. [Zimin2005]) that a faster and more efficient approach is to select a
uniformly distributed mesh (e.g. using the quasi-random sequences of Sobol).
3. Performing burnup and branch calculations corresponding to the previous mesh.
4. Selecting table interpolation or approximation by a function in order to obtain the
required cross sections: The advantages of the table interpolation technique are
the generality and the simplicity regarding the increase in accuracy, i.e. the
refining of the mesh. However, it requires regular Cartesian grids, thus enormous
computational power. On the other hand, approximation of cross sections by a
function of several variables can be made on an arbitrary mesh enabling the
decrease of the mesh points, thus computing time. Furthermore, the size of the
resulting cross section library is significantly reduced since only the polynomial
coefficients – instead of the data points – have to be stored.
Regarding the European concept of the SCWR, the following methods were used:
 [Monti2009] did not recalculate the shielded microscopic cross sections during
burnup, thus neglected the spectrum change resulting from the material
composition change and the strong thermal hydraulic feedback (the latter is a
special feature of the SCWRs). This approach “drastically reduced the
computational time required”, on the other hand, the results obtained are only
“preliminary”.
 In [HPLWR_01], Maráczy used “parametrized 2-group cross sections as a
function of burnup, absorber cluster insertion factor, 235U, 238U, 239Pu, 135Xe
and 149Sm concentration, coolant, moderator rod and gap water density and
fuel temperature. The parameter range covered the cold zero power and hot full
power states.” This approach was suitable to determine the equilibrium core
design of the HPLWR ([Maráczy2011]).
Since I only carried out preliminary scoping analysis, I have chosen to prepare the
needed cross sections on the fly. This approach is more accurate than that of
[Monti2009], but is computationally more expensive, thus not applicable for problems
where a large number of burnup calculations have to be carried out. Due to the large
15

For comparison: simulating the same number of neutrons with MCNP takes more than a day if a fulldetail core is used.
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effect of the coolant density on the neutron spectrum (see section 4.3.1), I have chosen to
prepare the cross sections depending on this quantity rather than the coolant temperature.
The corresponding mesh ranged from 75.0 to 800.0 kg/m3 in 25.0 kg/m3 steps. I chose
additional state parameters including: the Gd2O3 content (0, 2 or 4 weight percent), the
fuel enrichment (from 3.5 to 7.0% in 0.5% steps), the ZrH1.6 content (8, 12, 16, 20 or 24
rods). The search in the final tabulated cross section library has been done by picking the
cross section with the nearest parameters. This is reasonable since only the density of the
coolant has been allowed to change continuously. I have taken the temperature of the
water gap equal to the temperature of the moderator box/coolant in the case of the
HPLWR/SCWR with ZrH rods, respectively. Furthermore, if the Doppler feedback is not
taken into account, the fuel temperature has been set to a constant 1000.0 K. These are
satisfactory assumptions regarding the present applications.
This XSHM is unnecessary if MCNP is used in the neutronics module. On the other
hand, as already mentioned before, full core calculations are computationally very
expensive, thus the XSHM with KENOVI is used in such cases.
I have investigated three SCWR topics with the help of the coupled neutronics –
thermal hydraulics program system developed and the cross section homogenization
process adopted where necessary. These are:
 Zirconium-hydride as extra moderator for thermal SCWRs (section 5);
 Thorium as an alternative fuel for SCWRs (section 6);
 Xenon oscillations in SCWRs (section 7).

36

5. Zirconium-hydride as extra moderator for thermal SCWRs
Due to the large decrease in the density of the supercritical water after passing the
pseudocritical region, extra moderator is required in thermal SCWR cores, e.g. the
European HPLWR and the Japanese Super LWR use water rods. At the same time multipass cores are employed to fulfil the design criteria of 620°C for the cladding
temperature. On the other hand, these innovations result in a complicated water flow path
in the reactor pressure vessel (see e.g. Fig. 8). In steady-state calculations a flow
distribution is assumed (see e.g. Fig. 7), and other distributions such as power and
temperature are calculated accordingly for all regions of the core. However, these
distributions are only valid for nominal conditions. It is obvious that in the case of
transients and during burnup the power distribution changes, which may shift the
temperature distribution into unfavourable states, e.g. the pseudocritical transformation
could shift to another region. Thus, determining the transient behaviour of multi-pass
cores is much more difficult than that of single-pass cores. Another disadvantage of
multi-pass cores is that they require reactor pressure vessels of greater diameter which
limits the thermal and electric power of the core.
With the combination of zirconium-hydride as extra moderator, axially varying fuel
enrichment and moderation, longer active length and smaller core diameter a new and
simpler design has been proposed by Prof. Gyula Csom and myself. The main features of
this new design are:
 A one-pass core to simplify the construction of the reactor.
 Part-length zirconium-hydride rods to provide sufficient moderation in the regions
where the density of the coolant is low.
 Mixing volumes to counteract the non-uniform heat-up of the coolant.
The path to the development of the final design is described in this section. The main
criterion is to achieve an outlet temperature of 500°C with a one-pass core arrangement
(inlet temperature is 280°C, system pressure is 25 MPa, mass flow rate is 1179.0 kg/s,
thermal power is about 2300 MW16).

5.1. Increase average pitch-to-diameter
In this study the assembly of the HPLWR is considered as the reference design (see
Fig. 6 and section 2.1.6). However, the moderator box and the water gap are omitted. In
addition, the supercritical water flows upwards everywhere. Since there is no moderator
box and water gap, the number of fuel pins is increased from 40 to 49 (7x7). The number
of assemblies is 1404 like in the HPLWR, thus the average assembly thermal power is
around 1.64 MW. The fuel is UO2 enriched in 235U, the cladding material is SS316L
([Fischer2005]).
Obviously, supercritical water can serve as moderator as long the density is
sufficiently high. This is not the case after the pseudocritical region (Fig. 10): if the
temperature surpasses 656 K (383°C), the density will be less than half of the inlet which
means that extra moderation is required, otherwise power peaking would become an
enormous problem. An axially heterogeneous assembly is a possible solution to this

16

These values are adopted from the HPLWR [HPLWR_02].
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problem. From Fig. 10 it is obvious that three main regions can be distinguished in the
reactor (inlet temperature is set at 553 K):
 First region: until the temperature reaches about 650 K; no extra moderation is
required; about 33%17 of the total power is produced here.
 Second region: the temperature increases from 650 K to 670-680 K; some extra
moderation is required; about 34-40% of the total power is produced here (this is
due to the peak in the specific heat).
 Third region: the temperature reaches 773 K (500°C); about 26-33% of the total
power is produced here; more extra moderation is required than in the second
region.
The simplest way to account for the reduction in the moderation due to lower water
densities is to increase the average pitch-to-diameter ratio (P/D) in the relevant part of the
one-pass assembly. This can be accomplished by omitting some of the fuel pins in the
relevant regions. For this purpose the assembly has been axially divided into 3 regions,
each with a height of 140 cm (Fig. 25). In order to achieve the best possible mixing of the
coolant, mixing volumes of 35 cm in height have been introduced between these three
regions18. The setup with the same number of fuel pins in every region and a uniform fuel
enrichment of 5% is called Case 1 hereafter, this is the starting point.
The power distribution (Fig. 26) shows that the moderation is not sufficient in the
upper part of the assembly. Therefore, 9 fuels pins have been omitted in the second
region and 8 more in the third. The uniform fuel enrichment has been increased from
5.0% to 6.074% in order to ensure that the amount of 235U remains the same in the
assembly. This setup is called Case 2. Fig. 26 indicates a smaller peak at the bottom, but
the power is still too low in the upper region. Thus, the enrichment in the first region has
been decreased to 5%, increased to 6.125% in the middle and to 7.656% in the upper
region, respectively (Case 3). One can conclude that the power distribution becomes
more balanced. Furthermore, for Case 1 the keff is only 1.0133±0.000519, on the other
hand, for Case 3 it is 1.11613±0.0005 which shows that the more balanced power
distribution is favourable for the multiplication factor as well.
In turn, further examinations have revealed several problems in Case 3. First of all, the
mixing volumes cause local power peaks which can only be reduced with a decrease of
enrichment in the responsible locations resulting in more complicated fuel pins20. The
second problem is that the enrichment is too high entailing high fuel fabrication costs.
The third and biggest problem is with the cladding temperature. This exceeds 900 K in
several locations - mainly in the third region - indicating that this construction is not
feasible. The primary cause is that the mass flux (the mass flow rate divided by the flow
area of the coolant) plays a major role when calculating the HTC: it decreases almost
linearly with decreasing mass flux21 ([Cheng2001]). In the HPLWR the mass flux of the
coolant is about 1380 kg/m2s. In our case the mass flow rate is the same as in the
17

Based on the integration of the specific heat from Fig. 10.
15, 25 and 45 cm long mixing volumes have been also investigated.
19
For the neutronics part of the calculations MCNP is used.
20
It should be noted that the setup without mixing volumes is also examined and has not either solved the
problem of lack of moderation in the upper part of the core.
21
The Reynolds number is proportional to the mass flux, and the Nusselt number, which is proportional to
the HTC, depends almost linearly from the Reynolds number.
18
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HPLWR, but the flow area of the coolant is much larger which results in mass fluxes of
409.0, 335.2 and 288.84 kg/m2s in the first, second and third regions, respectively. The
cladding temperature also depends on the linear power, which is shown in Table 1. It can
be seen that in the third region it is almost three times higher than in the Superheater2
region of the HPLWR, which further worsens the problem.

Fig. 25. The axial setup of the modified HPLWR assembly (only one eighth with
reflective boundary conditions is modeled): the moderator box and the water gap
is omitted, mixing volumes are introduced and the average pitch is increased by
omitting some of the fuel pins.
Table 1. Average linear power of the different regions in the HPLWR and Case 3.
Average linear
Average linear
HPLWR
Case 3
power (kW/m)
power (kW/m)
Evaporator
Superheater1
Superheater2

18.43
7.61
3.22

First region
Second region
Third region
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Fig. 26. Power and temperature distributions of different cases.

5.2. Zirconium-hydride as extra moderator
The following conclusions can be drawn from the previous section:
 the moderation is still too low in the upper part of the assembly;
 the mixing volumes will enhance mixing, but they introduce local power peaks in
the power distribution;
 reasonable mass flux and linear power are required to keep the cladding
temperatures low;
 changing the enrichment of the fuel pins is a powerful way to shift or to flatten the
power distribution.
The first point can be tackled by introducing zirconium-hydride (ZrH) pins with
different lengths in the assembly (of course the fuel pins below them become shorter). It
is necessary to divide the assembly axially into several regions which are discussed in
detail below. The second point can be simply solved by omitting the mixing volumes
which is of course disadvantageous from a mixing point of view. If we use a one-pass
core, the third point calls forth fewer assemblies in the core and an increase of the active
height. The fourth point can be used to shift the power distribution toward the desired
shape. Accordingly, the modified assembly configuration features the following changes:
 6 regions22 have been adopted with 49 pins in every region (the HPLWR
assembly is our reference design, which explains the number of pins). The pins
are filled with either fuel or solid moderator. Region numbering begins with 1 at
the bottom and ends with 6 at the top.

22

Although the 5th and 6th regions have the same geometry, 6 regions were chosen to ensure all regions are
100 cm long.
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Solid moderator in the form of ZrH1.6 in δ-phase has been introduced: this has a
similar moderating capability than light water and also proper physical and
mechanical characteristics ([Buongiorno2003], [Mueller1968]).
 The mixing volumes have been omitted.
 The active height of the assembly has been increased from 4.2 m to 6.0 m, i.e.
each region is 100 cm high.
 Different fuel enrichments have been used in the 6 regions.
 In order to increase the mass flux of the coolant the number of assemblies in the
core has been reduced from 1404 to 720 (this also decreases the diameter of the
core).
The following numbers of ZrH-pins have been used in the 6 regions (from bottom to
top): 0, 4, 12, 16, 17, 17. Accordingly, the number of fuel pins in the regions has been
(from bottom to top): 49, 45, 37, 33, 32, 32 (Fig. 27). During the calculations each region
has been divided into 10 levels, the numbering starts from the bottom with 1, so the last
level (at the top) has the number 60.

