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Abstract

The Generation IV International Forum (GIF) has initiated an international
collaboration for the research and development of the Generation 1V future nuclear
energy systems. The Canadian PT-SCWR is Canada’s contribution to the GIF as a
GEN-IV advanced energy system. The PT-SCWR s a pressure tube reactor type
and considered as an evolution of the conventional CANDU reactor. The PT-
SCWR is characterized by bi-directional coolant flow through the High Efficiency
Re-entrant Channel (HERC). The Canadian SCWR is a unique design involving
high pressure and temperature coolant, a light water moderator, and a thorium-
plutonium fuel, and is unlike any operating or conceptual reactor at this time. The
SCWR does share some features in common with the BWR configuration (direct
cycle, control blades etc...), CANDU (separate low temperature moderator), and
the HTGR/HTR (coolant with high propensity to up-scatter), and so it represents a
hybrid of many concepts. Because of its hybrid nature there have been subtle
feedback effects reported in the literature which have not been fully analyzed and
are highly dependent on these unique characteristics in the core. Also given the
significant isotopic changes in the fuel it is necessary to understand how the
feedback mechanisms evolve with fuel depletion. Finally, given the spectral
differences from both CANDU and HTR reactors further study on the few-energy
group homogenization is needed. The three papers in this thesis address each one
of these issues identified in literature. Models were created using the SCALE

(Standardized Computer Analysis for Licensing Evaluation) code package.

Through this work, it was found that the lattice is affected by more than one large
individual phenomenon but that these phenomena cancel one another to have a
small net final change. These phenomena are highly affected by the coolant
properties which have major roles in neutron thermalization process since the PT-

SCWR is characterized by a tight lattice pitch. It was observed that fresh and



depleted fuel have almost similar behaviour with small differences due to the Pu

depletion and the production of minor actinides, 23U and xenon.

It was also found that a higher thermal energy barrier is recommended for the two-
energy-group structure since the PT-SCWR is characterized by a large coolant
temperature compared to the conventional water thermal reactors. Two, three and
four optimum energy group structure homogenizations were determined based on
the behaviour of the neutron multiplication factor and other reactivity feedback
coefficients. Robust numerical computations and experience in the physics of the
problem were used in the few-energy group optimization methodology. The results
show that the accuracy of the expected solution becomes highly independent of the

number of energy groups with more than four energy groups used.
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Chapter 1

Introduction

1.1. Introduction

Growth in the world's population and in the standard of living in developing
countries is leading to an increase in energy demands, placing greater pressure on
the world's energy resources and increases in CO2 emissions. This has increased
interest in clean and sustainable energy resources since fossil fuel systems (like coal
and natural gas) are a significant source of greenhouse gases. Nuclear power is
highly important because of its high power density, economics, sustainability, and
low carbon dioxide emissions. This technology is based on the neutron fission
reaction which produces thermal energy that can be converted to useful electrical
energy. As of November 2016, there are 450 operating nuclear reactors worldwide
which produce 14 percent of the world's electricity, and there are 60 new nuclear
plants under construction [1]. The evolution of nuclear technology extends from the
first prototype designs (Generation 1), to the second generation (Generation 1)
commercial designs, through to Generation Il designs which improve economics
and safety through design standardization, improved fuel technology and enhanced
safety systems. Most of today’s operating reactors belong to the second or the third
generations (Generation Il and I11), while reactors presently under construction
belong to the new evolutionary design (Generation Il1+) [2, 3]. The percentage
share of the nuclear energy in the energy matrix varies worldwide, as an example
nuclear energy accounts for 75.2 percent of France’s electricity, and 1.9 percent in
China [4]. It is expected that nuclear energy will remain an integral part of the
global energy mix. Particularly, China has plans to substantially increase the

number of operating nuclear power plants by 2020 [5].
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Although nuclear energy is becoming increasingly important as an alternative low-
Carbon energy production option, it faces many challenges. These include factors
affecting economics, safety, proliferation resistance, sustainability and efficiency.
Knowing that the public safety is the key of the social acceptance which considered
as one of the major challenges. Consequently, the Generation IV International
Forum (GIF) has been established as an international collaboration in research to

develop the next generation of nuclear energy systems.

1.2. The Generation-1V International Forum

GIF was established to foster international collaboration in developing innovative
advanced nuclear energy systems through renewed research and development so
that such systems would be available for international deployment by 2030. The
challenging technology goals of the Gen-1IV nuclear energy systems are

summarized in the following four areas [2, 3]:

e Sustainable nuclear energy
Focusing on nuclear waste management and resource utilization, Gen-I1V
nuclear energy systems will generate sustainable energy that promotes long-
term nuclear fuel availability with effective fuel utilization. The
revolutionary designs aim to minimize and manage nuclear waste and
reduce the long-term nuclear waste repository requirements.

e Economics
Generation IV nuclear energy systems will have a clear life-cycle cost
advantage and a level of financial risk comparable to other energy sources.
This includes the innovative enhancements in plant and fuel cycle efficiency,
design simplifications, and plant sizes. Also, it involves the flexible
utilization of nuclear energy as a primary energy source for a secondary
application such as the production of hydrogen, fresh water, district heating,
and other energy products to be produced where they are needed.

e Safety and reliability
One of the priority requirements of future nuclear energy systems is an
enhancement in safety and reliability. Gen-1V energy systems will excel in

2
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safety and reliability by improving accident management and decreasing the
likelihood and consequences of reactor core damage. This also includes the
use of inherent safety features which reduce the need for offsite emergency
response and enhance the public confidence in the safety of nuclear energy.
e Proliferation resistance and physical protection
To focus on controlling and securing nuclear energy systems, facilities, and
materials through design features. This includes the increase of physical
protection against terrorists by increasing the robustness of the new facilities.
Gen-1V nuclear energy systems will be very unattractive targets with the

least desirable route for diversion or theft of weapons-usable materials.

To meet all these goals and to enhance the future role of nuclear energy, GIF has
developed a technology roadmap that covers the research and development
requirements to support future innovative nuclear energy systems. GIF has
identified six Gen-I1V nuclear energy systems for future research: 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 Reactor (SCWR) [2, 3]. It was agreed that each of the GIF's
members would pursue a research and development program on at least one of these
reactor systems. Three members of GIF (Canada, Japan, and the European Union)
started a research and development program for the Gen-IV SCWR concept
focusing on materials and chemistry, themalhydraulics and safety, system
integration and core and reactor design [5]. The SCWR is the only Gen-1V reactor
concept that utilizes water as the main coolant or moderator and it is the subject of
this work.

1.3. The SCWR advantages and challenges

The SCWR is a high temperature and pressure water-cooled reactor designed to
operate above the thermodynamic critical point of water (22.1 MPa). The concept
of the SCWR was investigated in the '50s and '60s as discussed by Oka [6] but was
never built. New attention has been given to the SCWRs in the last two decades

owing to the large improvements in SuperCritical Water Fossil Fired Plant (SCW-

3
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FFP) technology. A previous study [7] has shown that similar approaches and
efficiencies can be achieved for nuclear power plants. Consequently, several
countries initiated a research and development (R&D) program into the SCWR. In

addition to the potential improvements in efficiency, other benefits include [8]:

e Plant simplifications with a direct cycle (compact turbine system) which
will simplify the heat transport system and eliminate the secondary side that
includes the steam handling components (steam generators, separators,
dryers, recirculation jet pumps, pressurizer). This will also decrease the
containment size and reduce the capital cost, which is considered to be 50-
60% of existing light water reactors [9].

e Leveraging the technical experience in SCW-FFPs. Thus, the technology
used in operating SCW-FFPs can be directly utilized in the design of out-
of-core SCWR components. This includes high temperature and pressure
turbines already being used in SCW-FFPs at similar operating conditions.

e The expertise and the accumulated body of knowledge from the existing
Light Water Reactors (LWRs) and Pressurized Heavy Water Reactors
(PHWRs) can be leveraged in the development of the SCWR concepts.

e The supercritical water exists in only one thermodynamic phase which
eliminates any possibilities of boiling crises which are considered a main

safety concern in LWRSs.

Above the thermodynamic critical point, water behaves as a supercritical fluid in a
single thermodynamic phase. Supercritical fluids undergo a drastic variation in their
thermo-physical properties which impact their neutronic and thermalhydraulic
behaviour. The density variation at supercritical pressure (25 MPa) decreases
continuously as function of temperature as shown in Figure 1 [10]. Other properties
which are related to the heat transfer are also highly affected including the thermal

conductivity, viscosity and heat capacity. For example, the specific heat is
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maximized at what is referred to as the pseudo-critical temperature as shown in
Figure 1 [10].
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Figure 1:Variation of physical properties as function of temperature of supercritical water at 25 MPa [10].

The SCWR uses light water above its thermodynamic critical point as a coolant.
Thus, several technological challenges that are correlated to the development of the
SCWR arise from the large variation of coolant properties under the required
operating conditions. A recent GIF report [5] has categorized the SCWR
technological challenges into four domains: System Integration and Assessments
(S1&A), Thermal-hydraulics and Safety (TH&S), Materials and Chemistry (M&C)
and Fuel Qualification Testing (FQT). GIF [11] also highlights many future
challenges for the SCWR project in many domains especially for the transient heat
transfer models (including depressurization from supercritical to subcritical
conditions). Moreover, it discusses the need to investigate qualified in-core
materials that accommodate such high pressures and temperatures, corrosion, and
high neutron radiation. GIF [11] further notes safety concerns which are considered
challenges for the SCWR, such as controlling the coolant flow rate instead of

coolant inventory and the use of a passive safety systems.
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Another recent study [12] has classified the common SCWR design challenges into

four domains as:

Materials: Although the out-core materials and components can be selected
based on the previous experience in operating SCW-FFPs, there is still a
lack of knowledge for the in-core materials (reactor internals and fuel
cladding). Thus, a large amount of research is required to investigate
materials that are structurally robust and resist corrosion in high neutron
flux density.

Chemistry: It was confirmed experimentally that the chemical properties
and density of the SCW coolant show large changes near the critical and
pseudo-critical point which have a large influence on corrosion and stress
corrosion cracking of the in-core materials. The in-core radiolysis effects in
the SCWR are also noticeably different from the conventional light water
reactors which complicate the behaviour.

Thermalhydraulic: Unlike phase changes in subcritical water the SCW
coolant exists with only one phase. Thus, the design criteria are now limited
by the cladding temperature of the fuel rather than the traditional Critical
Heat Flux (CHF). Therefore, accurate calculation of the SCW heat transfer
is necessary for safety margin considerations. This requires experimental
heat transfer data for the appropriate bundle geometry at the required
conditions. Most of the available experimental data of SCW heat transfer is
applicable to the SCW-FFPs, but not SCWR bundle geometries and
conditions.

Safety: There are many safety considerations related to the SCWR design
that require investigation to establish a design and beyond design accident
bases. These include, but are not limited to: transient experimental data on
SCW heat transfer, experimental SCW data that covers the critical flow and
depressurization of the system, experimental data and analytical models for
the prediction of the onset of instability in the system, and coupled

neutronics and themalhydraulics analyses.



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

Many SCWR designs have been proposed which can be classified based on the
design features and neutron energy spectrum [13]. Depending on the design, the
SCWR can be categorised into two main types: the pressure vessel reactor types
analogous to the PWRs and BWRs, and the pressure tube reactor type which is
similar to CANDU nuclear reactors. Moreover, some SCWR designs consider

thermal, fast or mixed-neutron energy spectrum reactor concepts.

As a member of the GIF, Canada aims to perform research and development work
on at least one of the GIF six reactor concepts. Due to the experience accumulated
with the successful CANDU (CANada Deuterium Uranium) reactor, it was decided
that Canada would initiate an R&D program for a thermal-spectrum pressure tube
reactor, referred to as the Canadian PT-SCWR.

1.4. The Canadian PT-SCWR

The Canadian Pressure Tube Super Critical Water-cooled Reactor (PT-SCWR) is
an advanced Gen-IV reactor concept that meets the goals for future innovative
designs proposed by the GIF including resource sustainability, improved safety and
reliability, economic benefits, and improved proliferation resistance and physical
protection [14]. It is considered an evolution from the fleet of operating CANDU
reactors [15]. The Canadian PT-SCWR design is proposed by Canadian Nuclear
Laboratories (CNL), formerly named Atomic Energy of Canada Limited (AECL)
[16], and shares some of the advantages of the conventional Heavy Water
Pressurized Reactor (HWPR) and Boiling Water Reactor (BWR). The PT-SCWR
is a pressure tube reactor type characterized by the separation of the coolant and the
low temperature and low pressure heavy water moderator and the arrangement of
fuel pins in annular fuel rings similar to the traditional CANDU reactor. It also
shares some features of the BWRs such as the vertical orientation of the reactor
core, large axial variations of fuel temperature and coolant properties along the fuel
channel, a direct thermodynamic cycle design, and a long fuel assembly that spans

the entire reactor core.
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Unlike the traditional CANDU reactor, the Canadian PT-SCWR uses batch
refuelling with an enriched mixture of plutonium-thorium oxide fuel [17, 18]. As
depicted in Figure 2 [19], the fuel channel is characterized by the bi-directional flow
path of the coolant through the High-Efficiency Re-Entrant channel (HERC) [17,
18]. The coolant enters the fuel channel from the inlet plenum at the top of the core
and flows downwards through the central flow tube, reverses direction at the bottom
of the channel, then flows upward through the outer flow tube and passes through
the two annular fuel rings. Finally, it exits the fuel channel to the outer plenum. A
combination of the liner, ceramic insulator, and pressure tube are used to separate
the hot coolant from the low temperature and low pressure heavy water moderator,

eliminating the calandria tube used in CANDU reactors (See Figure 3).

350 °C

25.8 MPa

625 °C Coolant

25.0 MPa (Fuel region) Insulator

Coolant
Pressure Tube (Flow tube)

| A »’; ¥ ,; JL 1L
! |

Moderator

Figure 2: Core and lattice cell cross-section view of the PT-SCWR HERC concept with the 64-element fuel
assembly [19].



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

Fuel Insulator
Assembly

Pressure Tube

Figure 3: The fuel channel design in the Canadian PT-SCWR with illustration of the coolant flow through the
HERC [17].

1.5. Thesis objectives and outlines

The Canadian PT-SCWR uses light water above its thermodynamic critical point
as a coolant. The PT-SCWR experiences a large axial variation in coolant density
and temperature along the fuel channel [20]. Such large variation in coolant
properties introduces many challenges to the thermalhydraulic and the neutronic
analysis of the PT-SCWR. In the PT-SCWR the heavy water moderator is separated
from the supercritical light water coolant (kept at high temperature and pressure)
causing fewer impacts on the core-neutronics than, e.g. in the light water cooled
and moderated high pressure light water reactors [21]. However, the large coolant
density variation and the high reduction of coolant density under normal operating
conditions affect the neutron spectrum, which might complicate and influence the
flux gradients [15]. The changes in the coolant density further impact the PT-
SCWR neutronics by affecting several neutron-nuclei interactions and their
corresponding rates. Many studies as outlined in Chapter 2, have been performed
on the thermalhydraulics feedback and its coupling with the neutronics to have a
better understanding of the physical behaviour of such designs. However, there is
still a lack of knowledge on the some of the lattice cell phenomena taking place for
the PT-SCWR.