Fig. 27. The axial setup of the new design with ZrH pins colored in red.
The power distribution for several different enrichment profiles is shown in Fig. 28.
There is a sharp decrease in the 2nd region (from level 10 to level 20), which is due to the
pseudocritical transformation of the coolant (this is clear from the coolant temperatures
depicted in Fig. 29).
In all cases, the temperatures at the inner and outer surface of the cladding have been
determined (‘cladding inside’ and ‘cladding outside’ temperature). The case with the
enrichment profile of 3.6% - 4.0% - 4.3% - 4.7% - 4.9% - 5.2% (called Case 4 hereafter)
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has the smallest maximum cladding outside temperature (Table 2). Although the
maximum cladding inside temperature is about 0.6 K higher than in another case, the
average enrichment is somewhat lower, thus Case 4 has been further examined.
0.14

3.6_3.8_4.3_4.7_5.0_5.3
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Fig. 28. Power distribution with different axial enrichment profiles.
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Fig. 29. Temperature and HTC distributions for the Case 4.
The distributions of the coolant, cladding outside and inside temperatures and the HTC
for Case 4 are depicted in Fig. 29. The maximum cladding temperature is about 850 K,
which is below the limit of 893 K for stainless steel set as design criteria for other SCWR
concepts ([Dobashi1998], [Ehrlich2004]). It should be noted that a further power shift to
the lower part of the assembly - causing a decrease in the cladding temperature in the
upper part of the assembly - is possible due to
 the lower bulk temperatures in the lower part, thus greater margin to the limits;
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 and the greater HTCs as shown in Fig. 29.
The HTCs have been calculated with the Bishop correlation. Iteration has been used since
the HTC depends on the cladding temperature and vice-versa.
Table 2. Temperature of the cladding outside and inside.
Temperature
Case
Enrichment profile
of the cladding
outside (K)

Case 4

3.6_3.8_4.3_4.7_5.0_5.3
3.6_3.8_4.3_4.7_5.0_5.5
3.6_4.0_4.3_4.7_5.0_5.3
3.6_4.0_4.3_4.7_4.9_5.2
3.6_4.2_4.3_4.7_4.9_5.2
3.6_4.2_4.4_4.7_4.9_5.2

Temperature
of the cladding
inside (K)

841.0
846.3
829.8
823.8
837.5
831.4

861.3
866.1
847.9
848.5
859.5
849.6

The linear power as a function of height is depicted in Fig. 30. From the thermal
hydraulics point of view, this value is a better indicator in this case since the number of
fuel pins is different in the regions. In this figure one can also see the ratio between the
moderator and the fuel nuclei. There is a clear correlation between the above two
quantities: the higher the ratio between the moderator and fuel nuclei, the larger the linear
power.
0.04

Linear power
Fuel to moderator ratio
20

0.03

10

0.02

0

Fuel atom to moderator atom ratio

Average linear power per fuel pin
[kW/m]

30

0.01
0

100

200

300

400

500

600

Height [cm]

Fig. 30. Linear power and fuel to moderator ratio for the Case 4.
In a thermal reactor with UO2 fuel the higher the conversion ratio the better the fuel
management. In Table 3 these values have been calculated23 independently for the 6
regions for a fresh assembly. It is interesting that the highest value is in the 2nd region
which could lead to a further power shift to the lower part of the assembly during burnup.
23

It is estimated by the ratio of the reactions 238U(n,γ)239U and 235U(n,f)X.
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It is known that with UO2 fuel both the increase of the enrichment and the moderation
decreases the conversion ratio ([Csom1997]). In this case these are contrary effects and
show an optimum from the viewpoint of the conversion ratio in the 2nd region. The
average conversion ratio is about 0.8 which is greater than in a conventional PWR (about
0.5). Although burnup calculations have not been carried out to this moment, the high
conversion ratio indicates that the excess reactivity will decrease slower during burnup.
Table 3. Results for Case 4.
Region
number
(levels)
6 (51-60)
5 (41-50)
4 (31-40)
3 (21-30)
2 (11-20)
1 (1-10)

Enrichment (%)

H atom to U235 atom
ratio

Moderator (H)
atom to fuel
(U-235 and U238) atom ratio

Conversion
ratio

5.2
4.9
4.7
4.3
4.0
3.6

34.82
38.70
37.95
40.65
41.93
61.15

1.81
1.90
1.78
1.75
1.68
2.20

0.77
0.77
0.76
0.81
0.87
0.80

Further calculations have been carried out using Case 4 as a starting point:
 the heterogeneous and homogeneous solid moderator compositions have been
compared;
 reactivity coefficients have been determined;
 effect of changing the total power of the assembly has been examined.
Heterogeneous vs. homogeneous use of the extra moderator
It is well-known that a heterogeneous fuel-moderator structure is usually advantageous
over the homogeneous one. Still, the hypothetical case when the ZrH solid moderator is
mixed with the UO2 fuel in every region has been investigated. The enrichment and
temperature profile of this calculation is equivalent with those of Case 4. The
composition of this homogeneous moderator-fuel mixture depends on the number of
ZrH-pins and the enrichment of the fuel in the corresponding regions. The multiplication
factor calculated is below 1.0 which is far smaller than that of Case 4 (1.0663±0.0004).
Reactivity coefficients
The temperature reactivity coefficient of the coolant and the ZrH moderator has been
determined. For the earlier, the inlet temperature of the coolant has been modified by
± 5 K (the cases are called Plus5K and Minus5K, respectively). For the latter, different
S(α,β) material cards have been used in the MCNP input: Case 4 used the h/zr.05t and
zr/h.05t data sets which correspond to zirconium-hydride at a temperature of 800 K. The
cases called ZrH04 and ZrH06 used the data sets h/zr.04t, zr/h.04t and h/zr.06t, zr/h.06t,
which denote temperatures of 600 K and 1200 K for the ZrH, respectively.
The resulting multiplication factors are given in Table 4 with the corresponding
reactivity coefficients. The table shows that the effect of the temperature change of the
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ZrH is negligible24. On the other hand, the absolute value of the coolant temperature
reactivity coefficient is higher than that of a PWR. This can be explained with the greater
density change of the coolant. The effect of the inlet temperature change on the power
distribution (Fig. 31) and other parameters is manageable or not significant.
Table 4. Reactivity coefficients.
Case name

keff

Case 4
Plus5K
Minus5K
Typical PWR’s
ZrH04
ZrH06

1.0663
1.0630
1.0714
1.0677
1.0675

Reactivity
coefficient
(pcm/K)
-58.41
-89.81
-34.40
-0.63
+0.28
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Fig. 31. Power distribution with different inlet temperatures.
Changing the power of the assembly
The power of the assembly has been decreased to 95% and 90%. The resulting power
and temperature distributions are shown in Fig. 32 and Fig. 33, respectively. There is no
significant change in the power distribution which is clear after examining the
temperature and density distributions: the curves separate only after the pseudocritical
transformation, i.e. there is no significant density change in the upper part of the
assembly.

24

It should be noted that MCNP is not well suited to detect such small changes in reactivity.
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Fig. 32. Power distribution with different total assembly powers.
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Fig. 33. Temperature and density distributions with different total assembly powers.
Since the above calculations look promising, a re-evaluation of the concept has been
carried out: the geometrical parameters of the assembly have been optimized taking into
account neutronic and basic thermal hydraulic properties.

5.3. Assembly optimization
Table 5 lists several SCWR assemblies and their geometrical parameters taken from
the literature (see Fig. 17 for the symbols used). The thickness of the cladding is about
0.5 mm in all designs, whereas the gap between neighbouring fuel pins (Δ = P-D) and the
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P/D ratio are between 1-2 mm and 1.1-1.25, respectively. The geometrical parameters of
the assembly are mainly governed by neutronics: from a fuel management point of view
it is advantageous to achieve the greatest possible k∞ for the assembly (at the same time,
under-moderation should be ensured). In addition, several other criteria must be taken
into account, which, in turn, will limit the geometrical parameters to certain
values/ranges.
Based on previous researches (Table 5) the following values/ranges have been set for
the geometrical parameters of the assembly:
 the fuel pin diameter (D_fuel) is between 6.0 and 9.0 mm;
 the (gas) gap thickness (δg) is 0.1 mm;
 the cladding thickness (δc) is 0.5 mm;
 the P/D is between 1.1 and 1.2;
 the minimum gap between neighboring fuel pin surfaces (Δ = P-D) is at least
1 mm;
 the assembly wall thickness is 1.0 mm;
 the water gap thickness (i.e. the half of the minimum distance between
neighbouring assembly wall surfaces) is between 1.0 and 2.5 mm;
 the number of fuel pin positions are 49 in square and 61 in hexagonal assemblies.
A limit has been set for the coolant mass flux. In order to maintain an appropriate HTC
(and to avoid heat transfer deterioration), this value should be greater than 800.0 kg/m2s.
Furthermore, the linear power density and the cladding surface temperature should be
below 39 kW/m and 620°C, respectively ([Dobashi1998]). The Monte Carlo code MCNP
has been used for this analysis. To obtain the k∞, all outside surfaces have been made
reflective. Two arrangements, namely square and hexagonal have been examined.
5.3.1. Square assembly
Determining the fuel pin diameter
Sufficient cooling of the fuel pins is essential for keeping the maximum cladding
temperature under the prescribed limits. This requires an appropriate mass flux of the
coolant between the fuel pins. Assuming that at least 80% of the coolant mass flow is
going inside of the assemblies (the rest is gap water and some bypass), a map of the
coolant mass flux can be drawn with respect to the fuel pin diameter and the P/D. Fixing
the minimum mass flux at 800 kg/m2s yields the maximum possible P/D values with
respect to the fuel pin diameter (Fig. 34). This in turn gives the upper limit for Δ as
shown in Fig. 35 with respect to the fuel pin diameter.
Smaller fuel pin diameters allow larger P/D, but k∞ is much smaller for all values of
water density (between 100.0 and 800.0 kg/m3) and enrichment (between 3.5 and 7.0%)
as shown e.g. in Fig. 36 (the water gap thickness is 2.0 mm, number of ZrH1.6 rods is 0,
and the enrichment of fuel pins is 6.0%). A larger fuel pin diameter decreases the heat
flux if the number and length of fuel pins are the same. This is advantageous for avoiding
heat transfer deterioration. On the other hand, a larger fuel pin diameter also increases the
size of the assembly which has disadvantages from an economic and technical point of
view (e.g. larger core needs larger pressure vessels).
Combining all the above results, a fuel pin diameter of 8.0 mm has been chosen.
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Fig. 34. Possible maximum P/Ds with respect to fuel pin diameter if the mass flux is
fixed at 800 kg/m2s (square assembly).

Fig. 35. Possible maximum Δ with respect to fuel pin diameter if the mass flux is fixed at
800 kg/m2s (square assembly; a line for Δ=1.0 mm is drawn for better understanding).
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Table 5. Different types of SCWR assemblies and their geometrical parameters.
Cladding
Type of
D_fuel
δg
D
δcl
Δ
inner
core
Pitch / P/D
[mm] diameter [mm] [mm] [mm] [mm]
a)
/assembly
[mm]
1
<7.2
7.2
8
0.4
2
10/1.250
t/h
2
<7.42
7.42
8
0.29
1.5
9.5/1.188
t/h
3
<9.12
9.12
10.2 0.54
1.3
11.5/1.127
f/h
4
8.19
8.36
0.085 9.5
0.57
2
11.5/1.211
t/s
5
8.20
8.36
0.08
9.5
0.57
1
10.5/1.105
t/h
6
8.78
8.94
0.08 10.2 0.63
1
11.2/1.098
t/s
7
8.26
8.94
0.34 10.2 0.63
1
11.2/1.098
t/s
8
t/s
8.2
8.4
0.1
9.5
0.55
2
11.5/1.211
9
8.77
8.94
0.085 10.2 0.63
1
11.2/1.098
t/s
10
6.64
6.74
0.05
7.6
0.43 1.064 8.664/1.140
f/h
11
6.9
7
0.05
8
0.5
1.2
9.2/1.150
t/s
12
<6.14
6.14
7
0.43 1.12 8.12/1.160
f/h
13
6.84
7
0.08
8
0.5
1.6
9.6/1.200
t/s
14
6.7
7
0.15
8
0.5
1.44 9.44/1.180
t/s

Cladding
materialb)
SS
Ni
Ni
Alloy 718
ODS
Ni
Ni
SS
SUS304
SS
SUS304
Alloy 718
PM2000

a) t or f: thermal or fast reactor, h or s: hexagonal or square assembly
b) SS: stainless steel, Ni: Ni-alloy
Values taken from: 1 - [Okano1994], 2 - [Dobashi1998], 3 - [Ishiwatari2001], 4 - [MacDonald2002], 5 [MacDonald2003], 6 - [MacDonald2004], 7 - [Yamaji2005], 8 - [Joo2005], 9 - [Yamaji2006], 10 - [Yoo2006], 11 [Hofmeister2007], 12 - [Cao2008], 13 - [Liu2008], 14 - [Köhly2009b].

Fig. 36. Infinite multiplication factor versus fuel pin diameter and coolant density (the
water gap thickness was 2.0 mm, the number of ZrH1.6 rods is 0, the enrichment
of the fuel pins was 6.0%; square assembly).
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Determining the P/D
Fixing the fuel pin diameter at 8.0 mm introduces an upper limit on the P/D (Fig. 34).
From a neutronics point of view, greater P/D is more beneficial because of the presence
of more moderator in the form of water (the assembly is under-moderated, thus it
increases the k∞). For these reasons a P/D of 1.1 has been selected. This calls forth a Δ of
0.92 mm violating an earlier criterion, namely the gap between the neighbouring fuel pins
should be at least 1.0 mm. On the other hand, smaller Δ results in greater coolant mass
flux, thus this small discrepancy can be tolerated.
Determining the number of ZrH1.6 rods
The previous calculations show that the assembly is quite under-moderated
(depending mainly on the water density). Thus, the optimum number of ZrH1.6 rods must
be determined for every water density value separately. At the beginning of the heat-up in
the assembly the temperature of the coolant is the smallest, thus its density is quite high,
requiring fewer ZrH1.6 rods compared to the location where the coolant already passed
the pseudocritical point (meaning its density is quite low). The optimum number of
ZrH1.6 rods is plotted versus coolant (water) density and fuel enrichment in Fig. 37.
At large water densities an optimum has been found with 16 ZrH1.6 rods, since water
plays an important role in moderation (furthermore, at high water densities smaller
enrichments require less ZrH1.6 rods). On the other hand, substituting some of the fuel
pins increases the linear heat rate of the remaining ones. Preliminary calculations have
showed that 16 ZrH1.6 rods would put this rate too close to the limit of 39 kW/m, thus a
smaller number has to be chosen. In later phases of the heat-up with lower water densities
(and also lower power densities) 16-24 ZrH1.6 rods are reasonable.
The final parameters of the square assembly are given in Table 6.
Table 6. Final parameters of the square assembly design.
Fuel pin diameter [mm]
Gas gap/cladding thickness [mm]
Cladding inner diameter [mm]
Cladding outer diameter [mm]
Pitch [mm] / P/D ratio
Number of ZrH1.6 rods
Water gap width between assemblies [mm]
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8.0
0.1/0.5
8.2
9.2
10.12/1.1
According to water
density
2.5

Fig. 37. Infinite multiplication factor versus fuel enrichment and coolant density with
different number of ZrH1.6 rods (square assembly; a plane at 500 kg/m3 is drawn
for better understanding).
5.3.2. Hexagonal assembly
In this case the analyses have been very similar to that of the square assembly, thus
only the important aspects are highlighted. The hexagonal lattice is tighter than the square
one, thus with the same fuel pin diameter larger P/D is allowed when the minimum mass
flux is fixed at 800 kg/m2s (Fig. 38). Therefore, the gap between fuel rods can also be
somewhat larger (Fig. 39). Fixing the fuel pin diameter at 8.0 mm infers a maximum P/D
and Δ of 1.1384 and 1.2735 mm, respectively.
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Fig. 38. Possible maximum P/Ds with respect to fuel pin diameter if the mass flux is
fixed at 800 kg/m2s (hexagonal assembly).

Fig. 39. Possible maximum Δ with respect to fuel pin diameter if the mass flux is fixed at
800 kg/m2s (hexagonal assembly; a line for Δ=1.0 mm is drawn for better understanding).
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5.3.3. Comparing the two designs
The optimum number of ZrH1.6 rods has been determined for both geometries (water
density varies between 100 and 800 kg/m3, while the fuel enrichment between 4.0 and
7.0%). As expected, there are only small differences between the two arrangements both
in k∞ and optimum fraction of ZrH1.6 rods inside the assembly (see Fig. 40 and Fig. 41):
the most notable is that at small water densities the hexagonal assembly requires less
extra solid moderator. It should be noted that with the same number of ZrH1.6 rods the k∞
of the hexagonal assembly is somewhat greater than that of the square one. For further
analysis the square assembly has been chosen because of simpler geometry modelling.

Fig. 40. Comparison of the infinite
multiplication factors of the square and
hexagonal assemblies.

Fig. 41. Comparison of the fraction of
ZrH1.6 rods in the square and hexagonal
assemblies.

5.4. Coupled full core calculation with KENOVI
A full core analysis consisting of the previously optimized assemblies has been carried
out. The cross section homogenization method presented in Section 4 has been applied.
The neutronics module is based on KENOVI calculations. This is coupled with a single
channel thermal hydraulics code25. It is assumed that the water in the gap between the
assemblies heats up in the same way as the coolant inside the assembly. Furthermore,
there is no heat exchange between neighbouring assemblies.
During the full core analysis I have used the following procedure. Due to the large
density and small temperature change in the pseudocritical region, the convergence
criteria of the coupled analysis is based on the coolant water density, not on its
temperature, i.e. a solution is accepted only if the newly calculated density of the water
25

The thermal hydraulics part of the program system can be also run on GPUs (using NVIDIA’s CUDA
environment) which could speed up these calculations by two orders of magnitude.
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deviates by less than 50 kg/m3 from the old one at every level26. After this convergence is
achieved, the power distribution is checked for power peaking. In the case of very low
keff or excessive radial or axial power peaking, the parameters (enrichment, number of
ZrH1.6 rods, Gd2O3 content) of the appropriate assemblies are modified and the resulting
new core configuration is recalculated.
5.4.1. Setup of the one-pass core
The core consists of three zones with a height of 2.0, 2.0 and 1.0 m, respectively.
Based on preliminary calculations, two 30 cm mixers between the zones have been
introduced (Fig. 42). It has been assumed that the mixing is perfect, which needs to be
verified in the future. The core consists of 684 assemblies which are grouped into 76
clusters of 3x3 assemblies (Table 7). The clusters have been axially divided into levels in
the following way: the first and second zones have 10 axial levels, while the third has 5
axial levels, thus each level is 20 cm high. The region inside of a level has been treated as
a homogeneous unit. There are 30 cm high axial “reflectors” at the bottom and top of the
core filled with water which have temperatures corresponding to the inlet (553.0 K) and
outlet (773.0 K) conditions of the core, respectively. There are no radial reflectors around
the core yet.

Fig. 42. Schematic view of the one-pass core of the proposed design (left) and the threepass HPLWR (right, [Schulenberg2008]).
To prevent excessive cladding temperatures, the total power must be reasonably
divided between the three zones. Preliminary calculations have shown that an optimum is
achieved if the ratios are 63.0, 27.0 and 10.0% for the first, second and third zones,
respectively. This is because the average coolant temperature is the smallest in the first
zone, thus the margins are the largest here.

26

If more detailed calculations will be carried out, a more stringent criterion has to be used.
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Table 7. Parameters of the one-pass configuration.
Number of assemblies [-]
Number of clusters [-]
Inlet temperature [°C]
Outlet temperature [°C]
Mass flow rate [kg/s]
Thermal power [MW]
Total height [m]
Height of first/second/third zone [m]

684
76
280
500
1231.2
2383.48
5.60
2.0/2.0/1.0

5.4.2. Full-core analysis
It is recommended to flatten the power distribution in the core at the beginning of
cycle (it is expected that the power distribution will flatten during burnup). This is
especially valid for SCWRs, since power peaking is the main reason for excessive
cladding temperatures (the three-pass core of the HPLWR is one option to cope with this
problem as reported in [Schulenberg2008]). Large power peaking can be prevented with
a proper design, i.e. the enrichment of the fuel pins, the number of ZrH1.6 rods in, and the
gadolinium concentration of certain assemblies must be appropriately set. Proper
positioning of the control rods and the addition of radial and axial reflectors can further
improve the situation.
During the preliminary optimization of this one-pass core the following quantities can
be modified: Gd2O3 percentage (possible values: 0, 2 and 4%), number of ZrH1.6 rods
(possible values: 8,12,16,20 and 24), fuel enrichment (possible values: 4.0-7.0% in 0.5%
steps). If any of these quantities is changed in only one level of a cluster, the power
distribution will change, which in turn modifies the temperature distribution (and viceversa). Thus, it is preferable to first achieve a power ratio between the zones which is
close to the optimum given in the previous subsection. Afterwards, the quantities can be
fine tuned to reduce power peaking. Due to the lack of any control equipment to this
point, one more aspect is that the multiplication factor needs to be more than 1.00 (to be
more precise, if burnable poisons are used it should be at least 1.04 to account for reactor
poisons and some manoeuvrability).
The preliminary optimization has lead to the values given in Table 8, the temperature
distribution shown in Fig. 43 and the power peaking in Fig. 44. It should be noted that the
power peaking values have been calculated on a cluster-level. Taking into account the
inner-assembly power peaking the maximum cladding temperatures will be larger. As
expected, the average enrichment is the lowest in the 1st zone, which is mainly due to the
high coolant density. As a comparison, the average enrichment is ~5.15% in the threepass HPLWR ([Maráczy2009]), it is ~6.11% in the SCLWR-H ([Kamei2005]) and
~7.30% in the Korean SCWR ([Bae2007]). Burnable poison has been only used in the 1st
zone. Since the power peaking is quite low, the temperature distribution is close to
uniform at the outlet of this zone. On the other hand, in the 2nd zone due to the power
peaking of 1.236, larger temperature differences are introduced (xy-plane at z=430 cm in
Fig. 43).

55

Fig. 43. Temperature (left) and density (right) distributions of the full core calculation.

Fig. 44. Power peaking in the three zones, normalized separately with their average
power (1st zone is at the bottom).
The effect of a radial reflector has been evaluated: 10 and 20 cm thick water reflectors
have been introduced at the periphery of the active zone with the temperature of the inlet.
As can be seen from Table 9, the increase of the multiplication factor is only 0.5%, but
the radial power peaking decreased by 2-3%.
Due to the small multiplication factor, the maximum allowed enrichment of the fuel
pins has been increased from 7.0% to 9.5%. Thus, the multiplication factor increases to
1.0303, while the average fuel enrichment and burnable poison content are
6.36/6.63/7.51% and 0.74/0.05/0.17% in the 1st/2nd/3rd zone, respectively. The radial
power peaking is 1.082/1.114/1.188, thus the 2nd zone has a much more uniform power
distribution. Still, the weaknesses of this design are as follows:
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1. The multiplication factor is only about 1.03 which is far below the envisioned
range.
2. The burnable poison concentration is almost zero in the 2nd and 3rd zones, thus,
during burnup, this would cause an unmanageable power shift to the 1st zone.
3. Due to the large mixing volumes the reactor consists of three loosely coupled
regions from a neutronics point of view.
4. The cladding temperatures are quite high although the power peaking inside of the
clusters (assemblies) has been not taken into account.
It is very likely that the before mentioned first two weaknesses can be overcome with the
increase of the fuel enrichment in the upper zones (e.g. 1.01 versus 1.03 with maximum
allowed fuel enrichments of 7.0% and 9.5%, respectively). On the other hand, the high
costs of fuel fabrication would possibly offset the advantages gained from a simpler setup
with the one-pass core. Still, the assembly configuration with part-length ZrH solid extra
moderator rods is an alternative to the complicated flow path of the setups with water
rods. Besides increasing the fuel enrichment, there are other options worth further
analysis, e.g. a two-pass configuration similar to that presented in the next section of this
thesis would certainly solve (or at least greatly mitigate) the above third and fourth point
of concern.
Table 8. Calculated values from the full core analysis.
1st zone
Number of ZrH1.6 rods [-]
Average enrichment [%]
Average Gd2O3 concentration [%]
Ratio of total power [%]
Average assembly power [MW]
Average linear power [kW/m]
Average outlet temperature [K]
Max. linear power [kW/m]
Max. coolant temperature [K]
Max. cladding outside temp. [K]
Max. cladding inside temp. [K]
Radial power peaking [-]

8
5.80
0.92
62.84
2.19
26.70
665.4
30.55
671.07
704.35
740.14
1.073

2nd zone

3rd zone

16
5.97
0.00
26.80
0.93
14.12
727.7
26.49
757.18
797.79
819.77
1.236

24
6.48
0.00
10.36
0.36
13.94
773.0
22.86
786.19
819.26
840.47
1.238

Table 9. Calculated values with water reflector.
No refl.
keff
Radial power peaking

st

1 zone
2nd zone
3rd zone
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1.0111
1.073
1.236
1.238

10 cm
refl.
1.0151
1.051
1.183
1.203

20 cm
refl.
1.0152
1.052
1.177
1.203

6. Thorium as an alternative fuel for SCWRs
Due to the difficulties encountered when using zirconium-hydride as extra moderator,
new configurations have been examined. The usage of enriched UO2 requires a wellmoderated environment which is not granted after the coolant passes the pseudocritical
point. Thus, instead of using extra moderator to overcome this problem (e.g. water rods in
the HPLWR or ZrH1.6 rods as shown in Section 5), Prof. Gyula Csom proposed to replace
the conventional uranium fuel with thorium. One-, two- and three-dimensional
calculations have been carried out based on which we have developed a two-pass
assembly with (Th-233U)O2 fuel for the SCWR.