In general reactor physics calculations, after the dilution dependent data are
generated in a neutron cross section analysis package such as NJOY, the
calculations are executed in two main stages. First, lattice cell transport calculations

are performed based on lattice properties and geometry, using finite energy groups
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to generate lattice homogenized constants and cross sections in a multi-energy
group structure. Such calculations are performed using the neutron transport
equation, the processed multi-group cross section library, the lattice geometry and
suitable boundary conditions. The aim of this first stage is to generate suitably
homogenized few group (generally 2 to 8) nuclear cross sections over an entire
lattice. Knowing that the generated homogenized cross-sections are flux weighted,
the condensed group structure is highly affected by the neutron spectrum. Then,
full-core diffusion simulations are performed using the pre-calculated homogenized
cross-sections generated from the lattice cell transport calculations. The neutron
energy spectrum for thermal reactors is usually divided into two main portions:
thermal and fast with an energy cut-off located at 0.625eV. However, the 0.625eV
thermal energy barrier is not standard and depends on the reactor design, fuel type,
coolant and moderator characteristics, etc. Given the changes in Gen-IV reactor
designs (especially coolant density reductions and variations), many studies have
dealt with the problem of optimizing a discretized broad/few energy group structure
[22, 23, 24, 25]. In particular [26] has recommended that the conventional two-
energy group diffusion approach is not sufficient to capture the spectral change in
the analysis of the Canadian PT-SCWR.

The objectives of this thesis are to generate an improved understanding of the
neutronic characteristics of the Canadian SCWR lattice cell under fresh fuel
(publication #1) and depleted conditions (publication #2). An additional objective
is to utilize this understanding to develop appropriate energy group structures for
this SCWR fuel (publication #3). The three papers included in this thesis address
each one of these issues and objectives. The different modules in Standardized
Computer Analysis for Licensing Evaluation (SCALE) package were used in this

work.

This thesis consists of 7 chapters including the current introductory chapter that are

outlined as follows:

A scientific literature review that discusses the present study motivations, aims,

goals, needs and requirements is established in Chapter 2. Additional information
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on the different SCWR designs and concepts discussed in the past relevant studies
is also presented in this chapter. Chapter 3 introduces the theoretical framework
including the basic theory related to the neutron transport equation and general
information about the methods that are used to solve it. Chapter 4 is a journal paper
that was published by Canadian Nuclear Laboratories Nuclear Review, Vol. 5, No.
2, 2016, pp. 253-268, d0i:10.12943/CNR.2016.00031 examining the lattice physics
phenomena of the SCWR under fresh conditions. Chapter 5 is a journal paper that
discuss the effects of fuel burnup on lattice behaviour which was published by the
Journal of Nuclear Engineering and Radiation Science with digital object identifier
given by doi:10.1115/1.4037895, Vol. 4(1), 011011-011011-11, 2018. Chapter 6
includes the final paper related to energy group structure optimization that was
published by the Annals of Nuclear Energy, Volume 115, May 2018, Pages 27-38,
ISSN 0306-4549, https://doi.org/10.1016/j.anucene.2018.01.011. Conclusions
drawn from the models used and the results analysis are presented in Chapter 7 in

conjunction with the recommendation for future work and the contributions to

knowledge from this work.
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Chapter 2

Literature Review

In this chapter the different SCWR designs will be discussed, highlighting in
particular the characteristics and some of the technical challenges of the Canadian
PT SCWR design. The SCWR is the only GEN IV reactor design that uses light
water as coolant and moderator. The available literature on lattice physics
characteristics and analysis of the SCWR will also be discussed. Finally, literature

on energy group structure and optimization is reviewed.

2.1.The Super Critical Water-cooled Reactor

The Super Critical Water-cooled Reactor is one of the six GEN IV reactor
technologies identified by the GIF that promises to fulfil its proposed goals. Given
that the majority of nuclear power plants are water cooled reactors, the SCWR
technology is considered as the natural evolutional and extension of the current
conventional light water reactor concepts [27]. Two main types of SCWR reactor
concepts have thus far been considered: the large reactor pressure vessel type and
the pressure tube reactor. The SCWR was designed to operate with a thermal, fast

or mixed neutron spectrum core.

2.2. Super Light Water Reactor and Super Fast Reactor

A large experience base has been accumulated in Japan with many years of
operating the SCW-FFP since Anegasaki No. 1 started its operation in 1967 [9].
This was the driving force to motivate an R&D program on the GEN IV SCWR.
The idea of using SCW coolant in nuclear reactor system has been investigated at
the University of Tokyo and at the Waseda University through computational
simulations since 1989 [9]. It was first presented to the GIF by Oka and Koshizuka
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[28]. The Japanese SCWR technology is divided into two designs: The Super Light
Water Reactor (Super LWR) utilizing the thermal neutron spectrum and the Super
Fast Reactor (Super FR) with a fast neutron spectrum. The Super LWR is cooled
and moderated by light water and characterized by a square fuel assembly [29]. The
Super FR is cooled by light water utilizing Mixed Oxide (MOX) fuel with a
hexagonal fuel assembly [29]. Both of the designs use a Reactor Pressure Vessel

(RPV) and a once-through direct coolant cycle as depicted in Figure 4 [29].

|
[ Control rod

Supercritical watcr

0T Turbine ]\ Cienerator

-——

Reactor

]
/'\_Jl

1O Heat sink

Pump

Figure 4: Super LWR and Super FR plant system design description [29].

Many coolant flow designs such as double-tube water rods, two-pass, and single-
pass coolant flow schemes have been investigated to achieve a negative void
reactivity. In general, the coolant provided through the inlet nozzles mainly flows
upwards to the upper dome and then downwards through the water rods of the fuel
assemblies (FA) which are classified into two groups: the inner core assembly and
the peripheral core assembly [13, 29]. The coolant then travels upwards through the
fuel region of the core to the upper plenum. The Control Rod Drives (CRDs) are
clustered cruciform control rods (similar to those of BWR) inserted from the bottom
of the core.

Oka and Mori [29] introduce 9, 10 and 12 energy group structure based on the

lattice cell homogenized cross-sections for the Super FR with the SCW coolant. In
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all cases they recommended a higher thermal energy cut-off barrier as shown in
Table 1. The seventh group in the 9 energy group structure covers the transition
energy range between the epithermal and the thermal energy regions. The main
difference between the 10 and the 9 energy group structures is the detailed structure
introduced by splitting that seventh group. The 12 energy group structure differs
significantly from the 9 group structure with fine structure proposed between the
fifth and the eighth energy group. They recommend a 12 energy group structure
with more detailed group divisions in the thermal energy range to obtain acceptable

accuracy.

Table 1:A detailed structure of the energy group structures proposed by Oka and Mori [28].

Energy Group
Energy Range (eV) Structure Energy Range (eV) 126583?
9G 10G P

1.00x107  8.21x10° 1 1 1.00x10"  8.21x10° 1
8.21x10°  6.74x10* 2 2 8.21x10°  6.74x10* 2
6.74x10*  5.53x10° 3 3 6.74x10*  5.53x10° 3
5.53x10°  4.54x10? 4 4 5.53x10°  4.54x10? 4
454x10° 3.73x10! 5 5 454x10°  7.89x10! 5
3.73x10! 2.38 6 6 7.89x10%  1.37x10* 6

2.38 1.86 1.37x10* 1.86 7

1.86 8.76x10* 7 7 1.86 1.13 8
8.76x101  4.14x10% 8 1.13 6.83x10t 9
4.14x10"  3.65x10* 9 6.83x10"  4.14x10? 10
3.65x101  9.71x107? 8 4.14x101  9.71x10? 11
9.71x102%  1.00x10° 9 10 9.71x102  1.00x10° 12

2.3. European High Performance Light Water Reactor

The High Performance Light Water Reactor (HPLWR) is an SCWR concept
developed by the European Union. The HPLWR is a pressure vessel reactor type
with light water coolant (at the system pressure of 25 MPa) where part of the coolant
flows first through the water rods within the Fuel Assembly (FA) to provide
moderation. The coolant is then directed through the fuel-containing region of the

assembly in a 3- pass arrangement. In the first pass, the coolant flows through the

14



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

evaporator and undergoes a change from liquid to steam-like state. Then the coolant
changes direction in two superheating stages as shown in Figure 5 [30]. The coolant
mixing between each stage eliminates enthalpy imbalances which might occur over
the burnup of each assembly thus keeping the fuel cladding temperature below the
required design constraints. Similar to the conventional PWR design, the control
rods are inserted from the top of the core. According to Schulenberg and Starflinger

[30] the conceptual design phase has been completed.

Superheater 1:

52 Clusters
Downward Flow

E t ; [AERRRAARL
vaporator:
P [ERE CN Superheater 2:
52 Clusters
Upward Flow 52 Clusters,

Upward Flow

Figure 5: Description of evaporator and assembly cluster in the HPLWR core [30].

2.4. Alternative SCWR designs

An alternative SCWR design was developed in the republic of Korea that is
moderated by the solid ZrH> and is referred to the SuperCritical Water-cooled
Reactor with Solid Moderator (SCWR-SM). The solid moderator was introduced
to simplify the coolant flow in the upper reactor dome. The SCWR-SM concept
provided 1400 MWe with a four-batch fuel loading scheme [13]. Another mixed
core design (SCWR-M) was developed at Shanghai Jiao Tong University in China
[31]. The SCWR-M is a pressure vessel type that uses a mixed neutron spectrum

through which the reactor core is divided into two zones: the thermal and the fast
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zones. Firstly, the coolant entering the pressure vessel flows downwards through
the thermal zone and then upwards through the fast zone [31].

2.5. The Canadian Pressure Tube Super Critical Water-Cooled

Reactor

As part of the GIF, Canada has initiated an R&D program for a Gen IV pressure
tube SCWR. The Canadian SCWR is referred to the “Pressure Tube Super Critical
Water-cooled Reactor (PT-SCWR)” by its developers. Details of the design are

reviewed below.

2.5.1. Development History

The Canadian SCWR concept has changed significantly since its earliest proposal.
The earliest design was very similar to the traditional CANDU and was referred to
the “CANDU-SCWR?”, where the major change was the change of the coolant type
from heavy water to SCW while keeping the key design feature of CANDU, the
separation of the moderator and the coolant [15].

A large number of changes have been proposed to this concept as a consequence of
numerous optimization, analytical and theoretical studies. The idea of using a
fuelling machine with a high temperature and pressure SCW channel was
abandoned and thus the enriched fuel option was introduced [32]. The removal of
online fuelling from the design also removed the requirements for a horizontal core
geometry, and hence all future designs considered vertical cores. A three batch
refuelling scheme and several plutonium and thorium mixture fuel assembly
designs were investigated in McDonald et al. [33]. McDonald et al. also performed
an optimization study of fuel-to-moderator ratio in order to achieve a high burnup
and negative Coolant Void Reactivity (CVR). Based on these results the lattice
pitch was selected to be 25 cm. A large non-fuel pin was introduced at the centre of
the lattice with annular fuel rings to optimize CVR. However, it was observed that
the radial power distribution was biased towards the outer fuel ring, negatively
affecting the cladding temperatures. Consequently, the fuel element design was

segmented into a larger number of pins, i.e., the 54-element, 78-element, and 62-
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element designs. Finally, given the large diameter required for SCW feeder pipes,
and to remove the possibility of pipe breaks at elevations below the reactor core, a
re-entrant fuel channel design was selected. Such a design allows for both the inlet
and outlet plena to be located above the active fuel and is the basis for the High
Efficiency Re-entrant Channel (HERC) design proposed by AECL. The reference
design introduced by Pencer et al. [18] is referred to as the Canadian Pressure Tube
type SuperCritical Water-cooled Reactor (PT-SCWR) 64-element design.

2.5.2.The reference PT-SCWR design specifications

The current Canadian PT-SCWR conceptual design includes 336 fuel channels that
operate with a total thermal power of 2540 MW. With the implementation of the
direct cycle and the high temperature SCWR coolant, it is assumed that the
thermodynamic cycle efficiency is 48% producing approximately 1200 MW of
electric energy. As depicted in Figure 2, the PT-SCWR fuel channel is characterized
by a unique bi-directional flow of coolant through HERC. The coolant enters the
inlet plenum through the inlet nozzles at 350 °C and 25 MPa, is then distributed to
each of the individual fuel assemblies and flows downward through the central flow
tube in each channel. At the bottom of the channel, the coolant reverses direction
and flows upward exchanging the heat with the fuel elements and exiting the fuel
channel to the outlet plenum at 650 °C and 25 MPa. The low temperature and
pressure heavy water moderator is separated from the high temperature and
pressure light SCW coolant by liner tubes (inner and outer), ceramic insulator and
pressure tube. The average fuel channel power is 7.56 MW+, and the average radial
power peaking factor is expected to be 1.32 [8]. The PT-SCWR core is vertically
oriented and 3-batch fuelled with a long fuel assembly that spans the whole core
length [14]. The fuel assembly has a 5 m active fuel length with zirconium-modified
stainless steel cladding and annular fuel pin distribution [34]. This reactor is
powered by a Pu-Th fuel mixture which is arranged in two concentric 32-element
fuel rings with 12% and 15% concentration of reactor grade plutonium in thorium
in the outer and the inner rings, respectively. Descriptions of the HERC and the fuel

compositions are shown in Table 2 and Table 3.
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Table 2: Description of the HERC [19].

Dimension _ Composition Density
Component Material
(cm) [Wi%)] [g.cm™]
Center Tube 4.60 radius Light Water H20: 100 % variable
Coolant
C: 0.034; Si: 0.51;
Center Flow 460 IR zr-modified 310 2/”6 8072‘5 FI)\IOg(}%Z 29
Tube ' : Stainless Steel  °- Y- » NI £U.02, '
Thickness: 0.1 Cr: 25.04; Fe: 51.738;
Mo: 0.51; Zr: 0.59
Coolant Light Water H20: 100 % variable
: 7.201R  zr-modified 310
Liner Tube Thickness: 0.05 Stainless Steel As above 79
Insulator 725IR  vttria Stabilized __ 230 2 £ 37
Thickness: 0.55 ~ Zirconia 21 72.32,0: 27.68 '
Outer Liner 7.80 IR Excel (Zirconium  Sn: 3.5; Mo: 0.8; 6.52
Tube Thickness: 0.05 Alloy) Nb: 0.8;Zr: 94.9 '
7.85cm IR i i
Pressure Tube ) Excel (Zirconium As above 6.52
Thickness: 1.2 Alloy)
Moderator D20: 99.833,;
lattice pitch 25 square Heavy Water H,0: 0.167 1.0851
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Table 3: PT-SCWR fuel description and materials composition [19].