6.1. Properties of thorium
Thorium is 3-4 times more abundant than uranium ([IAEA2005]), but it does not
contain any fissile isotope. The fertile 232Th has to be converted into the fissile 233U via
233
Pa which has a relatively long half-life of 26.967 days. The conversion was already
realized in one of the very first reactors, the Shippingport reactor ([Freeman1989]).
Another milestone in thorium utilization was the Molten Salt Reactor Experiment
([Haubenreich1970]). Both reactors demonstrated breeding. Today’s new designs with
thorium as fuel include the AHWR – Advanced Heavy Water Reactor ([Sinha2006]), the
RMWR – Reduced Moderation Water Reactor ([Hibi2001]) and the ATBR
([Jagannathan2006]).
The 232Th and 235U chains typical for nuclear reactors are presented in Fig. 45, the η
and selected cross sections in Fig. 46 and Fig. 47, respectively. The nuclear data was
collected from [WWW_01] and [WWW_02]. Some of the main differences of the
thorium cycle compared to the uranium cycle are:
 The longer half-life of the 2nd intermediate nuclide (233Pa compared to 239Np)
infers longer cooling times and slower build-up of the following fissile nuclide
(233U vs. 239Pu).
 The higher capture cross section of 232Th compared to 238U and similar fission
cross section of the respective nuclides make 232Th a better fertile material in a
thermal reactor.
 The significantly larger neutron yield in the thermal range allows breeding in a
thermal spectrum.
Besides neutronics there are some other differences worth mentioning which are clearly
advantageous for the thorium cycle ([IAEA2005]):
 Less plutonium and minor actinides are produced thereby minimizing the
radiotoxicity of the spent fuel.
 Higher proliferation resistance due to the formation of 232U from 233U in (n,2n)
reactions, where 232U has a half-life of 68.9 years with strong gamma emitting
daughter products (e.g. 208Tl – 2.6 MeV).
 Mining and extraction is simpler:
o the main source ore, monazite, is extracted in open pit;
o the radiological impact from 220Rn (toron) is smaller;
o the total radioactive waste production is lower.
 ThO2 has better in-pile performance than UO2 because it
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is chemically more stable;
has higher radiation resistance;
has lower fission product release;
has higher thermal conductivity and melting point and lower thermal
expansion coefficient.
 ThO2 is more inert than UO2, thus interim and permanent storage is simpler.
Some of the advantages listed above are also the source of drawbacks ([IAEA2005]):
 The long half-life of 233Pa requires longer cooling times in order to retain all the
fissile material.
 The strong gamma emitting daughter products necessitate automated reprocessing
and heavy shielding.
 The more inert ThO2 is difficult to reprocess, thus the THOREX method is more
complicated than the PUREX.
 The higher melting temperature requires a higher sintering temperature, thus fuel
manufacturing is more difficult.
Also, the database and experience from thorium based fuels is far less than that from
uranium and plutonium.
o
o
o
o

Fig. 45. Decay chain of 232Th (left) and 238U (right) with the most important neutron
physical parameters.
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Fig. 46. Neutron yield (η) of different fissile isotopes.

6.2. Model and calculation method
Due to the neutronic characteristics of 232Th no extra moderator is required when used
in a SCWR. Thus, an optimal assembly configuration has been sought with supercritical
pressure water as coolant and (Th-233U)O2 as fuel. The goals set have been high fuel
utilization, high burnup, small reactivity swing and acceptable power peaking. A
hexagonal arrangement has been chosen over a square one because of the possibility of a
tighter lattice, which is favourable for breeding. I started the analyses with simple onedimensional geometries. As more and more data has been collected the calculations
became more sophisticated. Eventually, three-dimensional coupled neutronics – thermal
hydraulics calculations with burnup have been carried out.
The one-dimensional single fuel pin and the two-dimensional assembly-wise
calculations have been carried out with the T-DEPL sequence of the SCALE6.0 program
package using the ENDF/B-VII.0 library. This sequence includes the modules introduced
in Section 4.2. The three-dimensional coupled neutronics – thermal hydraulics assemblywise calculations use MCNP for the neutronics and a single-channel code for the thermal
hydraulics (pressure losses are neglected). After convergence is achieved for the beginof-cycle (BOC), a burnup calculation is carried out using MCNP’s BURN card. A time
step of 1 MWday/kg has been chosen and after each of these time steps the coupled
calculation is repeated until a new converged solution is found.
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Fig. 47. Cross sections of selected isotopes.
The results obtained have been rated based on the evolution of the multiplication
factor, the fissile inventory ratio (FIR, defined by Eq. (46), similar to [Permana2007]),
the conversion ratio (CR), the power distribution and the burnup where the infinite
multiplication factor goes down to 1.0 (denoted as MPB, i.e. maximum possible burnup).
The fissile inventory ratio gives information about the potential fissile content with
respect to the initial values. If it is greater than 1.0 the system does not need fissile feed,
only the fertile loss must be compensated.
FIR t  

N Pa 233 t   N U 233 t 
,
N Pa 233 0   N U 233 0 

(46)

where N is the atom density of the respective isotope at a given time. FIR is an integral
quantity. The CR is the ratio between produced and consumed fissile material. This
quantity can be defined for a given time (differential quantity) if the reaction rates are
known or for a given period (integral quantity). Here, the integral CR is used and a
correlation between this quantity and FIR has been found. In a (Th-233U)O2 system, with
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the assumptions listed below, this is reasonable. Consumption of fissile material is due to
fission, capture and other reactions, e.g. (n,2n). Neglecting the “exotic” reactions, the
consumption is proportional to the absorption cross section, whereas the number of
fissions is proportional to the fission cross section. Thus, one can write:
dN consumed  dN a  dN f

σa P  t  σa

dt
σf
 σf

(47)

where the power is given per unit volume, and the cross sections are the average cross
sections of 233U computed with the appropriate spectrum. Integrating Eq. (47), the
consumption of the fissile material at a given time is obtained:
N consumed  t  

BU  t 



ρ HM

σa
σf

(48)

where BU is the burnup of the fuel and ρ is the density of the heavy metal. The produced
fissile material is:
N produced t   N U 233 t   N Pa 233 t   N U 233 0  N consumed t  .

(49)

Thus, using Eq. (46) the conversion ratio becomes:
CR t  

N produced t 
N consumed t 

 1  κ t FIR t   1

(50)

where
κ t 

N 233 U  0     σf
BU  t   ρ HM  σa

.

(51)

In the above derivations the following assumptions are made:
 fissile material other than 233U is not taken into account;
 fissile losses due to “exotic” reactions are neglected;
 fission of 232Th is neglected;
 the 233Pa concentration at t = 0 is 0;
 the average cross sections are calculated only at the beginning with a 238-group
neutron spectrum, thus spectral effects during burnup are not taken into account;
 the energy released per fission is 200 MeV;
 after discharge of the fuel the cooling time is large enough to ensure the decay of
all of 233Pa into 233U.

6.3. Pin-wise calculations
The geometry for these calculations consists of a fuel pin with gas gap, cladding and
coolant in a cylindrical coordinate system. The fixed parameters are given in Table 10.
The density of the fuel pellet is set to 9.50 g/cm3 (95% theoretical density,
[Balakrishna1998]). The moderator-to-fuel volume ratio (MFR), the enrichment and the
coolant density have been varied (see Table 11). The starting infinite multiplication
factors (k∞) can be found in Fig. 48. The k∞ is increasing if the MFR and/or the
enrichment increase/s, thus the system is under-moderated.
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Table 10. Fixed parameters of the fuel pins.
Fuel pin diameter [mm]
Gas gap/cladding thickness [mm]
Cladding inner/outer diameter [mm]
Fuel material
Fuel temperature [K]
Fuel density [g/cm3]
Cladding material
Coolant material

8.0
0.1/0.5
8.2/9.2
(Th-233U)O2
1000.0
9.50
SS316
light water

Good fuel utilization requires small reactivity swing, which can be achieved with a
high FIR over time. The k∞ and FIR are depicted for a burnup of 20 and 40 MWday/kg27
in Fig. 49 and Fig. 50, respectively (a dashed line at FIR / k∞ = 1.0 is provided in every
figure). The lower the coolant density and the higher the burnup, the more initial 233U is
needed to achieve a k∞ of 1.0. On the other hand, the FIR is higher - and the reactivity
swing is lower - if the coolant density is lower and/or enrichment is lower.

Fig. 48. Starting k∞ for selected coolant densities.
27

The calculations have been carried out until 50 MWday/kg with 1MWday/kg time steps.
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Table 11. Parameter values for the single pin calculations.
0.442, 0.584, 0.715, 0.846
MFR [-]
4.0, 6.0, 8.0, 10.0
Enrichment [%]
3
Coolant density [kg/m ] 100.0, 300.0, 500.0, 700.0

Fig. 49. k∞ at 20 and 40 MWday/kg for selected coolant densities.
At a burnup of 20 MWday/kg, low coolant densities (300 kg/m3 and especially
100 kg/m3) give a k∞=1.0 curve which is only slightly above the FIR=1.0, indicating that
a self-sustained cycle is almost reached. This is in good agreement with [Permana2006],
where a MFR smaller than 0.4 was needed for breeding (with light water as coolant). On
the other hand, allowing a MFR smaller than 0.442 (the lowest value examined in this
study) would infer a pitch smaller than 10.12 mm in a hexagonal lattice, i.e. with a
cladding outer diameter of 9.2 mm the distance between neighbouring fuel pins would be
less than 1.0 mm. According to the literature survey and Table 5, such small values have
never been used. Thus, the smallest value used is limited to 0.92 mm.
The above calculations indicate that a two-pass assembly setup could be the best
option for SCWRs, combining the advantages of high and low density coolant regions.
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Fig. 50. FIR at 20 and 40 MWday/kg for selected coolant densities.

6.4. Assembly-wise calculations
In an SCWR the typical values for inlet and outlet temperatures of the coolant are
280°C and 500°C, respectively. A one-pass heat-up - i.e. the coolant runs only once
through the core - is very challenging from a material point of view ([Schulenberg2007]).
Thus, a two-pass concept has been proposed by Prof. Gyula Csom and my self, i.e. the
coolant runs through the core twice (a somewhat similar arrangement can be found in
[Kamei2005]): in the first step it is heated from 280°C (corresponding density at 25 MPa
is about 780.0 kg/m3) to a temperature slightly above the pseudocritical region (~400°C
with a density of about 150.0 kg/m3), next it is superheated to about 500°C (density is
about 90.0 kg/m3). This requires a power share of about 70.0% in the first and 30% in the
second stage.
In order to combine the advantages of the low and high density coolant regions these
two steps should take place in every assembly (Fig. 51). There are two main possibilities,
namely low/high density water flowing in the inner region and high/low density one in
the outer region. Each of these setups has two minor options as shown in the figure
below. The preceding option (Fig. 51 left, called normal design in the following) has
been investigated at first. Since the results have been unsatisfactory, the latter option (Fig.
52, called reversed design) has been examined secondly. It should be noted, that the
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direction of the flow can be swapped in both designs (from a neutronics point of view,
the flow direction is irrelevant).

Fig. 51. Arrangement of the two-pass assembly with high/low density coolant flowing
outside/inside: a) axial view, b) horizontal cross section.
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Fig. 52. Arrangement of the two-pass assembly with low/high density coolant flowing
outside/inside: a) axial view, b) horizontal cross section.
6.4.1. Normal design
The inner region of fuel pins is separated from the outer region. Furthermore, since the
pseudocritical transition occurs in the outer region, the density change of the water is
large, a second wall (outer assembly wall, see Fig. 51) is needed. The thickness of these
separating walls has been set to 1.0 and 1.5-2.0 mm for the inner and outer regions,
respectively. The pitch of the two regions can be different, which places constraints on
the number of fuel pins allowed in each region. The water gap between assemblies (i.e.
the distance between adjacent outer assembly walls) has been set to 8.0 mm.
As a first guess the parameter range of the pin-wise calculation has been examined. A
two-dimensional horizontal cross section of the assembly has been modelled (Fig. 51a),
i.e. the height of the assembly has been set to infinity. Due to the nature of the
investigation only calculations with fixed coolant densities have been carried out, i.e. the
coolant in the inner region has a density of 100.0 kg/m3, whereas the outer has either
300.0, 500.0 or 700.0 kg/m3. From the results obtained the following conclusions can be
drawn:
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The starting k∞ is always the greatest if the coolant density of the outer region is
the largest, i.e. 700 kg/m3.
 An increase in the density of the outer region always decreases the FIR. In some
cases the decrease in the FIR is so significant that despite the higher starting k∞
the MPB decreases.
 The thermal flux is always the largest in the outmost ring, which in turn gives the
highest fission power for this fuel ring.
 The pitch in the high density coolant region should be minimized. On the other
hand, an optimum is found for the inner region at 11.22 mm.
 The power fraction of the outer region is quite high which is mainly due to the
softer neutron spectrum and the large difference in the fuel enrichment.
In order to further improve this assembly configuration the following measures have been
introduced (see Table 12):
 By comparing Case 1a and 2b: In order to decrease the MFR in the outer region which in turn will increase the FIR - the fuel pin diameter of the outer region has
been increased while maintaining the minimum distance (0.92 mm) between the
fuel pins.
 By comparing Case 2a and 2b: In order to harden the spectrum and to reduce the
absorption in the coolant, the pitch of the outer and inner regions, as well as the
number of pins has been fit. This minimizes the amount of high density water
between the inner assembly wall and the innermost ring of the outer region.
 Furthermore, the thickness of the outer assembly wall has been decreased from
2.0 to 1.5 mm and the enrichment of the fuel pins is lowered to increase the FIR.
The combination of all of the above improvements has lead to Case 3a. Since the MPB
is still high (about 50 MWday/kg) the enrichment has been further decreased. In order to
decrease the radial power peaking the enrichment of the rings in the outer region have
been set to different values (Case 3b). Due to the large thermal flux in the outmost ring, a
case with a very low (0-1%) enrichment for this ring has been also tested. As expected,
the FIR increased significantly but the radial power peaking became unacceptably high.
The final configuration of the normal design (Case 3b) features a fuel diameter of
13.0 mm in the outer region. Since this is significantly larger than the conventional
dimensions, a rather conservative calculation has been carried out to determine the fuel
centreline temperature. Assuming a volumetric heat rate of 300 MW/m3 and a fuel heat
conductivity of 3.5 W/mK, the maximum fuel temperature has been found to be slightly
below 2100 K. This is acceptable since the melting point for pure ThO2 is about 3600 K,
much higher than UO2.
Since the FIR and CR is smaller than 1.0 for all the configurations examined, the
reversed design has been examined (see the next section).
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Table 12. Results for selected cases of the normal design.
Case 1a

Case 1b

Case 2a

Case 2b

Case 3a

Case3b

Diameter of fuel pellet in
inner/outer region [mm]

8.0/8.0

8.0/8.0

8.0/10.0

8.0/10.0

8.4/13.0

8.4/13.0

Pitch of inner/outer region
[mm]

11.22/10.12

10.12/11.22

No. of fuel pin rings in
inner/outer region [-]

11.22/12.12

11.62/15.12

6/3

6/3

6/3

No. of fuel pins in inner/outer
region [-]

91/144

91/126

Enrichment of inner/outer
region [%]

91/144

4.0/8.0

91/126

91/108

4.0/8.0

4.0/7.0

3.0/7.4-5.9-4.4

Coolant density of outer
region [kg/m3]

300.0

500.0

700.0

300.0

500.0

700.0

300.0

500.0

700.0

300.0

500.0

700.0

300.0

500.0

700.0

300.0

500.0

700.0

k∞

1.194

1.301

1.366

1.278

1.376

1.4249

1.305

1.410

1.465

1.205

1.314

1.381

1.155

1.269

1.343

1.093

1.208

1.276

MPB [MWday/kg]

48.5

53.5

54.5

44.5

47.5

46.5

62.5

66.5

65.0

55.5

60.5

61.5

47.5

57.5

58.5

19.5

37.5

41.5

Power fraction of outer region
at BOC [%]

77.40

79.57

81.15

78.95

81.50

83.25

73.63

73.94

74.09

74.07

76.22

77.76

68.61

71.32

73.26

70.80

73.54

75.44

Power fraction of outer region
at MPB [%]

70.69

72.87

74.36

72.13

73.90

75.54

68.60

69.99

70.82

66.95

69.44

71.08

61.63

64.20

66.04

66.08

66.01

67.35

Pin power peaking of inner
region at BOC [-]

1.05

1.09

1.12

1.12

1.16

1.20

1.12

1.19

1.24

1.05

1.09

1.12

1.04

1.08

1.11

1.04

1.07

1.10

Pin power peaking of inner
region at MPB [-]

1.05

1.08

1.10

1.10

1.13

1.15

1.09

1.11

1.13

1.09

1.12

1.15

1.04

1.07

1.09

1.04

1.07

1.09

Pin power peaking of outer
region at BOC [-]

1.08

1.12

1.16

1.11

1.15

1.19

1.08

1.10

1.11

1.08

1.12

1.16

1.10

1.16

1.20

1.13

1.05

1.03

Pin power peaking of outer
region at MPB [-]

1.04

1.05

1.05

1.05

1.04

1.04

1.03

1.03

1.03

1.05

1.06

1.06

1.06

1.08

1.08

1.08

1.03

1.02

FIR of inner region*

1.139

1.008

0.934

1.021

0.920

0.873

0.973

0.822

0.745

1.165

1.030

0.953

1.224

1.087

1.004

1.448

1.248

1.132

FIR of outer region*

0.735

0.629

0.565

0.616

0.521

0.471

0.696

0.609

0.563

0.761

0.660

0.597

0.825

0.708

0.634

0.858

0.712

0.627

FIR of whole system*
Conversion ratio*

0.831
0.80

0.720
0.67

0.653
0.58

0.723
0.68

0.627
0.56

0.578
0.50

0.743
0.67

0.645
0.55

0.593
0.48

0.837
0.80

0.729
0.66

0.664
0.58

0.892
0.88

0.772
0.74

0.696
0.65

0.950
0.95

0.795
0.81

0.705
0.73

*values are for 45 MWday/kg burnup.
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6.4.2. Reversed design – optimization with 2D calculations
The reversed setup (Fig. 52) - i.e. high/low density water flows inside/outside – has
been investigated, since the outer assembly wall can be omitted and the water gap
between the assemblies can be filled with low density coolant. Both of these
modifications harden the neutron spectrum which has lead to the increase of the CR and
the FIR.
As a first step, the fuel pin diameter of the inner region has been varied while keeping
the distance between the fuel rods at 0.92 mm. Configurations with 6.0%/3.0% fuel
enrichments in the inner/outer regions, respectively, have been calculated. In order to
make the different versions comparable, the ratio of the fuel volume in the inner and
outer regions has been kept constant. As expected, the greater the fuel pin diameter the
larger the FIR and the smaller the MPB as shown in Fig. 53. This is the same effect as
observed with the normal design. Due to the limitations for the fuel centreline
temperature, fuel pin diameters greater than 13.0 mm have not been examined (with
cladding and gap thicknesses of 0.5 mm and 0.1 mm, respectively, the maximum fuel rod
diameter is 14.2 mm).

Fig. 53. FIR and MPB versus fuel pin diameter of the inner region.
A similar approach has been taken with the fuel pin diameter of the outer region.
While increasing it from 7.8 mm to 10.7 mm, the FIR increases from 0.961 to 0.988. On
the other hand, the MPB drops from 30.5 MWday/kg to 18.5 MWday/kg (compare
Case 5 and Case 6 in Table 14).
In order to confirm the superior conversion capability (i.e. higher FIR) of the reversed
design, the neutron spectrum (Fig. 54) and economy (Table 13) have been determined for
some cases selected (see Table 14 for the specifications of these cases). As can be seen in
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Normalized flux per unit energy [-]

Table 13, the harder neutron spectrum decreases the parasitic capture by the non-fuel
materials.
The specifications of Case 6 are the most promising in terms of FIR, but the MPB for
different coolant densities of the outer region are quite different. In order to obtain an
appropriate axial power distribution in the assembly, the fuel enrichments have been
modified to get these values nearer (Case 7). I found that - at an MPB of about
20 MWday/kg - the FIR is about 1.0 for the three densities examined. It should be noted
that the local power peaking for the inner and outer regions are each below 1.05. To
verify that such a configuration is feasible, three-dimensional calculations have been
carried out.
1E-1

Case 3b
Case 4
1E-3

Case 5
Case 6

1E-5

1E-7

1E-9
1E-5

1E-3

1E-1

1E+1

1E+3

1E+5

1E+7

Energy [eV]

Fig. 54. Neutron spectrum of selected cases (only for 100-500 kg/m3 densities).
Table 13. Neutron economy of selected cases at BOC (values are in %).
Case 3b Case 4 Case 5
Capture in fuel
Fission in fuel
Absorption in assembly walls
Absoprtion in water regions
Absorption other (gas gap, cladding)

46.73
47.98
1.75
0.41
3.12
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48.45
46.50
0.86
0.24
3.96

52.38
44.14
0.51
0.14
2.82

Case 6
54.18
42.60
0.45
0.12
2.66

Table 14. Results for selected cases of the reversed design.
Case 3b

Case 4

Case 5

Case 6

Case 7

Diameter of fuel pellet
in inner/outer region
[mm]

8.4/13.0

9.0/6.5

13.0/7.8

13.0/10.7

Pitch of inner/outer
region [mm]

11.62/15.12

11.12/11.92

15.12/11.02

15.12/13.02

No. of fuel pin rings in
inner/outer region [-]

6/3

No. of fuel pins in
inner/outer region [-]

91/108

61/30

61/42

Enrichment of
inner/outer region [%]

3.0/7.4-5.9-4.4

6.0/3.0

6.0/3.0

5/1
61/36
6.0/3.0

7.2/3.5

6.2/2.7

5.5/2.5

Coolant density of inner
region [kg/m3]

300.0

500.0

700.0

300.0

500.0

700.0

300.0

500.0

700.0

300.0

500.0

700.0

300.0

500.0

700.0

k∞

1.093

1.208

1.276

1.093

1.174

1.234

1.024

1.116

1.187

0.984

1.077

1.150

1.053

1.080

1.117

MPB [MWday/kg]

19.5

37.5

41.5

21.5

37.5

43.5

3.5

30.5

42.5

-

18.5

34.5

22.5

19.5

23.5

Power fraction of outer
region at BOC [%]

70.80

73.54

75.44

23.77

23.28

22.86

29.57

29.23

28.89

25.29

24.69

24.16

24.81

22.67

22.77

Power fraction of outer
region at MPB [%]

66.08

66.01

67.35

28.22

29.29

28.99

30.36

35.37

35.96

-

28.46

29.79

29.23

27.32

27.97

Pin power peaking of
inner region at BOC [-]

1.06

1.06

1.05

1.05

1.05

1.05

1.04

1.03

1.03

1.04

1.04

1.03

Pin power peaking of
inner region at MPB [-]