Inner Ring Outer Ring
Number of Rods 32 32
Pitch Circle Radius (cm) 5.4 6.575
Radius of Fuel Pins (cm) 0.415 0.440
Thickness of Fuel Cladding (cm) 0.06 0.06
Materials of Fuel Pins wt% PuO2/ThO: 15 12
Materials of Fuel Cladding Zr-mod SS Zr-mod SS

Fuel Pins Composition [wt%]

Fuel Cladding Composition [wt%]

Fuel Pins density (g/cm?®)

Fuel Cladding density (g/cm?®)

Plutonium Isotopics [wt%]

Pu:13.23; Th:74.70;
0:12.07

C: 0.034; Si: 0.51;
Mn: 0.74; P: 0.016;
S: 0.0020; Ni: 20.82;
Cr: 25.04; Fe: 51.738;
Mo: 0.51; Zr: 0.59

9.91

7.9

Pu238: 2.75;
Pu239: 51.96;
Pu240: 22.96;
Pu241: 15.23;
Pu242:7.10

Pu:10.59; Th:77.34;
0:12.08

Same as inner

9.87

7.9

Pu238: 2.75;
Pu239: 51.96;
Pu240: 22.96;
Pu241: 15.23;
Pu242:7.10

2.6. Reactor physics analyses

In the reactor core, the neutron flux is a function of time, space and energy. At a

fundamental level, the interaction of a neutron with an in-core material is dependent

on the material’s microscopic cross section at the energy of the incident neutron.

These interactions can be characterized into scattering (elastic and inelastic) and

absorption and are strongly dependent on energy.
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One of the most important aims in reactor physics calculations is to obtain the
spatial and energy dependence of flux in the reactor core under steady-state
conditions. The criticality search problem is investigated by introducing an
eigenvalue referred to (1/k.g) to the time-independent neutron transport equation
where kess is called the effective multiplication factor. Such approach allows the
number of neutrons emitted per fission to vary by a factor of (1/k.s). The ratio of
the neutron density between two consecutive generations with an iterative approach

converges to a constant value which is independent of space, angle and energy and

is given by [35]:
lim —% = constant = kets, (2.1)
T N

Usually, the controlled parameters of interest in steady-state and controlled
conditions nuclear reactor are the k¢ and the neutron flux which are necessary to
determine the different neutron reaction rates and particularly the balance between
the neutron loss and production. Stochastic methods use the previous definition of
k¢ that represents the ratio of neutron production from fission in the i generation
to the neutron absorption and leakage in the generation (i+1). The reaction rates are
used to calculate the approximate heat production from the fission reaction and the

fuel utilization which is referred to the “burnup”.

Although stochastic methods use the previous definition of k.¢, deterministic
methods calculate k.¢ based on different neutron physical interaction processes
that occur within the nuclear reactor core which are given by the six-factor formula

as:

kete = nfpePrPr, (2.2)
where n is the neutron reproduction factor defines as the ratio of fast fission
neutrons to the thermal neutrons absorbed in fuel. The thermal utilization factor f
represents the probability of thermal neutron absorption within the fuel with respect
to the other materials. The resonance escape probability p defines the probability
that a neutron is slowing down to thermal energies without being absorbed. The

ratio of total number of fast fission neutrons produced at all energies to number of
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thermal fission neutrons defines the fast fission factor £. Neutron leakage is
included in the fast non leakage (Pr) and thermal non leakage (P;) factors. The
neutron life cycle based on the definition of the six factors is depicted in Figure 6.
In infinite medium neutron leakage is neglected and thus Equation (3.2) can be
simplified to what is referred to the four-factor formula that defines the infinite

neutron multiplication factor k.as:

ko = nfpe, (2.3)

 m—
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Fast Leakapge
Remaining after
Fission Fast Leakage
neptPP; 1neP;
Remained Slowing Down Captured

Mon-Fuelthermal
absorption

Remaining after
1EpPPL Thermal Leakage nepP

Thermal Leakage

Figure 6: Neutron Life Cycle with ket = 1.

Generally, deterministic reactor physics calculations are performed in three-steps.
First the continuous-energy nuclear data library is processed using NJOY to prepare
a discrete energy dependent cross-section library for each different isotope (i.e., the
so called multi-group library). Then, lattice cell transport calculations are
performed to determine the spatially dependent flux spectra based on the problem
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specific material composition, lattice geometry and boundary conditions. Based on
the lattice level flux solutions the multi-group cross sections are homogenized in
space over a lattice-cell and also into few energy groups. In the third step of the
process, the computed few-group cross-sections are utilized to perform the full-core

simulation based on the diffusion theory approximation.

The methodology described above is employed in many reactor analyses, however
the number of few group cross sections and the energy boundaries used to define
each group must be established a priori. The challenging problem that arises is to
find the best values for the cut-off barriers of the energy divisions that fit the
material compositions, fuel nature, geometry and reactor design. The selection of
the few-energy group structure is unique and depends on the reactor type and design

[36]. A review of some common approaches is given below.

2.6.1. Guidelines from literature for energy group structure

The general guidelines for the energy group structure found in the literature can be
categorized into methods based on changes in neutron cross-sections, dominant
physics within energy interval, or the variation in neutron spectrum. These

guidelines can be summarized as follows:

e Bell & Glasstone [35] and Koclas [37] recommend the placement of the
energy group barriers where the cross section of the most important isotopes
(mainly fuel isotopes) experiences significant variations.

e Duderstadt and Hamilton [38] divided the neutron energy range into three
main regions based on the physical interaction types as shown in Figure 7
and summarized as follows:

= Neutron Thermalization Region (approximately from 0 eV to ~1 eV)
which includes typically the highest magnitude cross sections and
where phenomena related to up-scattering, chemical binding and
diffraction may be important.

= Neutron Moderation or Slowing Down Region (approx. from 1 eV
to 10° eV) over mostly the resolved resonance regions and where

only elastic scattering is expected with no up-scattering.

22



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

= Fast Fission Region (approx. from 10° eV to 107 eV) includes the
energies for fission neutrons as well as many delayed neutron
precursors. Here both elastic and inelastic scattering occurs (with
no up-scattering) and cross sections cover mostly the unresolved

resonance regions.

Duderstadt and Hamilton also recommend that the group structure selection basis

take into account the neutron spectrum behaviour, shape and changes stating:

“... neutron energy spectrum is the key to the generation of group constants

that yield an accurate few-group description of nuclear reactor behaviour.”

Slow Epithermal Fast

neuirons neutrons neutrons

E<leY leV< E<.IMeV AMeV < E <20MeV

L Separated resonances
Light _
nuclei Potential scattering
A<2$ . : .
Resonance scattering, (n,2n), (n.p)
Separated Overlapping Continuum
resonances resonances | resonances

Intermediate
nuclei Resonance scattering, radiative capture
25<A<80

Potential scattering | ‘- Inelastic scattening

Separated Overlapping Continuum
resonances resonances resonances
Heavy f——
nuclei Radiative caplure
A>80 Bl
| Inelastic scattering, (n,2n)

Figure 7: Summary of cross-section physical behaviour [38].

e Glasstone and Sesonske [39] recommend selecting energy group barriers
based on the dominating physical phenomena and suggest a 4-group

structure for water moderated nuclear reactors as follows:
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Thermal Region (Between 0 eV and 0.625 eV)
o Down-scattering and up-scattering between energy groups
can exist.

o Absorption can occur.

Resonance region (Between 0.625 eV and 500 eV)
o Neutron slowing down occurs by elastic scattering.
o Absorption by resolved resonances.

Slowing-down region (Between 500 eV and 0.05 MeV)

o Neutron slowing down by elastic scattering
o Absorption by unresolved resonances.
The fast region (Between 0.05 MeV and 10 MeV)

o Basically, all the fission and decay neutrons have energies in

this group.
o Neutron slowing down takes place through both types of
scattering: elastic and inelastic.
Glasstone and Sesonske also mention that graphite moderated reactors may
require more than four energy groups and at least two thermal groups.

e Yigal Ronen [40] supports the energy group selection basis that identifies
the important energy intervals based on the neutron population in these
intervals.

e Massimo [41] supports the use of the minimum number of energy groups
that ensure an acceptable accuracy in either the transport or diffusion
calculation. He also highlights that accurate power distribution in regions
where the neutron spectrum is highly spatially dependent such as at the core
boundaries (core-reflector regions) demands several thermal groups. Such a
proposal can be supported by Figure 8. He recommends to have an energy
group structure that includes an energy interval for the fast fission source,
an energy range for the resolved and the unresolved resonances and a
thermal range with particular groups to include the low lying Pu resonances
in case of utilizing a fuel that is characterized by high Pu loading. Moreover,

Massimo illustrates that the effect of Doppler broadening on the low lying
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resonances is small and treating those resonances with a single broad group
is acceptable. Such discussion of the grouping is closely related to the
SCWR fuel which has a high temperature (i.e., high potential for up-
scattering) and a reactor-grade Pu-Th fuel (i.e., with many important low

lying resonances).
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Figure 8: Demonstration of the effect of the number of energy groups on the average radial power
distribution for Peach bottom HTGR [41].

e Merrill in the Gulf General Atomic (GGA) report [42] splits the neutron
energy range into regions based on the dominant physical phenomena.
There he also recommends to divide the resolved and the unresolved
resonance ranges for the most important fuel isotopes (fissile and fertile
isotopes). Moreover, he supports forming separate groups that might
include the fission sources, fast fissions, inelastic thresholds, and the large
thermal energy resonances. The GGA report on nuclear reactor design
methods and energy group structure methodology is considered the most
detailed document in the literature [43] and it was cited by Massimo and
Duderstadt and Hamilton. The GGA group structure selection methodology
was used in the design and the analysis of Fort Saint Vrain (FSV) which

was a High Temperature Gas-cooled Reactor (HTGR) that was developed
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and built in the US. The GGA energy group structure used for the FSV

reactor was based on the neutron spectrum shown in Figure 9 [42].
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Figure 9: The fast neutron spectrum of the Fort Saint Vrain reactor along with the fast group structure [42].

e Oka and Mori in [29] introduce a modified energy group structure for
analyzing the fast and thermal coupled core of the Super FR and recommend
up to 12 energy groups to increase the accuracy and capture the low lying
Pu peaks, the different isotopes of the MOX fuel, the effects of the blanket

and the zirconium hydride layer in the hexagonal shaped FA.

2.6.2. Thermal Energy Boundary

Historically, most of the water moderated reactors such as the CANDU and LWR
reactors have been analyzed using a two energy group structure with the thermal
cut-off barrier placed at 0.625 eV. Such two-group models have provided very
accurate and acceptable solutions [38]. However, the High Temperature Reactors
(HTRs), which are characterized by a higher coolant temperature than the

traditional light water thermal reactor require a higher thermal cut-off value. The
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driver related to the selection of the two-group barrier is that in most applications it
is desirable to differentiate regions where up-scatter occurs solely within a group
and ensures important resonances are not subdivided. Such drivers are consistent
with literature that suggests the thermal energy cut-off to be high enough in order
to ignore the up-scattering from the thermal energy group for the HTR as discussed

below.

Massimo [41] indicates that the typical thermal energy cut-off for HTRs should be
between 2 eV and 4 eV with a standard value located at 2 eV. He also suggests that
a high thermal cut-off (at 2 eV) might include all the neutron up-scattering
possibilities with negligible probability of having neutrons scattering above that
value. Duderstadt and Hamilton recommend the boundary to be between 0.5 eV
and 1 eV for the water moderated reactors and to be as high as 3 eV for the HTR

for the same rationale.

Massimo also provides the recommended energy group structure for the Fort Saint
Vrain reactor in Table 4. The first group is designed to include the dominant fission
sources. The second and the third groups are aimed to separate the resolved and the
unresolved resonances of the main resonance absorber, which is 22Th. The thermal
energy rangy range was set at 2.38 eV with a set of thermal energy groups that
conform to changes in the scattering matrix and the low lying Pu resonances. An
energy barrier was set at 17.6 eV since the first resonance peak of 2%2Th occurs at
21.9 eV. A small group was selected between 2.38 eV and 3.93 eV with the
assumption that most neutron up-scattering goes from thermal range into the lowest
energy group in the fast range confining the up-scatter to reasonable epi-thermal
energies. Although the FSV reactor was fueled by 93% enriched uranium, it utilized
the same fertile isotope as the Canadian PT-SCWR which is the 2%2Th (ThO; for
PT-SCWR and ThC; for FSV) and contains appreciable Pu at higher burnup.
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Table 4: The 4, 7, and 9 energy group structure used for the analysis of Fort Saint Vrain Reactor [41].

Energy boundaries (V)

upper lower 9 groups 7 groups 4 groups
1.5 x 107 1.83 x 10° 1 1 1
1.83 % 10° 961 2] 2 )
961 17.6 3
17.6 3.93 4} 3 3
3.93 2.38 3
2.38 0.414 6 4
0.414 0.10 7 5 4
0.10 0.04 8 6
0.04 0.0 9 7

2.7. Lattice physics uncertainty analysis

The uncertainties associated with nuclear data library cross sections (such as
ENDF/VII) impact the computation of multi-group and few-group cross sections
and hence impact the computation of important full core quantities such as local
powers and burnup. They are defined through the covariance matrix which
describes the variations of random variables with respect to each other. The

covariance of two random variables a and 8 can be expresses as:

cov(a, ) = E[(a — E(@))(B — E(B))], (2.4)

Where E (@) is the expected value of the variable a. The covariance of a variable
with itself is the variance, which is basically the diagonal of the covariance matrix.
Additional uncertainties in geometry, local coolant conditions, fuel temperatures
etc. may also impact the power distribution in the core through feedback effects.
Since the uncertainty in some of the important thermalhydraulic predictions is not
yet quantified for the SCWR the focus of most work has been on the impact of cross

section uncertainties.

Assessments of the current reactor modelling methods and uncertainties are
important for accurate design modelling procedure of the SCWR. Many studies [44,
45, 46, 47] discussed the importance, needs, and the effects of the sensitivity of the
calculations to the nuclear data on the modelling of the advanced nuclear energy

systems and the corresponding challenges in the Gen-1V reactor design. In
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particular, many studies were performed on older design versions of the Canadian
SCWR. A sensitivity study of the calculations to the nuclear data for the CANDU-
SCWR was performed by Kozier et al. [48]. Another study involving an
experimental work in the ZED-2 facility in chalk river was presented in Langton et
al. [49]. A sensitivity and uncertainty analysis for the Canadian SCWR 54-element
for fresh fuel was presented recently by Blomeley et al. [50]. This study shows that
the neutron multiplication factor and the reactivity coefficient are highly sensitive
to 2H, 2°Pu and 232Th. Where the 2%Pu represents the dominant fuel fissile isotope
and 232Th is a strong neutron absorber as a fertile fuel isotope. The highest
sensitivity of the 2H is due its role in neutron moderation process. Blomeley et al.
[50] work also suggests the need to examine and re-evaluate the nuclear data library
especially for some isotopes by which the system is highly sensitive which might

decrease the total uncertainty.
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Chapter 3

Theoretical Background

The primary aim in nuclear reactor physics is to provide an accurate estimate of the
neutron density in the nuclear reactor which is a function of time, space, energy and
direction. This can be done by solving the neutron transport equation, also called
the linear Boltzmann equation, which describes the neutron density as neutrons
move through matter. Such solutions cannot be determined exactly, and even
approximate numerical solutions can only be obtained on a small section of a core
at reasonable CPU cost. On the other hand, diffusion calculations while fast, cannot
provide accurate solutions at small spatial scales and near strongly absorbing media.
Thus a hybrid of lattice-level transport solutions and full-core diffusion calculations
are often used in order to make reactor physics calculations tractable.