1.04

1.03

1.02

1.05

1.03

1.02

-

1.02

1.01

1.02

1.02

1.01

FIR of inner region*

1.239

1.130

1.071

0.933

0.886

0.852

0.986

0.931

0.890

0.999

0.941

0.897

0.959

0.933

0.903

FIR of outer region*

0.919

0.843

0.799

1.219

1.120

1.052

1.319

1.202

1.119

1.337

1.224

1.143

1.236

1.289

1.238

FIR of whole system*

0.968

0.887

0.841

0.966

0.912

0.875

1.023

0.961

0.915

1.055

0.988

0.938

1.004

0.986

0.955

*values are for 20 MWday/kg burnup
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6.4.3. Reversed design – 3D calculations with burnup
The Monte Carlo code MCNP and the single-channel approach are used for the threedimensional coupled neutronics – thermal hydraulics calculations. An assembly with the
geometrical dimensions of Case 7 (Table 14) and with an active height of 4.2 m is built
and divided into 20 axial levels (numbering started with 1 at the bottom at z=0.0 cm and
finished with 20 at the top at z=420.0 cm). Based on the previous two-dimensional
calculations, the power peaking inside of the regions is small (less than 1.05).
Consequently, in each level there are two types of fuel pins: one for the inner, and one for
the outer region, thus during the burnup calculations each fuel pin has the same material
composition (if there are also fuel pins with burnable poison, they are of course treated
separately). The convergence criteria for the coupled calculations are based on the
temperature and the density of the coolant: 2.0 K and 25.0 kg/m3 are used, respectively.
The fuel temperature is set to a constant 1000.0 K28, the cladding and gap temperatures
are 100.0 K higher than the corresponding coolant temperature. Since S(α,β) treatment of
the coolant (H2O) is only available at a few specified temperatures (523.6, 573.6, 623.6,
647.2, 800.0 and 1000.0 K), the nearest one is always used.
During the first scoping calculations it is found that the fission densities in the lower
levels of the inner region (where the coolant density is high) are much larger than in the
upper levels. This is expected since the k∞ in the two-dimensional calculations is always
the largest when the coolant density is the largest (Table 14). Thus, burnable poison is
introduced into the bottom six levels of the assembly (level number 1 to 6), more exactly
three isotopes are examined: 157Gd, 167Er and 240Pu is mixed into the fuel29 (Table 15; the
latter was first mentioned as a burnable poison in [Naessens2006]).
Table 15. Some properties of isotopes which could be used as burnable poison30.
Amount in nat.
Primary absorbing
Capture cross
Res. int.
occ. element [%]
reaction with n
section (σc) [barn] (I∞) [barn]
10
B
19.9
(n,α)
3867.0
1685.2
113
Cd
12.22
(n,γ)
20833.1
301.0
151
Eu
47.8
(n,γ)
9299.0
2490.2
153
Eu
52.2
(n,γ)
315.6
140.0
155
Gd
14.8
(n,γ)
61157.7
1522.5
157

Gd

167
240

Er
Pu

15.65

(n,γ)

255241.0

692.7

22.869
20-40%

(n,γ)
(n,γ)

655.7
290.2

2482.8
8482.76

28

σc/I∞
2.29
69.23
3.73
2.25
40.17
368.4
6
0.26
0.034

In the corresponding journal paper results from calculations omitting this boundary, thus also taking into
account the Doppler effect, are presented.
29
Using only a specific isotope from an element is unusual, but the increasing prices of rare-earth elements
and the promising development of the laser excitation separation process ([Sankari1999]) could make this
idea feasible. Of course, an appropriate amount of Gd2O3 or Er2O3 would do the same job.
30
The capture cross section is evaluated at 0.025 eV, the resonance integral between 0.55 eV and 100 keV
with the infinite dilution formula. Cross sections are taken from [WWW_02]. The fraction of 240Pu depends
on the history of the fuel.
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After convergence is achieved in the neutronics - thermal hydraulics iteration, a
burnup calculation is carried out using MCNP’s BURN card. A time step of 1 MWday/kg
is chosen and at each of these time steps the coupled calculation is repeated until a new
converged solution is found. The following isotopes are tracked and included in the
neutronics analysis: 4He, 16O, 93Zr, 99Tc, 129I, 135I, 134Xe, 135Xe, 135Cs, 137Cs, 147Nd, 147Pm,
149
Pm, 149Sm, 151Sm, 151Eu, 155Eu, 157Gd, 167Er, 232Th, 233Th, 231Pa, 233Pa, 232U, 233U, 234U,
235
U, 236U, 237U, 238U, 237Np, 238Pu, 239Pu, 240Pu, 241Pu. Due to the much smaller buildup
of Pu isotopes from the thorium cycle, other minor actinides are not added. The goal is to
achieve a FIR greater than 1.0 with a k∞ greater than 1.03-1.04 (based on the non-escape
probability and effective delayed neutron fraction) up to the burnup of 20 MWday/kg.
This would mean that the assembly is critical and self-sustaining considering the 233U.
The primary tools in shaping the axial power distribution are the proper increase and
decrease of the enrichment of the fuel pins and the amount of burnable poison. After
several calculations it is been found that the burnable poison percentage should be 0.5-0.7
w/w% in the levels 1-6 and 0.0 w/w% in other levels. Furthermore, in order to decrease
the average coolant density of the assembly, the inlet temperature of the coolant is raised
from 280°C to 300°C. Both of theses measures increase the conversion ratio and FIR.
Table 16 contains the results with the different burnable poisons. All the cases are run
with an average fuel enrichment of 7.77% and 3.07% in the inner and outer region,
respectively. The burnable poison percentage is 0.7-0.7-0.6-0.6-0.5-0.5w/w% in the
levels 1-6, respectively. There are only small differences, nevertheless the case with 240Pu
has the best values, i.e. the highest FIR and the highest burnup where the FIR reaches 1.0.
The reactivity, the average coolant density and the FIR can be found in Fig. 55.

Fig. 55. Reactivity, average coolant density and FIR of the three-dimensional coupled
neutronics – thermal hydraulics calculation with 240Pu as burnable poison.
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The reactivity is determined with a non-escape probability of 0.97. From Fig. 55 it is
clear, that the increase in the reactivity is due to the increase of the average coolant
density in the inner region, which is the result of the shift of the power distribution to the
upper part of the assembly (Fig. 56). This in turn is caused by the higher 233U production
in the levels with smaller coolant density. The shift would be much faster if no burnable
poison is used. Consequently, the pseudocritical transition in the temperature distribution
shifts to higher levels (Fig. 57).
Through three-dimensional coupled neutronics – thermal hydraulics calculations it has
been shown that the design is feasible, i.e. the break-even point of FIR > 1.0 has been
achieved with 240Pu as burnable poison up to the burnup of 40.0 MWday/kg.
Table 16. Results of the three-dimensional calculations with burnable poison.
157
167
Gd
Er
k∞ at BOC
min. k∞
min. reactivity if PL=0.97
burnup where k∞ is min.
max. FIR
burnup where FIR is max.
burnup where FIR reaches 1.0
(denoted here as EOC)
max. linear power in inner
region at BOC
max. linear power in outer
region at BOC
max. linear power in inner
region during cycle
max. linear power in outer
region during cycle
average coolant density at
BOC
average coolant density at
EOC
power fraction of outer region
at BOC
power fraction at of outer
region at EOC

240

Pu

1.04113
1.03332
0.232
4.0 MWday/kg
1.00472
21.0 MWday/kg

1.04048
1.03222
0.125
2.0 MWday/kg
1.00426
21.0 MWday/kg

1.03985
1.03352
0.251
3.0 MWday/kg
1.00604
23.0 MWday/kg

36 MWday/kg

36.0 MWday/kg

40 MWday/kg

38.85 kW/m

40.26 kW/m

40.79 kW/m

11.74 kW/m

12.33 kW/m

12.62 kW/m

43.67 kW/m

43.54 kW/m

40.79 kW/m

20.91 kW/m

19.78 kW/m

20.03 kW/m

257.08 kg/m3

256.60 kg/m3

244.96 kg/m3

315.36 kg/m3

313.93 kg/m3

311.82 kg/m3

15.46%

15.44%

15.54%

22.40%

22.38%

22.78%
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Fig. 56. Reactivity, average coolant density and FIR of the three-dimensional coupled
neutronics – thermal hydraulics calculation with 240Pu as burnable poison.

Fig. 57. Reactivity, average coolant density and FIR of the three-dimensional coupled
neutronics – thermal hydraulics calculation with 240Pu as burnable poison.
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7. Xenon oscillations in SCWRs
The active heights of the reactors analyzed in the previous sections are all above
4.0 m: the HPLWR and the thorium-based reactor are 4.2 m high, the one with ZrH as
extra moderator is over 5.0 m. These dimensions are in the range where xenon
oscillations must be taken into account. On the other hand, I found that due to the large
density drop of the coolant after crossing the pseudocritical point, the migration area of
neutrons is larger than in conventional LWRs. This finding and the strong temperature
feedback may stabilize these reactors against xenon oscillations. The characteristic time
of xenon oscillations is several hours, thus I developed a quasi-stationary coupled
neutronics – thermal hydraulics code completed with the xenon poisoning differential
equations which can predict the extent of the xenon oscillations.

7.1. Xenon poisoning differential equations
This subsection is based on [Csom1997]. Fissile isotopes can be split with thermal
neutrons whereas fissionables have a threshold energy. Fissile/fissionable isotopes
usually have an odd/even mass number, like 235U/238U. In general, during fission two
primary fission products (PFP), 0-5 fast neutrons with an average between 2-3 and some
delayed neutrons are created. The fission yield distribution of the PFPs is characteristic
for the isotope fissioned. Since the PFPs have a neutron surplus, most of them are
radioactive and stabilize after several β- decays. Some of the PFPs have a high absorption
cross section for neutrons, thus they are called reactor poisons. The two most important
poisons are 135Xe and 149Sm, their corresponding decay chains are shown below (Fig. 58
and Fig. 59). The physical properties of the relevant isotopes are given in Table 17.

Fig. 58. Decay chain of 149Sm.

Fig. 59. Decay chain of 135Xe.
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Table 17. Physical properties of some fission products ([WWW_01], [WWW_03]).
Name
Value
Dimension
T1/2,I-135
T1/2,Xe-135
T1/2,Nd-149
T1/2,Pm-149
232
YI ( Th / 233U / 235U / 238U)
YXe (232Th / 233U / 235U / 238U)

6.57
9.14
1.73
2.21
-2
0.0 / 4.31∙10 / 6.39∙10-2 / 6.42∙10-2
0.0 / 1.16∙10-2 / 0.22∙10-2 / 0.01∙10-2

hour
hour
hour
day
-

Due to the much shorter half-life of 135Te, it is assumed that 135I is directly produced
through fission. Thus, the differential equations for xenon poisoning become the
following (using the conventional nomenclature):

dN I
 YI Σ f Φ  λ I N I
dt

(52)

dN Xe
 YXe Σ f Φ  λ I N I  λ Xe N Xe  σ a,Xe N Xe Φ .
dt

(53)

Although the program system is capable of calculating the 135I production through fast
fission of 238U, I have found that this can be neglected since it is more than an order of
magnitude smaller than the production from 235U. After introduction of the effective
decay constant and the equilibrium concentrations, the time dependent solutions become:



N I t   N I,0  e  λ I t  N I    1  e  λ I t



NXe t   NXe,0  eλIt  NXe   1  e

λeff,Xet



 λ

(54)
λI
eff,Xe  λ I



 NI   NI,0  eλIt  e

λeff,Xet

.

(55)

Here the following nomenclature is used:
N I   

YI Σ f Φ
λI

N Xe   

(56)

YI  YXe Σ f Φ

(57)

λ eff,Xe

λ eff,Xe  λ Xe  σ a,Xe Φ .

(58)

Due to the relatively long half life of 135I, some interesting phenomena occur during
normal operation of reactors:
 Increasing/decreasing the power of a reactor which has reached equilibrium
causes the xenon concentration to temporarily decrease/increase. Furthermore, if
the reactor has small reactivity left, it can’t be instantly restarted after a shutdown. In this case the operators have to wait a few hours until the 135Xe decays.
This was already discovered during the test runs of the first Hanford reactor.
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Unfortunately, the problem was solved quickly resulting in the production of
enough fissile material for the bomb dropped on Nagasaki.
 In reactors with large amount of fissionable material and large geometrical
dimensions the neutron flux distribution can vary in a wide range. Due to the
previous point, this can result in axial, radial and/or azimuthal xenon oscillations.
If certain conditions are fulfilled the oscillations become unstable which lead to
increased cladding and fuel temperatures even up to a point where fuel failure
occurs.
149
Since Sm is stable and the half life of its mother is 2.21 days, the dynamics of this
poison is somewhat different from 135Xe:
 The equilibrium concentration of 149Sm is independent of the magnitude of the
flux, thus also from the reactor power.
 After reactor shut-down the Sm-poisoning increases monotonically until reaching
an asymptotic value.
Due to the participation of BME-NTI in the HPLWR Phase 2 project ([HPLWR_02]),
I have carried out the xenon oscillation analysis for this reactor type. Furthermore, only
axial oscillations have been examined because the active height is the largest dimension.
Since xenon oscillation is a global effect, SCWRs will behave similarly to the HPLWR.