3.1. Neutron transport equation

The derivation of the neutron transport equation is beyond the scope of this report
and is discussed in many nuclear engineering books; however, the notations,
symbols, and equations included in this report are as in [51]. The time-dependent
neutron transport equation that describes the different interactions involved with a
neutron as it travels through matter including fission, leakage, streaming, scattering

and capture is given as:

30



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

10y
;E(T,Q,E, t)

_ f ) f 5.(Q - Q,E - E) (r, @, E', )dQ dE’
0 4
Xp(E) ® I ! ! ! ! !
+?fo L”[l—B(E YVEF(ED ¥ (r, @, E', ) A dE

6
1 1
+ E.zle(“ GO + QB D) = Q- V (1, 0,E,0)
j:

- Et(E)l/)(r' O E, t), (31)

This equation is referred to as “a first-order integro-differential equation” [51] and
includes the delayed neutron precursors and the neutron sources from fission. The
neutron transport equation is a balance equation that describes the rate of change of

the angular neutron density due to the different reactions taking place [51], where:

10y
—— (T, QE
Vat (rJ ) Jt)

= time rate of change of angular neutron density N(r, Q, E, t) at time t

= (rate of gain) — (rate of loss) , (3.2)

j ] 2. (Q - QE - E)Y (r,Q,E, t)dQ dE’
0 41T

= In — scattering rate at which neutrons about r scatter from dQ'dE’

about (Q',E") into dQ dE about (Q,E) attime t, (3.3)

XP(E) ® ! r ' , , ,
4,T_f0 Ln[l —BENWL(ENY (r, @, ', t)dQ/dE

= rate at which prompt fission neutrons are produces

about (r,Q,E,t) attime t , (3.4)

6
1
EZ X;(E) 4;C;(r,t) = the rate at which delayed neutrons are
=1

born about (1, Q, E, t) at time t (3.5)
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1
EQ(r, E,t) = Source rate |, (3.6)

(rate of gain) = In — scattering rate
+ prompt fission neutron production rate
+ delayed neutrons production rate + source rate

= foof ZS(Q"Q,E’ _)E)lp(r’ﬂl'El’t)dﬂldEl
0 Yam
X—p(E) B ! ’ ’ ’ ’ l
T fo L”[l_r’;(’f VEFE)  (r, Q' E, £)dQ'dE

6 6
1 1
+_47TZXj(E) A;C; +—4nQ(r,E, t), with E B;(E) = B(E) (3.7)
j=1 —

j
Q-ViyY(r QE,t) = Net leakage rate , (3.8)
I.(E)Y(r,Q,E, t) = Collision rate (3.9)

(rate of loss) = Net leakage rate + Collision rate =

Q-VYa, QE b + 2, (E)Y, QE b)), (3.10)

The precursor density C;(r, t) is given as follows:

19¢;

——(r,t)=]m Bi(EWEH(ENY (r, @, E', )dQdE' — 4;Ci(r,t), (3.11)
v Ot o Jar

Similar to the neutron transport equation, each term in Equation (3.11) represents a
physical process that causes either a gain or loss of group-j neutron precursor nuclei,

where;
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19¢;

a3 (r, t) = the rate of change of the number of group — j precursor nuclei

= (Rate of gain) — (Rate ofloss), (3.12)

f B, (EWE,(E) Y (r, @, E', A dE’
0 41T

= the rate at which group — j precursor nuclei are produced

= rate of gain, (3.13)

/1]-Cj(r, t)
= the rate at which group — j precursor nuclei undergo radioactive decay

= rate of loss due to decay with a radioactive decay constant 4; , (3.14)

In general, the neutron angular flux Y (r,Q,E,t) and the precursor densities
C;(r,t) are obtained by solving equations (3.1) and (3.11) simultaneously using

specified initial and boundary conditions. In most computer codes, such as SCALE
or DRAGON, steady-state assumptions are often applied in order to further reduce

the complexity of the solution.

3.2. Steady-state neutron transport equation

The neutron transport equation can be simplified assuming a steady-state [51] by

setting %—If = 0 in equation (3.1). Consequently, such an approximation would also

eliminate the precursors’ densities by substituting % = 0 inequation (3.11) to get:

AC(r,t) = f ’ Bi(EWEs(EN Y (r, @, E', t)dQ'dE" (3.15)
0 4m

Then by direct substitution in equation (3.1), one can get a steady-state neutron

transport equation with delayed neutrons as [51]:
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Q- VY@, QE)+Z.(E)Y(r,Q,E)
= foof (Q -QE > E)Y (r,Q,E)dQ dE’
0 4T

Xp(E)
41

+ f ) f [1— BENIVEF(ED Y (r, @, E)dQ'dE’
0 41

1 6 *© ’ , R , ,
+E;XJ(E)L 4nﬁf(E WEF(EN Y (r, @, EdQ'dE

1
+EQ(r, E), (3.16)

It should be noted that applying the steady-state assumption with reflective
boundary conditions has the effect of transforming the transport equation to an
eigenvalue problem given by [50]:

Q-VY(r,QE) + 2. (E)Y(r, Q,E)
= fmj 2(Q - QE - E)Y (r,Q,E)dQ dE’
0 4T

Xp(E)

+
4tk

f ’ f viF(ENY (r, Q' ENdQdE’, (3.17)
0 4T

Where the fission source is modified by a factor of 1/k, the delayed neutrons are

neglected, and the source Q and the boundary source are set to zero.

3.3. Methods for solving the neutron transport equation

3.3.1. Approximations

The neutron transport equation involves seven independent variables to provide an
accurate description of neutron density in terms of space, energy, direction and time.
Moreover, each cross section depends on neutron energy as well as position because
of the heterogeneity of most reactor cores [35]. Finally, the isotopic composition
evolves in time such that the atomic number densities used to compute the

macroscopic cross sections also evolve in time. The methods developed to solve
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the neutron transport equation can be categorized into two main groups: the
stochastic approach using Monte Carlo method and the deterministic methods. The

deterministic approaches are used in this work and summarized below.

3.3.2. Deterministic approach

Due to the approximations applied in the different deterministic methods developed,
the neutron transport equation is suitably modified. As an example, the spherical
harmonics P, and the discrete ordinates Sy methods use the integro-differential
form of neutron transport equation, the method of characteristics uses the
characteristic form, and the collision probability uses the integral form [51].
Deterministic methods use many approximations for either the spatial or angular

discretization while all utilize some form of multi-group energy discretization.

3.3.2.1. The continuous-energy equations

In continuous energy, the 3D neutron transport equation without delayed neutrons
in steady state is given by [51]:

Q- VY, QLE) +Z,(E)Y(r QE)
=f f 2. (rQ - QE - E)Y(r,Q,E)dQ dE’
0 41

x(r,E)
+ 4T

f f vE(r, ENY (r, Q' E")dQ'dE’
0 am

1
+EQ(1’,E) , (3.17)

With a boundary condition that would be initially stated:
Y, QE) =yY’(r,QE), ' n<0,0<E<o» (3.18)

Knowing that the cross-sections and the fission spectrum in these equations satisfy

the following identities [51]:

L (E) = X5(E) + 2y (E) + 2¢(E) , (3.19)
3(E) = fmf .(Q-QE' > E)dQ'dE' (3.20)
0 41
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fwx (E)dE =1 (3.21)
0

N
2n+1
41t

n=0

(Q - QE > E)=

S (E' = E)B(Q - Q) , (3.22)

3.3.2.2. Multigroup approximations

One of the most important approximations used by almost all deterministic methods
is the multigroup approximation by which the neutron energy (which varies up to
10 MeV) is divided into a finite number of energy intervals or energy groups. The
basic concept of the multigroup approximation is to average the cross sections
within each energy group and consider the cross sections to be constant and
independent of energy within each group. A finite number G of energy groups (bins)

is to be selected as [1]:
Emin = EG < EG—l < e < Eg < Eg—l < e < E2 < E1 == Emax ) (323)

Emin is considered to be very small so neutrons with energies less than Emin are
neglected, and Emax is considered to be very large so that neutrons with energies
more than Emax are also neglected. Within this approximation the energy interval of

gt energy group is expressed as [51]:
E,<E<E;, , (3.24)

It should be noted that the conventional order of energy groups in all references and
including [51] is such that the index g decreases as the energy increases. Fast
energy neutrons are thus slowing down through increasing order of the indices g.

For each 1 < g < G, we define [51]:

Yy, (r, Q) = Y(r,Q,E) dE = Angular flux for group g , (3.25)
Eg
Xg(r) = j x(r,E) dE = Multigroup fission spectrum for group g, (3.26)

Eg
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Qy(r) = J. Q(r,E) dE = Internal multigroup source to group g, (3.27)

Eg

By using Equation (3.26) and the definition of the fission spectrum, the multigroup

fission spectrum obeys the following condition:

Z Xg(1) = Z ng 1)((r, E)dE = fEmaXX(r, E)dE =1, (3.28)

Emin
Now, by integrating the neutron transport equation (3.17) in case of steady state per
energy group g, one can get [51]:
Eg_1

Q-Vi,(r,Q) + f L. (r, E)Y(r,Q,E)dE

Eg

Eg_q _
j fg 1] S.(r,Q - QE - E)y (r,Q,E")dQ dE'dE
41T

)(g(r) ) N A O B
T (r E Q' ENdQ'dE
Zj | ey
Qg(r)
ymall (3.29)
Which is equivalent to,
o szg‘lzt (r, E)¥(r, Q, E)dE .
Q-Vy,(r,Q) + ,Q
bl [ w(r, @ E)E Volr
Eg ! g"l . (r,Q - QE - E)Y(r,Q, E)dE'dE
Z j g (r, Q')A
am 'y (r, ', E)dE’
f g 1v2f(rE)1/)(r Q' E"dE’
Xg(r) Py (r, Q)dQ’
Eo'-1y(r, @, EN)dE
Qg(r)
yrall (3.30)
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Or,

Q-Vip,(r,Q)+ £, Q) Y ,(r,Q)
G

- f 5 g70g (1, Q- Q) (1, Q) dQ’
4T

g'=1

G
r ~

+ Xi( ) E f V2 g (r, Q) Py (1, Q') dQ
T g,=1 41T

Qqg(m)

+ )
41

(3.31)
Where,

f;qg_l 3 (r, E)Y(r, Q,E)dE

2t,g (T, ﬂ) =

3.32
[F9=1 2 (r, Q, E)dE (3:32)

Eg
fs,g’—»g (r,Q Q)
E /
[ [0 5 (r, Q- Q,E' - E)y (r, @, E")dE'dE
g g’

_ ,(3.33)
[29 7 y(r, @, EN)dE’
gl

E‘gl_1 , L )
Je 2T VE r ENY(r, @' E)E
g

VEr (r, Q) = , (3.34)
f.9 Egr- ] ] r
Jeo ¥, @ EN)dE

Where the gt energy group boundary condition can be obtained by integrating

Equation (3.20) over the energy interval of the gt energy group:

Eg_1
Y, (r, Q) = Ph(r,Q) = Y2 (r,QE)E , Q- n<0 (3.35)

Eg

As it was discussed in [51], it would appear that the problem can be addressed easily
by simply solving the neutron transport Equation (3.31) per energy group with an
energy interval E;, <E <E,_; and using the boundary condition in Equation (3.35).
However, this is impossible as the hatted cross-sections of Equation (3.31) and

expressed in Equations (3.32-3.34) shows an angular dependence and also depends

38



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

on the flux solution of the continuous energy equation. Another approximation is
needed to proceed forward and solve the problem. An approximation can be applied
by choosing a form of the angular dependence of the flux and then integrating per
energy group. The form of the flux with the multigroup approximation can be as

follows:
Y, QE) = Y(r, E)f (r,Q), (3.36)

Where W(r, E) is a specified neutron spectrum [51]. By substituting Equation (3.36)
in Equations (3.32-3.34) and canceling the function f(r,Q) from both the

denominator and numerator, the multigroup cross-sections can be written as [51]:

fggg'l 3, (r, E)¥(r, E)dE

z:t,g(r) = (3.37)

Y(r, E)dE
[ W, B)

E /
fgg‘l ngg, Y., Q - QE - E)Y(r,E')dE'dE

(r,Q - Q) = ,(3.38)

Foa' - [E 1w (r, E)dE’
gr

E 1
ng’ -1 2% (r,E"¥Y(r,E')dE'

vie (r) = |- ) (3.39)
& [29 = W(r, E")dE"
g

Substituting these expressions into Equation (3.31) give the multigroup transport

equation per energy group as:

Q- V iy (1, Q) + 246(r) 1y (r, Q)

ZL Zs,g'g (1 Q- Q) Yy (r,ﬂ' )dﬂ'

g =1
L e )Zf vzfg(r)wg rQ )dQ’
Qq(r)

L (3.40)

By which the multigroup fluxes y,(r, ) are obtained by solving these equations

with multigroup boundary conditions (3.35). By using the multigroup
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approximation, the expressions of different multigroup cross-sections can be

written as:
Zig(r) = Z5,(r) + 2, () + 2 4 (1), (3.41)
Zogmg (10 - Q)
N
2n+1 /
= ) gk (@ 0), (3.42)
n=0
G
Z f Sgmg (10 -0)da’
g[=1 41
= 241, (3.43)

A comparison between the continuous energy and the multigroup expressions are
important and should be given extra attention. Based on [51], Equations (3.28, 3.41-
3.43) are referred to the multigroup expressions while equations (3.19-3.22)
represents the continuous energy counterparts. A direct comparison of these
equations would explain the physical meaning between them. First of all, Equations
(3.19) and (3.41) show that the interactions between the neutrons and the different
nuclei follow the same behaviour in both cases for the multigroup and the

continuous energy. Equations (3.20) and (3.43) [51]:

“Guarantee that the continuous-energy and multigroup scattering operators are

conservative - they neither create nor destroy neutrons. (These operators only

rearrange neutrons in (Q, E)—space.)”

Moreover, Equations (3.21) and (3.28) make sure that the neutron fission spectrum
in continuous energy and in the multigroup approach have the same normalization
condition. Finally, Equations (3.22) and (3.42) show that the multigroup and
continuous energy cross-sections are consistent in terms of being expressed within

the same type of Legendre polynomial expansions [51].

The previous comparison and discussion show that the multigroup transport
equations is quite similar to the continuous transport equation in terms of structure,

form, and shape [51]. However, in the multigroup approximation, the energy range
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is discrete as opposed to continuous energy approach. Knowing that the
approximation is illustrated in the representation of the angular dependence of the
flux and thus replacing the Equations (3.32 - 3.34) by (3.37 - 3.39). Additionally, it
should be noted that:

1. In deriving the multigroup cross-sections, it was assumed that the

continuous flux has the form of Equation (3.36) with a condition that W is
known. But this is true only in particular cases as stated by [51]:
“Requires the angular flux to have the same energy spectrum for each
direction of flight and the same direction-dependence for each energy.”
This can occur only in an infinite homogeneous medium with isotropic flux
which doesn’t generally describe spatially dependent problems.

2. The actual cross-sections versus energy graphs are curvilinear and
continuous but in the multigroup case cross-sections versus energy graphs
are discontinuous and the cross-sections value are constant and averaged
per energy group (see Figure 10). In other words, the multigroup cross-
sections are independent of energy within the respective energy group.

Usually, in the multigroup case where the number of energy bins used is relatively
high (few hundreds) and consequently the energy group width (AE = E;_; — Ej)
is relatively small. Since the energy group width size decreases as the number of
energy groups increases, it would appear that at a large number of energy groups G
(within certain limit) the multigroup cross-sections curves become very similar to
and approach the continuous energy cross-sections graphs. The assumption of
considering the cross-sections independent of ¥ (energy) becomes valid and

applicable.

41



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

[+
I @

I+

wy

Figure 10: Continuous-energy histogram cross-sections [50].
3.3.3.Importance of proper selection of energy group structure

Neutron energy is an important parameter that plays a vital role in its interaction
with the material. Cross section defines the neutron reaction probability parameter
which highly depends on the energy of the incoming neutron. The basic assumption
of the multigroup approximation is to divide the neutron energy range into finite
number of energy groups within which the cross-section is averaged and considered
to be constant. That means the cross-section is considered to be energy independent
within each individual energy group. The lattice level calculations undergo a spatial
homogenization and energy condensation processes by which the lattice cell
homogenized cross sections are averaged and calculated for few number of energy
groups (usually between 2 and 8). Although these cross sections are flux weighted
but they highly depend on the energy barriers of the energy group structure used.
Changing the energy barriers of the energy group structure would impact the group
homogenized cross sections due to the effects of the resonances of different isotopes.
An example that demonstrates the effects of the appropriate selection of the energy
group structure is shown in figure 1. In Figure 11(a) and 11(b), different energy
barriers are used to show how the calculated homogenized cross sections are
impacted when energy group structure with different energy barriers are used.
Consequently, the adequate selection of the energy group structure is very
important and have a direct impact on the estimated solution. Such group structure
should account and take into consideration the special resonances of the fuel

isotopes especially at the thermal region. Multigroup selection basis criteria are
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addressed in many references, however, most of them agree with general guidelines
that depends on the behaviour of the neutron cross-section. It was recommended to
analyze the neutron energy spectrum before the selection of the energy group
structure as stated by [35]:

“In order to obtain useful group cross-sections in the energy regions where cross-
section versus energy curves have fine structure, it is necessary to perform careful

analysis of the neutron energy spectrum through these regions”

Cross section

_//L

Energy

Cross section Multigroup cross section

(@)

/

Cross section

Energy

Cross section

Multigroup cross section
(b)

Figure 11: The change in multigroup cross section with different energy group barrier.
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Figure 12: The low energy cross sections of some selected important isotopes [38].

Moreover, it was recommended by [51] that the cross-sections of the low-energy
resonances, like the low lying Pu peaks, be precisely discretized. In addition to this,
the other resolved resonances of the cross-section energy curves should be included
in an energy group. For HTRs, Massimo suggests a list of special isotopes with high
degree of importance illustrated by 23°Pu, 24Py, 24Pu, *°Xe, *°Sm, 1%Rh. He
mentioned that those isotopes have importance resonances within the energy range
where neutron up-scattering starts to be considered as an important phenomenon.
The low lying resonances of the previously mentioned isotopes are shown in Figure
12 [38]. Here it is convenient to mention that there is a trade-off between the
number of energy groups used, the accuracy of the calculations, the size of the
domain and spatial accuracy, and the temporal evolution of the neutron fluxes and

isotopic compositions.
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3.3.4.Resonance self-shielding

Almost all the deterministic methods use the multigroup approximation method by
which the cross sections are averaged per energy group. However, averaging the
cross section should satisfy an important condition which is the conservation of the
reaction rate. Since the reaction rate is equal to the product of the cross section and
the flux, the best option is to average the cross section with respect to the average
flux. “Flux weighted average cross-sections™ are calculated per each energy group
which can be expressed as [52]:

[, o(E) p(E)dE

G, = , (3.44)

[, $E)E

But this leads to an immediate complication because the flux is unknown and the
primary purpose of the whole calculation is to calculate the value of the flux. Of
particular interests are resonances where the flux and cross-sections vary
substantially within a group. This problem can be solved with another
approximation which is referred to the resonance self-shielding correction. There
are different types of approximations and methods developed for the resonance self-
shielding process that are used by many computer codes. SCALE code uses the
Bondarenko method [52].

The Bonderenko method for self-shielding will be discussed briefly based on [52].
In the Bonderenko method, the flux is expressed in an infinite homogenous medium

as:

¢(E) ~ (3.45)

Z.(E)

Where ¢ (E) is the flux and X,(E) is the macroscopic total cross-section. Direct

substitution of Equation (3.45) in equation (3.44) yields:

[ o'(E) dE
—i _ "9 2 (E)
= (3.46)
fg 2+(E)

Which is equivalent to,
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i o' (E) dE
. "9 Ny (E) + XNl (E)
—i _ vt JFLIgY

) . :

9 Niol(E) + Xz Njol (E)
Where i represents the nuclide under investigation, N is the number density and o;
represent the microscopic total cross-section [52]. It is convenient to define o as
[52]:

Noi (E)
N,

ot = (3.48)

Jj#i
Where o term represents the cross-section of nuclide i for all nuclides in the
mixture other than nuclide i itself [52]. The average expression of the cross-section
can be given by:

o'(E) dE

_, _ 79 o{(E) + 0§(E)
g [ dE ’

9 af(E) + a4(E)

(3.49)

Where o is called the “background cross-section”, also known as the “dilution
cross-section” [53]. The dilution in a self-shielding calculation refers to the cross
sections of all other material other than the isotope of interest. It important here not
to be confused with the word “Dilution”, since dilution in self-shielding is not the
traditional definition of dilutions as “concentration” but rather refers to a cross-
section. Since the problem dilution is not known initially, the average cross-section
is evaluated at different dilutions and stored in the nuclear data library. When the
lattice transport code (such as SCALE, for example) uses the nuclear data library,
it first calculates the problem dilution based on the simulated geometry and
composition. Then, it selects up the cross-section corresponding to the calculated
dilution from the library. An example on how the dilution, whether it is high or low,
affects the evaluation of the averaged multigroup cross-section is shown in Figure
13 and Figure 14.
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Figure 13: Continuous Energy Cross Section and Corresponding Multigroup Cross Section at Infinite Dilution
[53].
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Figure 14: Continuous Energy Cross Section and Corresponding Multigroup Cross Section at a Dilution of 10
barns [53].

3.4.Methods of sensitivity and uncertainty analysis

Uncertainty quantification is a major outcome of software validation in the nuclear
industry. Uncertainties may arise during experiments due to instrumentation errors

either in the dependent or independent variables. Such experiments are then used
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to assess the code accuracy where prediction uncertainties may arise from
approximations in the physical models, deviation in geometry/composition of the
domain, uncertainty in material properties or their state (i.e., a materials
temperature), uncertainties in the numerical approximations used in the solution
process, and/or uncertainties in the boundary/initial conditions. Such errors are
estimated and provided either as single uncertainties (assuming no covariance),
groups of uncertainties (with some covariance quantified) or as full covariance

matrices (where all covariances are defined).

Sensitivity analysis is used extensively both to compute the uncertainty (via the
sandwich rule with the covariance matrix) and also to better understand the physical
phenomena involved. In this thesis, sensitivity analysis is used extensively to
understand the relative importance of some nuclear processes and hence better

understand the larger scale phenomena (such as CVR).

Solving the neutron transport equation would yield the neutron multiplication factor
kese. However, kqg calculations would include uncertainties that arise from the
nuclear data library, boundary conditions, material properties or arrangement
and/or from the computational method itself. In general, the multiplication factor
ke depends on many parameters and this dependence can be represented

mathematically as [51]:
kett = kegr(@), where a = (0, ..., 0y) (3.50)

With a a vector with N components representing the different parameters of the
system such as cross-sections and number density. By using a Taylor series [54],

the uncertainty in kg can be expressed as [51]:

N

_ Okefr _ 0
Okegr = Ta éa, , Sa,=a, — a, (3.51)
n

n=1

The partial derivatives in Equation (3.51) are called the sensitivities of the system
ke (o) with respect to each of the system parameters a,, individually and can be

expressed as [51]:
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akeff)
= 3.52
Sn <8an ’ ( )

Knowing that the covariance matrix C, of the parameter a and the variance matrix

of kegr are given by [51]:

C, = (6adal) , (3.53)
var ( keff) = (( keff)z) =S (6“6(XT) ST =S CaST , (354)

With “T” represents the “transpose of the matrix” and the bold S represents the
sensitivity matrix with N components system parameters and it can be written as
[51]:

- (). (),

Equation (3.54) is the so-called sandwich rule which may be used for uncertainty

calculations. It is clearly shown that the sandwich rule depends on the system
sensitivities. However, with a system of many parameters (like a nuclear reactor),
it is quite difficult to calculate the system sensitivities. As a result, many methods
have been developed to calculate the sensitivities of system parameters and are

briefly presented below.

3.4.1.Stochastic methods

Many methods have been developed to calculate the different parameter
sensitivities in case of a stochastic mathematical approach. The most famous and
popular one is the One-At-A-Time method (OAT).

3.4.2. The One-At-A-Time method (OAT)

This method is considered to be one of the simplest and easiest methods in terms of
its concept. However, it requires many calculations and is considered
“computationally expensive” [53]. At first, a simulation is performed with all the
nominal values of the system parameters. Then, each parameter will be perturbed

individually satisfying the rule “one parameter at a time” until all the system
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parameters are perturbed. Finally, a comparison between the simulations output
would provide a clear description of the sensitivity of each parameter (See Figure
15). Although this method is very simple, it is very difficult to apply to a system
with a large number of parameters. However, its advantage beside simplicity is the

ability to provide a short list of the important parameters affecting the system.

Sampling of i
Input Parameters Distributian of
Resulls for Each
Qulput Parameter
7 ; Input 1
o] 86% Conidencs =
— Cutput Imarvel
\
I i Input 2
hY e Conidnca L=
- * Input 3
— 56% GorMienca +—
[ L Output ... Interval
T
i .‘ | Input ...

Figure 15: OAT Method for sensitivity propagation [53].

3.4.3. Deterministic methods

Deterministic methods for sensitivity and uncertainty calculation differ from
stochastic methods in terms of the methodology and the way by which the problem
has been approached. As an example, all stochastic or statistical methods first start
with the uncertainty calculations and then perform the sensitivity analysis [51, 55].
However, deterministic methods start with the sensitivity calculation followed by
the uncertainty calculations using the sandwich rule. Literature reflects the
advantages of deterministic methods for sensitivity calculations over the stochastic
methods. As an example based on [55] the actual response sensitivities to
parameters cannot be computed exactly by using statistical methods and can be
done only by using deterministic methods. The most popular method for the
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sensitivity calculation in case of deterministic approach is the Adjoint Sensitivity
Analysis Procedure (ASAP).

3.4.4. Adjoint Sensitivity Analysis Procedure (ASAP)

The Adjoint method is not as simple as the OAT method. However, its efficiency
and advantages appear when dealing with a system of many parameters (e.g. a
nuclear reactor). The Adjoint Sensitivity Analysis Procedure (ASAP) proposed by
Cacuci [51, 55] is one of the most popular methods used for a deterministic
approach and many computer codes use it for the sensitivity calculation. Adjoint
methods depend on the forward and the adjoint solutions of the neutron transport
equation. The detailed derivation of this method is beyond the scope of this report.
Rather, a brief description of the sensitivity calculation in the SCALE code will be
discussed based on [52]. In fact, the SCALE code depends on adjoint-based
perturbation theory [52] to calculate the explicit sensitivity coefficients of k.

which will be discussed briefly using the same notations expressed in [52].
The Boltzmann transport equation can be written as [52]:
[A—ABlp =0, (3.56)

Where, ¢ represents the neutron flux, A represents the eigenvalues with A=1/k.;,
A and B are operators where A represents all of the transport equation except the
fission term and B represents the fission [52]. Perturbation of the transport equation

operators and the eigenvalues are given by:

A =A+64, (3.57)
B' =B+ 6B, (3.58)
N =21+61, (3.59)

6A and 6B are small linear perturbation in the operators A and B respectively. 64
represents the resulting change in the eigenvalue due the operator’s perturbations.
The perturbed transport equation can be written as:

[A' = XB'l¢p' =0, (3.60)

The adjoint equation of equation (3.56) is:
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[AT — ATBT]¢pt =0, (3.61)

Where ¢ Tis the adjoint flux, AT and BT are the adjoint operators of the operators A

and B respectively. Multiplying the Equation (3.60) by ¢ T and integrating yields:
(pT(4' = A'BNP") =0, (3.62)
Now substituting Equations (3.57 - 3.59) in Equation (3.61) and rearranging yields,
(¢pT(A—AB + 6A — A6B — B6A — 6A6B)¢') =0 , (3.63)
By using Equation (3.61) with the adjoint property ( (¢pT(4—AB)¢') =
(¢p'(AT — ATBT)¢T), Equation (3.63) can be reduced to:

(¢pT(6A — A6B — B6A — 6A6B)¢"y =0, (3.64)

Equation (3.64) can be simplified by applying some approximations. First, the
second order perturbation term (S§ASB) can be ignored. Also, replacing ¢’ with ¢
assumes that the perturbation of the operators in the transport equation does not
reflect a significant change in the flux solution. Applying the discussed

approximations and rearranging Equation (3.64) gives:

S _(p1(8A —28B)¢)
T

The perturbation terms of Equation (3.65) can represent the partial derivatives of

(3.65)

the macroscopic cross-sections of the transport equation (X). Such substitution in

Equation (3.65) gives:

0A[X oBI[Z
o1 @@ (Sr A Gre) 9@
A (DT BEEODPE) :

It should be noted that ¢ represents the vector space and the brackets ( ) represents

(3.66)

an integration over space, energy, and direction. As A =1/k., then:

oA ok
T "% ,Where k = kg (3.67)
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Using the Equation (3.67), the final expression of the sensitivity of k as a result of
small perturbation (which was the basic assumption of the approximations made
within the previous derivation) in the macroscopic cross-sections (X) of the

transport equation can be expressed by:

0A[Z()] _ 10B[2(S)]
5(r) ok __Z(r)<¢*(f)( 35 "k 950 )qb(s‘))

Skx(r) = B
TR ROk g (L@ e@)

, (3.68)

53



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

Chapter 4

Investigation of Reactor Physics
Phenomena Iin the Canadian Pressure
Tube Supercritical Water Reactor

This paper was published by the Canadian Nuclear Laboratories Nuclear Review

and it is cited as:

‘Moghrabi, A., and Novog, D. R., 2016, “Investigation of Reactor Physics
Phenomena in the Canadian Pressure Tube Supercritical Water Reactor,” Can. Nucl.
Lab. Nucl. Rev., 5(2), pp. 253-268.