7.2. The migration length
The first model, which I built with MCNP, incorporated every detail of the assembly.
In order to follow the heat-up of the coolant, the assembly was further divided into
several axial levels. The very detailed geometry and the implementation of these levels
caused the number of MCNP cells to rise well beyond 2000 for only one assembly. Thus,
the models were computationally very expensive or even failed to run because of
memory problems. Nevertheless, test cores with limited number of assemblies confirmed
the viability of the program system. Thus, I have built the MCNP model of the HPLWR
and the PWR-SC and calculated the migration length of the neutrons assuming a fixed
coolant temperature distribution in the core.
The migration length can be approximated with the average distance between the birth
and death locations of the neutrons. These values have been obtained from the PTRAC
file of MCNP (every variance reduction technique - implicit capture, particle weighting –
has been turned off). I have found that the migration length of neutrons is 16.85 cm in the
HPLWR (the fuel enrichment and the temperature have been set to 5% and 1200.0 K,
respectively; the coolant temperature distribution has been set based on
[Schulenberg2008] and is provided in Table 18). For comparison, the migration length in
a VVER-1000 is about 7.7 cm, in a BWR it is between 7.4 and 10.4 cm depending on the
void fraction ([Jatuff2006]). According to the literature, if the migration length multiplied
by 30 is smaller than any of the geometrical dimensions of the core, xenon oscillations
become instable ([Csom2005]). Based on the previous assumption, if xenon oscillations
in a HPLWR exist, they are stable (30 x 16.85 cm = 505.5 cm > 420.0 cm). Nevertheless,
further calculations have been carried out to underline this statement.
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Table 18. Temperature and density of different water regions.
Region
Role of the water
Temperature [K]
in
out
average
Evaporator

Superheater1

Superheater2

moderator box
water gap
coolant
moderator box
water gap
coolant
moderator box
water gap
coolant

553.0
553.0
579.0
553.0
553.0
670.0
553.0
553.0
705.0

605.0
605.0
670.0
652.0
650.0
705.0
655.0
660.0
767.5

579.0
579.0
624.5
602.5
601.5
687.5
604.0
606.5
736.3

Density [kg/m3]
732.1
732.1
621.0
682.3
684.7
138.8
678.7
672.5
102.6

7.3. Model and evaluation
The calculations with MCNP showed that full-detail models are not necessary for
examining xenon oscillations. Thus, MCNP has been replaced by SCALE in the
neutronics module and the cross section homogenization method (see Section 4) has been
applied:
 one-dimensional cross section processing with T-XSEC which includes resonance
self-shielding;
 one-dimensional cross section homogenization and collapse with XSDRN;
 two-dimensional calculations with NEWT to obtain homogenized macroscopic
cross sections;
 three-dimensional calculation with KENOVI using the homogenized macroscopic
cross sections in order to obtain the power distribution.
Since the moderator and the coolant are separated inside the assembly, the elementary
cell for the first two steps is shown in Fig. 60. As already discussed earlier (Section
4.3.1), the outer moderator region is essential in obtaining the correct flux distribution for
the homogenization process. The model for the 2D calculation is depicted in Fig. 61.
The cross sections prepared are used by the 3D KENOVI code. The corresponding
geometry consists of large homogeneous regions which – compared to MCNP – speeds
up the calculations enormously. The output from the KENOVI calculation is the power
distribution which is than used in the thermal hydraulics module to determine the
temperature distribution of the coolant (the heat transfer between the moderator and the
coolant has not been taken into account, because the new HPLWR assembly design
features an insulator inside the assembly walls).

80

Fig. 60. Elementary cell of the HPLWR.

Fig. 61. Quarter assembly model of the
HPLWR.

Essentially, the different feedbacks - like temperature and Doppler feedbacks - are
always present. In order to thoroughly understand the xenon oscillations, these feedbacks
have been studied separately, i.e. can be turned on/off as desired. This means that:
 if the coolant temperature feedback (CTF) is turned
o off, than the temperature distribution of the coolant remains constant and
is always equal with the distribution at t=0;
o on, than the coolant heats up according to the power distribution, and an
iteration is required between power and temperature distribution until
convergence is achieved.
 if the Doppler feedback (DF) is turned
o off, than the fuel temperature remains constant at 1200.0 K;
o on, the fuel temperature changes depending on the power distribution. In
this case a simple model is adapted: heat transfer between the coolant and
the cladding with a HTC of 10000 W/m2K, heat conduction inside the
cladding, through the gas gap and inside of the fuel pin with heat
conductivities of 20.0, 0.33 and 3.5 W/mK, respectively.
The calculations start at a non-poisoned state of the core at t = 0. Since MCNP and
KENOVI are both Monte Carlo codes, the perturbation to ignite xenon oscillations (if the
system is susceptible to them) is inherently built into the program system. The time
interval of the calculations is between 200 and 300 hours with a time step of 0.5 hours,
oscillations started usually after 80-120 hours. In order to measure xenon oscillations the
following quantities have been introduced:
 The power ratio of the lower and upper part of the core at time t = i (power form
factor - PFF; first equation is for the case if N is odd, second one if it is even):
 N 1 /2


PFFi 

Pj ,i  P N 1 /21,i / 2

j 1
N



j   N 1 /2  2

(59)

Pj ,i  P N 1 / 21,i / 2
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N /2

P

j ,i

j 1
N

PFFi 

.



(60)

Pj ,i

j  N /2 1



where N is the number of axial levels starting from bottom and Pj ,i is the power
of the jth level at time t = i.
Thus, the axial offset becomes ([Csom2005]):
AOi 



1  PFFi
.
1  PFFi

(61)

The axial offset calculated in the equilibrium state (equilibrium offset - EO), i.e.
the average of the axial offsets from beginning until about 6-times the half-life of
135
Xe:
56

 AO

i

EO 


i 0

(62)
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I consider an oscillation in the power distribution as xenon oscillation, if the
maximum/minimum axial offset exceeds the equilibrium offset by a certain
amount, mathematically31:
AO max  t   EO  0.2 or AO min  t   EO  0.2

(63)

7.4. Results for the one-pass core
At first, the one-pass PWR-SC has been investigated. The main parameters of the core
can be found in Table 19. The model consists of five equal sized levels with surrounding
water reflector. I assumed that the water flowing in the moderator box and water gap has
a constant temperature, i.e. the assembly wall is a perfect insulator and no heat is released
in these regions (neither from slow-down of the neutrons, nor from gamma photons). The
model and the flow path of the coolant are shown in Fig. 62.
Table 19. Main parameters of the PWR-SC and the HPLWR.
PWR-SC
Active height [m]
Pressure [MPa]
Coolant inlet temperature [°C]
Coolant outlet temperature [°C]
Coolant mass flow rate [kg/s]
Thermal power [MW]

31

4.2
25
280
380
2772.7
2000

Of course during evaluation, Eq. (63) is discretized with respect to t.
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HPLWR
4.2
25
280
500
1179.0
2300

The most characteristic cases are summarized in Table 20 (cases without uniform
enrichment distribution show similar behaviour). The evolutions of the power and xenon
concentration distributions are shown in Fig. 63 - Fig. 66.
Case 1-Case 4 have been calculated with the parameters for the PWR-SC, whereas
Case 5 is a calculation to underline the importance of the water density: the temperature
is 680.0 K everywhere, i.e. the density is 150.8 kg/m3. Furthermore, the power has been
reduced to 1410.6 MW to obtain a heat-up of 100°C of the coolant (as in the PWR-SC) if
the thermal hydraulic feedback is turned on.

Fig. 62. Flow path (left, [Vogt2006]) and model (right) of the PWR-SC.
Xenon oscillations are present in Case 1 and Case 2 (see Fig. 67), i.e. the CTF in this
case is not able to suppress them. Moreover, if the CTF is turned on - due to the under
moderation - the power of the levels with high water density become larger, as well the
maximum amplitude of the oscillations. On the other hand, the DF completely dampens
the xenon oscillations even if the CTF is turned on. Case 5 shows, that the water density
is an important factor: there is no xenon oscillation even if the DF is turned off.
Table 20. Parameters and results of selected cases for the PWR-SC.
Case 1
Case 2
Case 3
Case 4
CTF
Starting temp. distr.
DF
Fuel enrichment
EO
Max. AO
Min. AO
Xenon oscillation

off
Uniform
(553.0 K)
off
Uniform
(4.7%)
0.00
0.76
-0.79
yes

on
Calculated
off
Uniform
(4.7%)
-0.39
0.30
-0.90
yes
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off
Uniform
(553.0 K)
on
Uniform
(4.7%)
-0.01
0.07
-0.08
no

on
Calculated
on
Uniform
(4.7%)
-0.22
-0.14
-0.34
no

Case 5
off
Uniform
(680.0 K)
off
Uniform
(4.7%)
0.00
0.03
-0.02
no

Case 1
1200

Power [MW]

1000
800

Level 1
Level 2

600

Level 3
Level 4

400

Level 5

200
0
0

50

100

150

200

250

Time [h]

Fig. 63. Power distribution for Case 1.
Case 4
1200

Power [MW]

1000
800

Level 1
Level 2

600

Level 3
Level 4

400

Level 5

200
0
0

50

100

150

200

Time [h]

Fig. 64. Power distribution for Case 4.
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3.0E-08

Xenon concentration

2.5E-08

2.0E-08
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Fig. 65. Xenon concentration distribution for Case 2.
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3.0E-08

Xenon concentration

2.5E-08
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Fig. 66. Xenon concentration distribution for Case 4.
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Fig. 67. Axial offset of the cases 1-4 (the EO is subtracted).
It can be concluded, that the PWR-SC is stable against xenon oscillations because the
DF suppresses them. The CTF, i.e. the heat up of the coolant and the related decrease of
the average water density, is also an important factor, but since the temperature rise is
only 100°C in the core, the resulting effect is too small.

7.5. Results for the three-pass core
A similar model has been built for the HPLWR three-pass core (Fig. 68, Table 19):
every pass has been axially divided into 5 levels. But, in order to ease the graphical
representation, the power in the top and bottom halves of these passes are depicted. Four
cases have been executed with parameters given in Table 21. The results are summarized
in Table 22 and Fig. 69 and Fig. 70.
Table 21. Parameters and results of selected cases for the HPLWR.
CTF
DF
Fuel enrichment [%]

Case 1
Case 2
Case 3
Case 4

off
on
off
on

off
off
on
on

EO

Evap.

SH1

SH2

Evap.