In this paper, a sensitivity and uncertainty analysis is used to identify the changes
in the different lattice physic phenomena and neutronic behaviour of the Canadian
PT-SCWR 64-element with fresh fuel. The lattice physics modules in standardized

computer analysis for licensing evaluation were used in the analysis.
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The Canadian pressure-tube supercritical-water-cooled
reactor is an advanced Generation IV reactor concept that
uses water above its thermodynamic critical pressure as
its coolant. The higher operating pressure dictates
changes in the design and configuration of the reactor
core and fuel assemblies as compared with existing
CANDU designs. In addition, the reference Canadian
design considers a plutonium-driven thorium fuel with
high-pressure light-water coolant and a separate low-
pressure heavy-water moderator. The salient features of
this core design include a vertically orientated re-entrant
channel where the coolant passes from an inlet plenum
above the core downwards through the internal annulus
flow tubes in each fuel assembly, then through a 180°
hend, then upwards through the fuel region of the
assembly where it absorbs thermal energy, and finally into
the outlet plenum located above the core. Given the
multiple flow paths through a fuel assembly, the
significant coolant property variations along the fuel
channel caused by transitions through the pseudo-critical
temperature, the external low-pressure moderator, and
the Pu-Th fuel composition, the lattice physics phenomena
are significantly different from those in conventional
CANDU power plants. In this paper, the changes in lattice
physics phenomena are identified and analvzed through
sensitivity and uncertainty analyses using the lattice
physics modules in standardized computer analysis for

licensing evaluation.
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1. Introduction

Through the Generation IV International Forum {GIF) the next generation
of advanced nuclear energy systems, known as Generation 1V {GEN-IV)
nuclear reactors, are being developed. These designs focus on resource
sustainability, improved safety and reliability, economic benefits, and
improved proliferation resistance and physical protection [1]. Canada’s
contribution to the GIF is the Canadian pressure tube supercritical
water-cooled reactor (PT-SCWR) [2], which is considered as an evolution
of the Canada Deuterium Uranium {CANDU) reactor.

The PT-SCWR has characteristics similar to both the pressurized heavy-
water reactor (PHWR) designs like CANDU and beiling water reactors
{BWRs). The Canadian PT-SCWR uses supercritical light water {SCW) as
a coolant coupled directly to a turbine similar to BWR designs. The com-
bination of higher temperatures and direct cycles lead to efficiency
approaching 48%. The PT-SCWR is also vertically oriented, batch fuelled,
and has fuel assemblies that span the entire length of the core similar to
BWR technology. A key distinction from other SCWR designs is the sepa-
ration of the high-pressure coolant and the low-temperature and pres-
sure heavy-water moderator [2]. The separation of the coolant and
maoderator in the reactor is similar to existing CANDU designs. The refer-
ence design features a high-efficiency re-entrance channel (HERC) [3-5]
where the coolant flows downwards through the central flow tube and
upwards around the fuel elements through the outer flow tube section
of the fuel channel.

A fundamental design requirement was that the power coefficient of
reactivity be negative for all postulated transients and that the overall
coolant density reactivity coefficient also be positive for loss-of-coolant
accident (LOCA) events to have negative coolant void reactivity. Given
the significant differences of the fuel design compared with existing
physics code applications, a large number of studies have been per-
formed comparing the 2-dimensional (2-D) lattice level neutronic behav-
ior [6-8]. Moreover, research has also been performed on the coupled
thermalhydraulic feedback effects in the PT-SCWR [9-11]. The key find-
ings of many of these studies show that overall the design has a negative
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power and positive coalant density reactivity coefficient as
expected. However, there exists the possibility of nonequili-
brium coolant density distributions that can give rise to brief
periods of positive reactivity during some stylized LOCA
events. For the purposes of this paper, these effects are
named void reactivity, or differential void reactivity, for con-
sistency with other CANDU literature. However, strictly
speaking, the concept of void fraction is not applicable to
coolants above the thermal physical critical point, and what
is actually meant are reactivity effects resulting from strong
coolant density variations. Although this existing body of
knowledge has provided significant benefit in the design
and assessment of the PT-SCWR concept, there is a lack of
detailed understanding of the unique and subtle phenomeno-
logical differences in the HERC fuel design and a conven-
tional CANDU reactor, in particular for cases where
differential (nonequilibrium) densities occur across the fuel
channel. The objective of this paper is to study the lattice
physics details of the SCWR with fresh fuel and obtain a firm
understanding of the important phenomena and unique
behavior of this fuel design.

2. Calculation Methods

The lattice level transport calculations in this work were per-
formed using the NEWT [12] code which is part of the SCALE
{Standardized Computer Analysis for Licensing Evaluation)
6.1.3 [13] package. All the 2-D lattice cell simulations were
performed using the 238 energy group ENDF/B-VILO library
included in SCALE 6.1.3 release. NEWT is a deterministic
code that solves the Boltzmann transport equation using
the discrete ordinate approach fellowed by the extended
step characteristics (ESC) approximation employing the
method of characteristics along discrete angular directions
within the computational cell or mesh. Although the ESC
approximation method is powerful, it requires a fine mesh,
50 mesh sensitivity studies are performed as outlined below.
A large number of NEWT simulations were performed as a
benchmark to confirm its suitability and agreement with
other lattice transport codes used for SCWR analysis [8].

The PT-SCWR is characterized by concentric fuel rings that
are different from the typical light-water reactor (LWR)
square pitch lattice often analyzed with NEWT. Tc handle
the concentric fuel array NEWT uses Dancoff factors for
accurate self-shielding treatment. The SCWR-specific
Dancoff factors were calculated for each case using
MCDANCOFF [14], which is part of SCALE. It was observed
that the computed Dancoff factors values vary slightly with
the fuel pin position within the assembly. A sensitivity study
showed that these small variations in Dancoff factors have a
minor effect on the transport calculations and, therefore,
the average value in each fuel ring was used (consistent
with the SCALE manual [15] recommendations). Before exe-
cuting the neutron transport calculations, NEWT performs a
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resonance self-shielding process using the dan2pitch card
to calculate the equivalent lattice pitch from the Dancoff fac-
tors of the fuel pins. The self-shielding calculation within
NEWT has a limitation depending on many factors and in
particular the density of the coolant [16]. Consequently, an
altered coolant density with value of 0.4 g/cm® was used in
the self-shielding calculation as this strategy showed the
most consistent results when the coolant density within the
fuel region drops below 0.4 g/cm® [16]. Using the input
geometry, materials specification, boundary conditions, and
Dancoff factors along with the 238-group nuclear data
library the NEWT code solves the transport equation and
predicts the neutron multiplication factor (k). NEWT also
provides the components of the 4-factor formula, reaction
rates, and local flux spectrum. Further processing of the
results provided the space and energy homogenized cross-
sections.

One of the advantages of NEWT code is the capability to ana-
lyze complex geometries in the 2-D transport calculations.
However, as stated above the methods are somewhat depen-
dent on mesh and geometry details. For example, in NEWT,
any defined geometrical circle is represented by an equilat-
eral dodecagon as a default condition. A sensitivity study
was performed investigating the influence of this approxima-
tion on the calculation of k, confirming the results presented
previously in Canuti et al. [17]. Additional sensitivity studies
were performed for all cases of the mesh refinement and the
optimum meshes that have a minimal sensitivity of results to
mesh size were selected and used in the subsequent
analyses.

The nuclear data sensitivity and uncertainty analysis pre-
sented in this work were perfermed using TSUNAMI-2D
(Tools for Sensitivity and Uncertainty Analysis Methodology
Implementation) code [13, 15, 18-20]. For TSUNAMI-2D,
NEWT is used to calculate the forward and the adjoint flux
solutions and then the SAMS (sensitivity analysis module
for SCALE) [13, 21, 22] module generates sensitivity coeffi-
cients for k., with respect to each cross-section.

The SAMS code calculates the sensitivity coefficients spec-
trum by calculating its value for each discrete energy group
and reaction. The sensitivity coefficients are dimensionless
quantities defined as percentage effect on the system’s neu-
tron multiplication factor, k, to a percentage change in the
nuclear reaction cross-sections [21]. The sensitivity can be
expressed as function of the neutron multiplication factor
as [21]:

dk T,

k dEi,

Sensitivity =

(0

where Z! ; represents the cross-section nuclear data compo-
nent for the process x of nuclide i in energy group g.
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The complete sensitivity of the neutron multiplication factor,
I, due to perturbation of X, ; including contributions from all
perturbations consists of 2 phenomena: the implicit and
the explicit components. The explicit component represents
the sensitivity of k to perturbations of the group-wise
cross-section data [21] and is calculated using the same meth-
odology used in the Fantastic Oak Ridge Sensitivity System
{(FORSS) [23] code system for fast reactor application. The
implicit component represents the sensitivity of the reso-
nance self-shielding multigroup cross-section data to the
self-shielding phenomena [21], usually manifesting as a
change in group fluxes that are subsequently used in the
homogenization process. The complete sensitivity can be
expressed as [21]:

Sk, = (S ) + (k)
( kg complete kZig explicit kZl 1mp11c1t

i, L
- kaZ‘ ZZ}(@ZJ

where Zﬁ/_h represents the cross-section nuclear data compo-
nent for the process y of nuclide j in energy group h. The first
term in Equation (2) represents the explicit component of the
sensitivity while the implicit componentis included in the sec-
ond term and represents the effect of perturbing the cross-
section XL, on the resonance sell-shielding values of Zﬁ,}h [21].

g azf 2)

az

The nuclear data covariance data is a symmetric M x M
matrix, which includes all the correlations between the
nuclides reaction cross-sections with the relative variances
located on diagonal elements and covariances in off-diagonal
elements, is given by [24]:

COV{w,,,0
cm=[M],a=1, 2, ..

L Mop=12, ...,
Ol p

M3

where M is the number of nuclide reaction pairs X the num-
ber of energy groups. With the nuclear data parameters,
describing the nuclide reaction cross-sections per energy
groups, are represented by the vector [23]:

a={o,), m=12, ..., M 4)
The uncertainty matrix for the system of k values due to the
nuclear data covariances, Cyz, can be determined using the
covariance matrix, sensitivity matrix and its transpose as [23]:

Ciae =S CauS] (5)
knowing that within the uncertainty matrix, Cy, the diagonal
terms represents the relative variance values for each nuclide,
reaction, and energy. However, the off-diagonal elements
represent the shared or common variance between the differ-
ent nuclides, reactions, and energies.
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3. Modelling Methods

This study focuses on the Canadian PT-SCWR 64-elemet fuel
assembly geometry with Thoria mixed with reactor-grade
Plutonium of isetopic composition given in Pencer et al.
[25]. The fuel is arranged in 2 concentric 32-element rings
with 15% and 12% by weight PuQ, in ThO; in the inner
and outer rings, respectively. The fuel assembly has a 5 m
active length and zirconium modified stainless steel cladding
[25]. The isotopic atomistic densities and geometric specifi-
cations [26] for the Canadian PT-SCWR 64-element fresh fuel
assembly were used in this study. Coolant is provided to the
channel from an upper inlet plenum through a central down-
wards flow channel in each fuel assembly. At the bottom of
the channel, the flow in the center tube is redirected
upwards through the fuel containing region of the assembly.
The flow path is known as a re-entrant fuel design and is
termed the high-efficiency re-entrant channel (HERC) by
the developers (Figure 1 [26]). Flow from the inlet plenum
is delivered at 350 °C and 25.8 MPa and exits the fuel
channel at 625 °C and 25.0 MPa with each channel using an
inlet orifice to obtain a flow such that each channel has
approximately the same outlet temperature. Owing to the
supercritical nature of the coolant, it undergoes significant
variations in its thermophysical properties as it travels
through the fuel channel, and such changes must be consid-
ered in the lattice physics simulations. To thermally isolate
the fuel channel from the low-pressure and low-temperature
moderator, a ceramic insulator is used on the inner surface of
the pressure tube.

Although a previous study [8] showed that simulations at
the mid-plane of the reactor where the property gradients
may be the largest have similar behaviour of k., as the top
of the channel, such similarity in k., may be misleading,
individual phenomena may significantly change and having
their effects cancelling each other so that the effect on k.,
is small. The first position used in this study (at 25 cm from
the bottom of the channel) is used to assess the lattice cell
characteristics at the bottom of the channel or the inlet of
the heated portion of the fuel assembly where the density
of the coolant under normal operating conditions is the
highest. The second position is at 475 cm, representing the
channel outlet or the top of the channel where the cooclant
density under normal operating conditions is the lowest.
The temperatures and properties of the different lattice cell
components at 25 cm and 475 cm locations were taken
from Sharpe et al. [8] and are listed in Table 1. The top
and bottom of the channel are selected for analysis as they
represent the largest change in fuel temperature and
coolant properties in the channel. For self-shielding
calculations in NEWT, the Dancoff factors are calculated on
aring-wise basis and are shown in Table 2 for the reference
conditions as well as for each of the sensitivity cases
examined in this work.

CNLNUCLEAR REVIEW

57

255



Ph

.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

256

CNL NUCLEAR REVIEW INVESTIGATION OF REACTOR PHYSICS PHENOMENA IN THE CANADIAN PRESSURE TUBE
VOL 5, NUMBER 2, DECEMBER 2016 SUPERCRITICAL-WATER REACTOR -A. MOGHRABI AND D.R. NOVOG

350 °C
258 MPa

625°C
25.0 MPa

Outer Coolant Tube
(upward flow)

Inner Coolant Tube
(downward flow)

Pressure Tube

FiGgure 1. Core and lattice cell cross-section view of PT-SCWR HERC concept with the 64-element fuel assembly [25].

Tasre 1. Coolant density and component temperatures at the inlet and outlet of the channel.