SH1

SH2

3.923
3.923
3.923
3.923

5.0
5.0
5.0
5.0

4.692
4.692
4.692
4.692

0.00
-0.27
0.00
-0.19

0.00
-0.09
0.00
-0.02

0.00
-0.10
0.00
-0.03
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Full
core
0.00
-0.18
0.00
-0.10

Fig. 68. Flow path (left, [Schulenberg2007]) and model (right) of the HPWLR.
Table 22. Results for selected cases of the HPLWR.
Maximum AO
Full
Evap. SH1 SH2
Evap.
core
Case 1
0.59
0.61
0.61 0.60 -0.59
Case 2 -0.10
0.07
0.06 -0.01 -0.45
Case 3
0.10
0.09
0.09 0.09 -0.09
Case 4 -0.07
0.10
0.08 0.01 -0.27
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Minimum AO
Full
Xenon
SH1
SH2
core
osc.
-0.60 -0.60 -0.60
yes
-0.25 -0.24 -0.35 no/damped
-0.08 -0.10 -0.08
no
-0.09 -0.10 -0.18
no

Case 1
1000

800

Power [MW]

Eva_bottom
Eva_top

600

SH1_bottom
SH1_top
400

SH2_bottom
Sh2_top

200

0
0

50

100

150

200

250

Time [h]

Fig. 69. Power distribution of Case 1.
Axial offset
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Fig. 70. Axial offset of the four cases (the EO is subtracted).
In a multi-pass core Eq. (61) and (62) do not completely describe the xenon
oscillations, because they smear the power distribution of the different passes. Thus, in
such cores further requirements are necessary separately for every pass to quantify such
oscillations. Such constraints should be based on the evolution of the axial offset
separately for every pass, i.e.:
AOik 

1  PFFi k
.
1  PFFi k
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where i denotes the time (as in Eq. (59)-(62)) and k the kth pass, e.g. in the HPLWR
evaporator is the 1st pass, superheater1 is the 2nd and superheater2 is the 3rd. Furthermore,
the evolution of the power ratios of the passes over time should be monitored (the
equation for N even is given only):
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where Pjk,i denotes the power of the jth level in the kth pass at time t = i, PRik is the
power ratio of the kth pass at time t=i and EPRik is the equilibrium power ratio. It is
possible that - e.g. due to the different xenon concentrations - power relocation or
oscillation occurs between the passes. Thus, equations for AO k and PRik can be
formulated similar to Eq. (63), namely:
AO kmax  t   EO k  0.2 or AO kmin  t   EO k  0.2

(69)

PR kmax  t   EPR k  0.2 or PR kmax  t   EPR k  0.2

(70)

and

If the results satisfy one of the above equations, xenon oscillation occurs. Fig. 71
shows the power ratios and the axial offsets of the passes for Case 1. As can be seen in
this figure there is no power relocation between the passes over time (similar conclusions
can be drawn for the other cases), and the xenon oscillation in the three passes are in
phase (in the other cases there is no such oscillation at all).
To summarize, I found that the CTF dampens the amplitude of the xenon oscillations,
but only the DF can fully suppress these oscillations. Thus, the HPLWR is also stable
against xenon oscillations.
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Fig. 71. Power ratio (PR) and normalized axial offset (AO-EO) for every pass of the
HPLWR (evaporator, superheater1, superheater2) separately.

7.6. Thorium based fuel
Due to the smaller indirect yield of 135Xe from 233U through the decay of 135I, it is
expected that - in a similar geometry - thorium based fuels are advantageous from a
xenon oscillation point of view. In order to confirm this statement, the geometry from
Fig. 62 has been run with the UO2 fuel replaced by (Th-233U)O2. Xenon oscillations do
not evolve in any case (Fig. 72).
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Fig. 72. Power distribution with thorium based fuel. CTF and DF is turned on.
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Summary table of SCWR assemblies
This table summarizes the material configuration, geometrical dimensions and thermal
hydraulic properties of the SCWR assemblies examined.
Table 23. Summary of SCWR assemblies analyzed.

UO2
Water rods4)
6.7
0.15
0.5
8.0
9.44
1.18
40
4.2

Assembly with
ZrH2)
UO2
ZrH1.6
8.0
0.1
0.5
9.2
10.12
1.1
497)
5.6

Assembly with
Th-based fuel3)
(Th-233U)O2
13.0/10.78)
0.1
0.5
14.2/11.9
15.12/13.02
1.065/1.094
61/36
4.2

3.10/1.28/0.545)

3.48

5.99/1.499)

18.43/7.61/3.22

20.12

23.37/9.99)

733.3/302.8/128.1

348.1

523.9/264.89)

Three-pass6)

One-pass

Two-pass

2.52

1.86

4.08

1379.8

738.36

934.5/1033.6

HPLWR1)
Fuel
Extra moderator
Fuel pin diameter [mm]
Gap thickness [mm]
Cladding thickness [mm]
Cladding outer diameter [mm]
Pitch [mm]
Pitch-to-diameter ratio [-]
Number of fuel pins [-]
Active height [m]
Power of the average assembly
[MW]
Average linear power density
[kW/m]
Average heat flux at the outer
surface of the cladding [kW/m2]
Coolant flow path
Coolant flow rate in average
assembly [kg/s]
Average coolant mass flux
[kg/m2s]
1)

based on [Köhly2009b]
based on Table 6, Table 7 and Table 8
3)
based on Case 7 in Table 14
4)
moderator box and water gap
5)
values are for evaporator, superheater 1 and superheater 2, respectively assuming a power share
between these regions of 63/26/11%
6)
additionally several by-passes, e.g. flow in the moderator box
7)
some of these fuel pins are replaced by ZrH rods, see Table 8
8)
values are for the inner and outer region, respectively
9)
assuming a power share of 80/20%
2)

91

Summary
The dissertation described the coupled neutronics – thermal hydraulics program
system developed for the analysis of SCWRs. This tool was used to study the European
HPLWR concept and two other concepts which were proposed by Prof. Gyula Csom. The
calculations and new results obtained were presented in the thesis, and are summarized in
the following.
1. I developed a modular coupled neutronics – thermal hydraulics (CNT) program
system which is capable of analyzing SCWRs. I used both deterministic
(SCALE6.0) and Monte Carlo (MCNP) codes for the neutronics part of the
program system. I developed a cross section homogenization method for the
calculations based on SCALE, because the methods used for calculation of
conventional light water reactors did not reproduce the neutron flux spectrum
correctly. I implemented the method into the CNT program system which made the
optimization and burnup calculations (a special case of which is the xenon
oscillation) of SCWR zones quite fast. [1] [3] [4] [6]
2. By determining the approximate migration length in the one-pass and three-pass
SCWR cores (PWR-SC and HPLWR) and by comparing these values to the
geometrical dimensions of the cores, I showed that - in a first order - these reactors
are stable against xenon oscillations. With detailed calculations I first demonstrated
that the negative reactivity feedback from the fuel temperature (Doppler effect) is
the dominant effect in the stabilization of the HPLWR reactor. On the other hand,
the large density change of the coolant and the corresponding increase in the
migration length, which are both the effects of the strong heat-up of the coolant,
play only a secondary role. I proved that reactors with (Th-233U)O2 instead of UO2
as fuel are more stable against xenon oscillations, which is due to the more
favorable yield ratio of the relevant fission products (135I and 135Xe). [4]
3. I carried out coupled neutronics – thermal hydraulics calculations on a one-pass
SCWR assembly with UO2 as fuel and ZrH1.6 as extra moderator. I compensated the
axial density drop of the coolant and the corresponding decrease in moderation,
both of which are typical for SCWRs, by gradually replacing several of the fuel
pins with ZrH rods. I determined the optimal configuration of a fresh core
consisting of the above assemblies while minimizing the radial and axial power
peaking. After performing a burnup calculation for the full core, I pointed out the
weak points of the design and proposed solutions to tackle them. [2] [3]
4. I first examined the neutronic properties of a SCWR assembly with (Th-233U)O2 as
fuel, which primary goal was to prove that with such a reactor it is possible to
achieve breeding of the fissile material while the reactivity is positive. In order to
reach a long enough fuel cycle and a high enough conversion ratio, I showed that a
two-pass assembly configuration is necessary. Thus, I optimized the pitch, diameter
and fuel enrichment of the different regions of the assembly. Through twodimensional calculations I established the optimal dimensions of the assembly. [5]
5. I carried out three-dimensional coupled neutronics – thermal hydraulics
calculations on the two-pass, optimized, (Th-233U)O2-fueled SCWR assembly.
After analyzing the results, I came to the conclusion that the (Th-233U)O2 is the
natural fuel of the SCWRs, which main proof is that there is no need for extra
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moderator in the two-pass assembly configuration. After optimizing the fuel
enrichment and the amount of burnable poison, I showed that the system is selfsustaining up to the burnup of about 40.0 MWday/kg considering the fissile
material. I determined the reactivity coefficients as well which proved that such a
SCWR is an inherently safe reactor. [1] [5]

Összegzés
Doktori disszertációmban bemutattam az SCWR elemzésére alkalmas csatolt
neutronfizikai – termohidraulikai programrendszeremet. Ezzel az eszközzel számításokat
végeztem az európai HPLWR koncepcióra és a Prof. Csom Gyula által javasolt két másik
SCWR koncepcióra. Az új tudományos eredmények a következőek:
1. SCWR-ek elemzésére alkalmas, moduláris felépítésű csatolt neutronfizikaitermohidraulikai (CsNT) programrendszert hoztam létre. A neutronfizikai
modulban a pálca- és a kazettaszintű számításokhoz a széles körben elterjedt és
sokrétűen tesztelt MCNP és SCALE kódokat használtam. A SCALE-en alapuló
számítások felgyorsítására új hatáskeresztmetszet-homogenizálási eljárást
fejlesztettem ki, mivel a hagyományos könnyűvizes reaktorok számítása során
alkalmazott módszerek a valóságostól jelentősen eltérő neutronfluxus-eloszlást
szolgáltattak. Az eljárást implementáltam a CsNT programrendszerbe, ezzel
lehetővé téve SCWR zónák gyors optimalizációját és kiégésszámítását (utóbbi egy
speciális esete a xenonlengés). [1] [3] [4] [6]
2. Az egyhuzamú és a háromhuzamú SCWR-ben (PWR-SC és HPLWR) kialakuló
migrációs hosszak közelítő kiszámítása és a reaktorok méreteivel való összevetése
alapján megállapítottam, hogy ezek a reaktorok első közelítésben stabilak a
xenonlengésekkel szemben. Részletes számítások alapján elsőként mutattam ki,
hogy az üzemanyag negatív hőmérsékleti reaktivitástényezője (Doppler-tényező) a
meghatározó a HPLWR reaktor stabilizálásában. Ezzel szemben a hűtőközeg
felmelegedéséből adódó jelentős sűrűség csökkenésének és a migrációs hossz ezzel
együtt járó növekedésének csak másodlagos szerepe van. Bebizonyítottam, hogy
hasonló felépítésű, de UO2 helyett (Th-233U)O2 üzemanyaggal szerelt reaktorok a
hasadási termékek (135I, 135Xe) kedvezőbb hozamarányának köszönhetően még
stabilabbak a xenonlengésekkel szemben. [4]
3. Csatolt reaktorfizikai-termohidraulikai számításokat végeztem ZrH1.6 extra
moderátort tartalmazó, UO2 üzemanyagú, egyszerű hűtőközeg áramlási útvonallal
rendelkező SCWR-kazettára. A hűtőközeg felmelegedése miatti axiális sűrűség- és
moderáltság-csökkenést – amely effektusok tipikusak az SCWR-ekre - az
üzemanyagrudak ZrH-pálcákkal való fokozatos helyettesítésével kompenzáltam.
Meghatároztam egy ilyen kazettákból álló friss zóna kezdeti optimális összetételét
minimalizálva a radiális és az axiális teljesítmény-egyenlőtlenségeket. A zóna
kiégésszámítása során azonosítottam az új koncepció gyenge pontjait és
javaslatokat adtam ezek megoldására. [2] [3]
4. Elsőként vizsgáltam meg (Th-233U)O2 üzemanyaggal szerelt SCWR-kazetta
neutronfizikai tulajdonságait, amely elemzés elsődleges célja annak bizonyítása
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volt, hogy e reaktortípussal egyidejűleg biztosítható a hasadóanyag újratermelése és
a pozitív reaktivitástartalék. Kimutattam, hogy az elegendően hosszú
üzemanyagciklus és a megfelelően magas konverziós tényező eléréséhez a kazetta
kéthuzamú elrendezése szükséges. Ennek érdekében optimalizáltam a kazetta
különböző régióinak rácsosztását, az üzemanyagpálcák átmérőjét és dúsítását. A
kétdimenziós számítások alapján lefektettem az optimális kazettaméreteket. [5]
5. A (Th-233U)O2 üzemanyaggal szerelt, kéthuzamú, optimalizált geometriájú SCWRkazettára háromdimenziós csatolt neutronfizikai-termohidraulikai számításokat
végeztem el. Az eredmények elemzésével arra a következtetésre jutottam, hogy a
(Th-233U)O2 az SCWR-ek természetes üzemanyaga, melynek legfőbb bizonyítéka,
hogy a kéthuzamú kazettában nincs szükség extra moderátorra. Az üzemanyag
dúsításának és a kiégő méreg arányának optimalizálása után számításokkal
igazoltam, hogy a rendszer körülbelül 40.0 MWnap/kg-ig önfenntartó a
hasadóanyag szempontjából. A reaktivitás tényezőket is meghatároztam ezzel
bizonyítva, hogy egy ilyen típusú SCWR kielégíti az inherens reaktorbiztonság
feltételét. [1] [5]
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