Coolant density
(g/cm®) Component temperatures (K)

Distance from bottom
of the channel (cm) Pout Pin Outer coolant Cladding  Liner  Insulator Pressure tube Inner coolant Fuel
25 0.51702 0.57896 647.40 683.04 640.78 537.68 410.38 636.45 1117.36
475 0.07014 0.61903 890.62 1006.99  859.82 673.29 452.28 625.81 153991
The research in this paper examines the lattice physics phe- uncertainty analysis and was used to understand the phe-
nomena through sensitivity and uncertainty analysis to nomena that lead to changes in neutron multiplication con-
nuclear data for the normal operating conditions (NOC) as stant. Moreover, the changes in the phenomena were also
well as several perturbed scenarios. Simulations of the differ- examined as a function of coolant void reactivity (CVR),* fuel
ent scenarios listed in Table 3 were executed using NEWT temperature coefficient (FTC), coolant temperature reactiv-
and TSUNAMI-2D codes. The scenario selection was based ity coefficient (CTRC), and moderator temperature reactivity
on a set of preliminary sensitivity simulations in addition to coefficient (MTRC).

the methodology proposed in Blomely et al. [27] and
Langton et al. [28]. NEWT was used to investigate the reac-
tion rates, flux spectrum, space homogenized cross-sections,

4. Results and Discussion

the components of the 4-factor formula, and the neutron As mentioned above, a series of NEWT and TSUNAMI-2D
multiplication factor for the infinite lattice cell to observe simulations were performed to examine the behavior of lat-
and assess the important changes in lattice physics phenom- tice cell phenomena at the bottom and the top of the fuel
ena. TSUNAMI-2D was used to perform sensitivity and channel for NOC and the perturbed cases. The 4-factor

'Strictly speaking, in a coolant beyond its supercritical pressure the concept of coolant void is not applicable since there are no phase transitions. However, large density transitions may still occur in
the SCWR and are similar in characteristic to classical CANDU transitions. Hence, the term CVR is used here for consistency to legacy CANDU terminology, but what is really inferred is the reactivity
induced from a change in coolant density.
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Tasre 2. Values of Dancoff factors for each ring for each configuration.

At 25 ¢cm from bottom of channel

At 475 cm from bottom of channel

Inner fuel ring

Quter fuel ring

Inner fuel ring Quter fuel ring

Reference 0.333167
Inner coclant veided 0411945
Quter coolant voided 0.494940
Tetal coolant voided 0.664289
Fuel hot 0.333167
{oolant hot 0.333167
Moderator hot 0.333167

0.274634 0.463916 0417592
0.276974 0.615624 0426317
0.451323 0.494671 0451321
0.462187 0.664289 0462187
0.274634 0.463916 0417592
0.274634 0.463916 0417592
0.274634 0.463916 0417592

Tasre 3. Definition of sensitivity cases.

{ase name Description

Reference Nominal temperatures and densities of
different lattice cell components
Coolant density in the central flow tube
finner tube) decreases to 0.001 g/cm?
Coolant density in the outer flow tube
decreases to 0.001 g/cm®
Coolant density in both tubes (inner and cuter)
decreases to 0.001 g/cm?
Fuel temperature increased by 100 K
Inner and outer coclant temperature increased
by 100 K
Moederator temperature increased by 20 K

Inner coclant
voided (ICV)
Quter coolant
voided (OCV)
Tetal coolant
voided (TCV)
Fuel hot
Coolant hot

Moderator hot

formula components are examined and the corresponding
contribution of each factor to the reactivity in the perturbed
cases is discussed. The phenomenoclogical identification and
assessment were based on the nuclear data sensitivities and
the uncertainties in the neutron multiplication factor.

4.1. Normal operating cenditions: reference case

4.1.1. Effect of properties on the 4-factor formula

Each factor in the 4-factor formula was examined to ascer-
tain the various reactivity contributions at the bottom and
top of the channel. The 4-factor formula can be written as:

ko, =nfpe

where the reproduction factor (n) is the average number of
neutrons released per thermal absorption in fuel isotopes,
the thermal utilization factor (f) represents thermal neutrons
absorbed by fuel relative to thermal neutrons absorbed
everywhere, the resonance escape probability (p) represents
the fraction of fission neutrons being slowed to thermal

Tasie 4. Values of neutron multiplication factor, k.., and the
4 factors at the channel inlet and outlet.

Distance from bottom

of channel
Reactivity
Factor 25 ¢m 475 cm difference {mk)
Reproduction {n) 1.73674 1.739422 1.20
Thermal utilization (f) 0.861505 0.867537 541
Resonance escape 0.675033 0.655916 —22.28
probability (p)
Fast fission (¢€) 1.276447  1.302981 15.96
Multiplication (k) 1.289201  1.289671 0.28

energies without absorption with respect to the total fission
neutrons, and the fast-fission factor (e) defines the total
number of fission neutrons relative to the number of thermal
fissions. Table 4 summarizes the reference case 4 factors for
the inlet and outlet lattice conditions as well as the net reac-
tivity difference (in mk) between the inlet and outlet of the
fuel channel.

The changes in the 4 factors along the length of the channel
are explained in terms of the underlying phenomena:

1. Compared with the normal CANDU lattice physics phe-
nomena the resonance escape probability phenomena
are substantively different. In a typical CANDU lattice,
there are 2 competing phenomena that give rise to a
net increase in escape probability with decreasing cool-
ant density. First, lower coolant densities reduce the
scattering interactions for fast neutrons emerging from
the fuel, thereby allowing these emerging neutrons to
avoid resonance energies while on their path to the med-
erating material. In contrast, the neutron population
returning from the moderator, while mostly thermal,
has some of its spectrum still within the resonance
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Ficure 2. H sensitivities for the reference case at 25 cm and 475 cm from the bottom of channel.

region, and therefore a reduction in coolant density
means such returning epithermal neutrons remain
within the resonance energies and hence may be cap-
tured. In the normal CANDU cell, the moderator volume
is very large and hence the second effect is small since
the returning neutron pepulation has few neutrons out-
side the thermal range. Therefore, the first effect domi-
nates and the resonance escape probability increases
with decreasing coolant density. For the SCWR cell, the
moderator volume (i.e., lattice pitch) is much smaller
than CANDU and the spectrum of neutrons returning
from the moderating material has a much larger portion
of epithermal neutrons. Therefore, the coolant near the
fuel plays a significant role in scattering these returning
epithermal neutrons out of resonance energies and into
the thermal portion of the spectra. Separate effect per-
turbations of the inlet lattice cell coolant density to the
outlet conditions, holding all other lattice inputs con-
stant, showed that the effect of coolant density contrib-
utes approximately —16 mk to the overall change in
escape probability, with the remaining observed changes
being a result of fuel temperature. Additional sensitivity
studies were also performed for larger lattice pitch cells
{(larger heavy-water moderator regions). Examination of
the returning neutron spectra showed that for larger lat-
tice pitches, incoming neutrons were much more ther-
mal, and hence the importance of the coolant in the fuel
region for thermalization of these returning epithermal
neutrons is decreased. Such large lattice pitch cases
showed resonance escape probability behavior that is
similar to those in a typical CANDU lattice cell. Further
discussion of this resonance escape phenomena is pro-
vided in the discussion on coolant voiding effects. In
addition to the coolant density effects, the fuel tempera-
tures in the SCWR change significantly from the channel
entrance to exit. A separate effect study perturbing only

the fuel temperature from its inlet to outlet condition
indicates that the Doppler effect contributes approxi-
mately —5 mk to the resonance escape probability.

2. The fast fission factor increases substantively from the
bottom to the top of the channel (+15.96 mk) due to
the reducticn in the coolant density. As the coolant den-
sity decreases in the outer flow tube there is a hardening
of the flux spectrum in the region surrounding the fuel,
leading to an increase in the fast fission probability.
This was confirmed by independently varying the cool-
ant density in the lattice while keeping all other varia-
bles constant and examining the changes in the fast
fissions factor.

3. The thermal utilization factor is larger at the channel
outlet than the inlet (by 5.41 mk). Neutron absorption
in 'H mainly occurs within the thermal energy region
as shown in Figure 2. As the coolant density decreases,
the total thermal neutren absorption decreases since
the 'H atomic density decreases causing a positive con-
tribution to the thermal utilization factor.

4. The reproduction factor increases from inlet to outlet
(by 1.20 mk) largely resulting from higher neutron pro-
duction rate of #**Pu and **'Pu fissions with the harder
neutron spectra at the top of the channel that counter-
balances the negative contributions of “**Th and ***Pu.
This can be explained by the variation of nubar (average
number of neutrons per fission reaction), fission and
absorption sensitivities shown in Tables 5 and 6 and dis-
cussed in the following section.

4.1.2. Sensitivity studies on NOC lattice characteristics

The most significant k_, sensitivities to nuclear data from
TSUNAMI-2D for the reference case at the channel inlet
and outlet are presented in Tables 5 and 6. These sensitiv-
ities are integrated over all energy levels and are given on a
per-reaction and isotope basis. ***Pu is the highest fissile
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Tasre 5. The top sensitive nuclides and breakdown by reaction at 25 cm for the reference case.

Nuclide Nubar Fission Capture Scatter Total
239py 0.71068 030942 —0.20704 —0.00027119 0.10211
240py 0.0053792 0.0031613 —0.082285 0.00098999 —-0.078133
241py 0.27523 012592 —0.049665 —0.00009864 0.076155
2327y 0.0053486 0.002478 —0.082713 0.0059199 —0.074315
2y — — —0.00061228 0.063305 0.062693
5oFe — — —0.023137 —0.0019701 —0.025107
5BNj — — —0.012607 —0.0011497 —0.013757
Mir — — —0.014507 0.0011508 —0.013356
H — — —0.035327 0.026357 —0.0089698
53¢ — — —0.0085364 —0.00008434 —0.0086208
Tasre 6. The top sensitive nuclides and breakdown by reaction at 475 c¢m for the reference case.

Nuclide Nubar Fission Capture Scatter Total
29y 0.7055 030777 —0.20317 —0.00037424 0.10423
’H — — —0.00059909 0.085777 0.085178
52T 0.0057765 0.0026807 —0.090383 0.0071685 —0.080534
241py 0.27906 01271 —0.050165 —0.00012743 0.076806
240py 0.0059592 0.0035064 —0.079028 0.0009053 —0.074617
S6Fe — — —-0.021789 —0.0023401 —-0.024129
58Ni — — —-0.011985 —-0.001357 —0.013342
N7r — — —0.014115 0.0017585 —0.012357
H — — —-0.034902 0.026498 —0.0084037
S3cr — — —-0.0079978 —0.00011367 —0.0081115

component in the fuel [25] and, consequently, its fission sen-
sitivity is a dominant contribution to k. Furthermore, 2*'Pu
is characterized by a large fission cross-section and, there-
fore, its fission cross-section sensitivity is also high. *?Th
and 2*°Pu are characterized by large absorption cross-
sections and hence also contribute significantly to k.. In the
SCWR design, a significant fraction of neutron moderation
accurs in the heavy water moderator and accordingly scat-
tering in “H is also significant. The other significant contribu-
tors come from structural materials and the light-water
coolant as discussed below. In general, the results in
Tables 5 and 6 are consistent with expectations, with the rel-
ative sensitivity to deuterium being higher at the channel
exit, reflecting its increasing importance due to the reduction
in the fuel region moderation with lower coolant density.

Interestingly, 'H appears in the list of the top 10 nuclides
that have the highest contribution to k, due to the relatively
large volume of light water in the SCWR lattice cell.
Investigation of the flux distribution explains the importance
of the *H scattering and absorption and its impact on k.. The
flux spectrum in the lattice cell shows a high concentration of

thermal flux in the central coolant tube and at the corners of
the lattice cell indicating the importance of both the heavy-
water moderator and central light-water coolant to neutron
moderation. The light water flowing through the central
tube, therefore, contributes significantly to the moderation
and the net absorption in the cell and this explains the rela-
tive importance of *H. This is evident over the whole energy
spectrum as shown in Figure 2, with particular sensitivity
to scattering at epithermal energies and absorption in the
thermal range.

The central flow tube structure, fuel cladding, and the inner
liner tubes are made from Zirconium modified stainless steel
{mainly 56Fg, %8Nj, and 53Cr), whereas the insulator, outer
liner tube, and the pressure tube predominantly consist of
“17r. The large quantities of these materials as well as their
absorption and the neutron capture cross-sections impacts
k., and this explains their high sensitivities. It should be
noted that k., is more sensitive to °®Fe than “Zr despite
the disparity in the amounts of these materials in the lattice
as the “*Zr has a lower thermal neutron absorption cross-
section than iron 5*Fe [27].
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The magnitudes of the sensitivities presented in Tables 5
and 6 and Figure 2 are used to further examine the phenom-
ena affecting the 4 factors. Figure 2 shows the very large
sensitivity to neutron scattering for energy ranges in the
epithermal region. Such sensitivities arise from various
phenomena including up-scattering from thermal into the
low-lying Pu resonances and (or) the importance of *H in
thermalizing the epithermal neutrons returning from the
D0 moderator. The negative scattering sensitivity of *H in
the energy range between 0.1 and 0.3 €V and around the
10 eV represent the neutron scattering out of the *?Pu fis-
sion resonances. However, the large positive scattering
peak of 'H at 1 eV represents the neutron down scattering
into the low lying #**Pu fission resonance. By examining
the sensitivity spectra varying a single parameter at a time,
it is cbserved that the dominant contribution to the sensi-
tivity in this region is a result of the outer (fuel region) cool-
ant density. Furthermore, repeating such sensitivity studies
for a larger lattice pitch (larger D0 volumes) shows the
sensitivity to *H decreases substantively in the epithermal
region. These studies clearly substantiate that the dominant
mechanism leading to the decrease in resonance escape
probability is the coolant density change in the outer fuel
region and its subsequent effect on returning epithermal
neutrons from the D0 moderator. The fuel temperature
contribution to the resonance escape probability change
with elevation results from the high sensitivity of lattice cal-
culations to absorption in ***Pu and ***Th and the overall
broadening of these cross-sections due to the Doppler
effect. Exceptions exist within the energy range between
0.1 and 1.0 eV where less absorption occurs at the channel
exit than the channel inlet due to up-scattering by the
higher coclant temperatures near the outlet, but the effect
is small.

The slight increase in reproduction factor at the top of the
channel is also expected given the sensitivities shown in
Tables 5 and 6 for nubar and the capture-to-fission ratio. In
general with a harder spectrum, nubar will tend to increase
with elevation which tends to increase the reproduction fac-
tor in particular for the elements undergoing fast fissions.
At the same time, the higher fuel temperatures will tend to
increase the non-fission absorptiens in the “**Th and hence
increase the capture-to-fission ratio, thereby offsetting some
of the increase in reproduction. The net result is a small pos-
itive increase in repreduction factor with channel elevation.
Similarly, the thermal utilization changes are consistent with
the changes in 'H sensitivity showing a decrease in the sensi-
tivity to capture with elevation. Absorption and scattering
sensitivities of 'H decrease with less density coolant at the
top of the channel confirming the previous discussion and
its corresponding effects in increasing the fast fission factor
and the thermal utilization factor. Finally, all the isotopes
contributing to fast fissions show larger sensitivities at the
channel outlet, which is consistent with the discussion
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relating to the expected increase in fast fission probability
with the hardening of the neutron spectrum towards the
outlet.

4.1.3. Uncertainty studies on NOC lattice cell

The uncertainty in k., due to uncertainties in nuclear data
library was found to be 6.96 mk and 6.90 mk at the bottom
and top of the channel, respectively. Nuclides with uncer-
tainty contribution of more than approximately 0.5 mk are
listed in Table 7.

The results in Table 7 (in comparison with Tables 5 and 6)
show that the highest contributors to sensitivity are not nec-
essarily associated with the largest contributors to the
uncertainty, with the results largely consistent with those in
Blomeley et al. [27]. As an example, **Zr (n,y) and ***Pu
{n,y) appear to be on the list of the highest contributors to
uncertainty at both positions of the fuel channel, but &, is
not significantly sensitive to any of these nuclides-reactions,
indicating a high nuclear data covariance in these reactions.
Similarly, 'H appears in the list with the highest contributors
to the sensitivity of k., while it is not a dominant contributor
to uncertainty. In general, contribution to uncertainty of
most nuclides and reactions is less at the channel outlet com-
pared with their values at the channel inlet, which explains
the slight decrease in the uncertainty at the channel outlet.
The exception to this behavior is the contribution of
“H {n,2n) and “H (elastic) reactions to the total uncertainty
in k... This also demonstrates the importance and the influ-
ence of “H in the Canadian PT-SCWR modeling.

4.2. Coolant density reactivity

Previous literature has identified interesting lattice physics
phencmena for the Canadian PT-SCWR design. In particular,
for cases with uniform changes in the coolant density
throughout the lattice, the reactivity reduces consistent with
the design objectives. However, during some postulated tran-
sients nonuniform veiding can occur for brief periods of
time. During these periods, the reactivity of the lattice may
tempaorarily become positive. The term “total coolant void”
(TCV) corresponds to lattice cases where the coolant density
in both inner and outer tubes is decreased uniformly to a low
value. Depending on the LOCA scenario, the lattice may be
partially voided where the inner flow channel density
remains relatively unperturbed but the outer channel den-
sity decreases (outer coolant veid, OCV) or where the inner
flow channel density drops while the outer channel remains
relatively unchanged (inner coolant void, ICV). Lattice level
calculations have shown that the TCV and ICV have a nega-
tive CVR, whereas OCV has a positive CVR. Hence some non-
equilibrium cases may result in transients where core
power may temporarily increases prior to TCV induced self-
shutdown of the reactor [11]. The reactivity and 4 factors
for each case (TCV, OCV, and ICV) were investigated at the
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Tasre 7. Nuclear data contribution to %, uncertainty in the reference, ICV, OCV, and TCV cases at 25 cm and 475 cm from the
bottom of the channel.

Contribution te uncertainty (mk)

25 cm 475 cm
Covariance matrix element NOC cv ocv TCV NOC cv ocv TCV
39py (i) 239py (i) 5.63 5.68 5.45 5.51 5.60 5.63 5.52 5.53
239py (fission) 239py (fission) 1.82 1.80 1.77 1.78 1.82 1.81 1.80 1.79
239pu () 239py (n,y) 1.72 1.63 1.62 1.51 1.68 1.56 1.65 1.52
239py (fission) 239py (m,7) 1.57 1.44 1.47 131 1.52 1.34 1.50 1.31
240py (ny) 240py (n,7) 1.07 1.08 1.00 098 1.01 1.00 1.00 0.97
56Fe M) 56Fg (nyy) 1.05 0.98 0.97 0.92 1.00 0.94 0.98 092
2} (n,2n) 2} (n,2n) 1.04 1.22 1.14 1.34 1.13 1.34 1.14 1.35
“27r (ny) “27r (ny) 1.01 1.35 0.89 1.26 091 1.30 0.88 1.26
2} (n,2n) 2} (elastic) ~1.00 -1.39 ~1.18 —1.80 -1.22 -1.82 -1.22 -1.82
711 {elastic) 211 (elastic) 0.95 1.55 1.20 2.38 1.30 243 1.28 241
17r (ny) “17r (n,y) 0.75 1.01 0.69 0.99 0.70 1.01 0.68 0.99
2+1py (fission) 241py (fission) 0.69 0.66 0.68 0.68 0.69 0.68 0.69 0.68
P71 (n;y) 207r (n,y) 0.65 0.87 0.58 0.82 0.59 0.84 0.57 0.82
22T (ny) 22Th (n,7) 0.63 0.74 0.57 0.82 0.64 0.85 0.55 0.74
BN (nyy) BN (ny) 062 0.58 0.57 0.54 0.59 0.55 0.58 0.54
2+1py () 241py (1) 0.58 0.66 0.63 0.68 0.63 0.68 0.63 0.68
. Poring) 53er (ny) 0.56 0.51 0.51 0.48 0.53 0.49 0.52 0.48
242py (ny) 242py (n,7) 0.53 0.62 0.49 0.54 0.52 0.58 0.51 0.56
Total of contributions above 6.92 7.09 6.67 7.02 6.86 7.17 6.77 7.04
Total from all contributions 6.96 7.14 6.71 7.06 6.90 7.22 6.81 711
* channel inlet and outlet to provide a more thorough under- region and the path length to a moderator material
standing of the reactivity phencmena. increases on average. The remaining moderating
material in the outer coolant (fuel containing) region
4.2.1. Inner coolant void case (light water) is insufficient to fully thermalize the neu-
The ICV case corresponds to a situation where the coolant trons in the center of the channel. The resonance escape
density flowing downwards through the central flow tube probability, therefore, decreases by 108.52 mk and
decreases while the outer coolant region remains unaffected 133.73 mk at channel inlet and outlet, respectively. The
and results in a negative ICV reactivity of —20.00 mk and effect is larger near the channel outlet where coolant
—21.90 mk at the channel inlet and outlet, respectively. moderation in the fuel region of the channel is already
When the central flow tube is voided, neutron moderation low due to the pre-existing low-coolant density in the
via scattering with *H in the central flow tube is eliminated outer region of the fuel.
and thus, the number of thermal neutrons drops sharply in « The increase of the thermal utilization factor has a posi-
the central region of the assembly. Given this lack of moder- tive contribution of +18.48 mk and +21.93 mk at the
ation, emitted neutrons would need to travel further prior channel inlet and outlet, respectively. As discussed pre-
to moderation in the D,0 and as such would be subjected to viously, the removal of the large 'H in the center of the
resonance capture phenomena. Although this leads to a tube reduces the number of nonfission thermal absorp-
reduction in the number of thermal fission occurrences, the tions in the H,0 thereby increasing the thermal utiliza-
harder spectrum alternatively leads to greater fast-fission tion factor.
interactions that, when taken together, give negative reactiv- « Given the much harder neutron spectrum in the fuel
ity. This can be explained using Tables 8 and 9 and examin- region for the voided case, the fast fission factor
ing the 4 factors: increases by 72.28 mk and 90.72 at the channel inlet
and outlet, respectively, predominantly driven by
* Asa consequence of the loss of moderating coolant in increases in the inner ring. In the inner-coolant void
the central tube, many neutrons remain in the resenance case, the neutron scattering interactions with the
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Tasre 8. Neutron multiplication factor for the reference case and the reactivity change in each of the perturbed cases at the
channel inlet (25 cm) with the corresponding components from the 4-factor formula.

Contribution (mk)

Factor Reference case Icv ocv TCV FTC CTC MTC
Reproducticn (%) 1.73674 -2.24 1.78 1.85 -0.03 -1.60 -0.19
Thermal utilization (f) 0.861505 18.48 10.60 28.36 0.02 4.22 0.94
Resconance escape probability (p) 0.675033 -108.52 -23.75 -150.64 -1.30 -0.57 -0.05
Fast fission () 1.276447 72.28 21.46 109.13 0.17 -0.35 -0.14
k., for reference case/net reactivity 1.289201 —-20.00 10.10 —11.31 -1.14 1.69 0.56

change for the perturbed cases

TapLe 9. Neutron multiplication factor for the reference case and the reactivity change in each of the perturbed cases at the
channel outlet (475 cm) with the corresponding components in the 4-factor formula.

Contribution (mk)

Factor Reference case ICV ocv TCV FTC CTC MTC
Reproducticn (1) 1.739422 -0.82 0.62 0.33 -0.03 -1.08 -0.28
Thermal utilization (f) 0.867537 21.93 1.35 23.49 0.03 3.78 0.84
Resonance escape probability (p) 0.655916 —-133.73 0.34 —135.39 -1.09 —0.35 -0.08
Fast fission (¢) 1.302981 90.72 1.83 93.41 0.10 —0.49 -0.10
k., for reference case/net reactivity 1.289671 —-21.90 4.14 —18.15 —-0.99 1.86 0.38

change for the perturbed cases

coolant nuclides flowing through the central flow tube
are eliminated, which increases the probability of having
the first neutron interaction within the fuel giving rise to
higher fast fission phenomena. Knowing that fast fission
occurrences are higher at the channel outlet than at the
channel inlet due to pre-existing low-density coolant in
the fuel region (i.e, slightly harder fission spectrum at
the exit). In general, the voiding in any coolant region
acts to reduce neutron-coolant interactions, thereby
increase the probability of fast fission for all voided
cases.

The reproduction factor decreases slightly by —2.24 mk
and —0.82 mk at the bottom and top of the channel,
respectively. This decrease is driven mainly by the
increase of absorption in ***Th rescnances. Examining
the highest sensitive fuel isotopes shown in Table 10
shows that the large negative contribution of ***Th is
partially offset by the small positive contribution from
249py and “*'pu.

TSUNAMI-2D simulations for the ICV case alsc confirm the
phenomenological understanding above, and the highest sen-
sitivity contributions are presented in Table 10. In the ICV
case, k., becomes more sensitive to the fuel isoctopes due to
the increase in resonance absorption and fast-fission

reactions. Specifically, k., is more sensitive to contributions
from ***Pu and “**Pu due to the increase in the number of
fast fission events. The sensitivity of “H is higher at the outlet
than the inlet since a majority of the coolant is voided near
the channel outlet {inner coolant is voided and outer coolant
density is low at the outlet), whereas the sensitivity is lower
at the inlet since there is a significant amount of *H still
present in the cuter coolant region. In fact, although 'H is a
significant sensitivity contributor at the bottom of the chan-
nel due to the absorptions and scatterings occurring in the
outer coolant region, the combination of voided inner vol-
ume and low outer volume coolant density decreases its sen-
sitivity such that it no longer appears on the list of significant
contributors. The sharp decrease in 'H absorptions also
explains the increase of the thermal utilization factor since
the reduction in 'H absorptions with the lower atomic num-
ber density will reduce the number of non-fission thermal
absorption in the cell.

In the ICV case, >°Fe, “1Zr, and *®Ni contribute significantly to
the sensitivity in k. However, the sensitivity of *Zr becomes
higher than that of **Ni compared with the reference NOC
case. In the ICV case, neutrons are mainly thermalized in
the heavy-water moderator and as such a larger fraction of
neutrons must travel through the insulator and pressure
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Tasre 10. The top nuclear data sensitivity components at 25 cm and 475 cm for the ICV case.

At 25 ¢cm from the bottom of the channel

At 475 cm from the bottom of the channel

Nuclide Fission Capture Total Nuclide Fission Capture Total
239py 0.31104 —0.19936 011133 ’H — —0.00085 0.15226
’H — —0.00081132 0.099624 239py 0.30833 —0.1913 0.11649
2327 0.0029128 —0.10069 —0.089008 2327 0.0032561 -0.11712 —0.10235
241py 0.13356 —0.049301 0.084127 24py 0.13618 —0.050159 0.085836
240py 0.0038337 —0.085898 —0.08077 240py 0.0044807 —0.079083 —0.073377
5oFe — —0.021248 —0.02249 SoFe — —0.020455 —0.022811
Mir — —0.019237 —0.017598 17y — —0.020107 —0.017145
5BNj — —0.011747 —0.012435 BN — —0.011419 —0.012747
H — —0.0077939 0.009584 238py 0.0017414 —0.0093749 —0.0076925
242py 0.00091363 —0.0091638 —0.0081313 53¢r — —0.0074147 —0.0075297

tube prior to thermalization. As a result, higher neutron
absorption by **Zr occurs during the neutrons path either
from or to the moderator.

The uncertainty due to the nuclear data library in the ICV case
is 7.14 mk and 7.22 mk at the channel inlet and outlet, respec-
tively. Nuclides and reactions whose contribution to the
uncertainty is higher than 0.5 mk are presented in Table 7.
In comparison with the reference NOC case, the total uncer-
tainty in k., increases slightly, largely stemming from the
increase in contributions from “H and zirconium isctopes.
The changes in uncertainty are small, and the dominant uncer-
tainty {Pu nubar) is comparable with the NOC cases.

4.2.2, Outer coolant void case

The OCV case occurs when the coolant density flowing
upwards in the outer flow tube decreases, whereas the inner
flow tube coolant density remains fixed, resulting in a posi-
tive OCV reactivity of 10.10 mk and 4.14 mk at the inlet and
outlet, respectively. Such reactivity insertion may be impaor-
tant in safety analyses of inlet LOCAs where the density of
the outer flow tube may be reduced during the initial stage
of the transient [26]. In particular for reversing flows, the
coolant density in the outer flow tube will decrease since
the supply under reverse conditions is from the outlet
header. This continues for a brief period until such time as
the flow transports the low-density coolant backward
through the inner flow tube. At the outlet of the channel, all
4 factors affecting reactivity are positive and relatively small
in magnitude giving a reactivity increase of 4.14 mk. At the
inlet there are much larger changes in reactivity, however,
the large positive contributions from the thermal utilization
and fast-fission are partially offset by the negative contribu-
tion of resonance escape probability with the net being
+10.10 mk. The changes in the 4 factors show similar behav-
ior as that associated with the inlet-to-outlet axial variation
discussed in Section 4.1, and are as follows:

In this case, there is a more significant perturbation in
the coolant density in the outer region as compared
with the NOC inlet-to-outlet changes, and as such the
dominant effect on escape probability results from the
epithermal returning neutrons from the heavy-water
moderator. As noted previously, the outer coolant pro-
vides additional moderation for these returning neu-
trons and thus many avoid capture. In the completely
voided case, the returning epithermal neutrons
undergo no moderation and a significant fraction are
captured in the fuel. At the bottom of the channel, the
resonance escape probability decreases by 23.75 mk
where the change in outer flow tube coolant density is
larger than that associated with the inlet-to-outlet
variation. And thus, the impact of escape probability is
larger than the sensitivity cases that examined only
density perturbations from NOC inlet density to outlet
density that was discussed previously (=18 mk). At
the top of the channel, the change in coclant density
between the voided case and the NOC is small.
Consequently, the loss of neutron up-scattering with
the lower numbers of hot coolant nuclides cffsets the
other negative contribution causing the resonance
escape probability to increase slightly by 0.34 mk.
This is further substantiated by perturbing the coolant
temperature at the NOC outlet densities and observing
the high sensitivity of the escape probability to coolant
temperature at this location.

In the OCV case, the fast fission factor increases by
21.46 mk and 1.83 mk at the bottom and top of the chan-
nel, respectively. As discussed previously for the normal
axial variation in outer coolant density fast fissions
increase with reduced outer coolant densities. It should
also be noted that the increase rate in the fast fission fac-
tor is not as high as the ICV case due to the contribution
of coolant flowing through inner flow tube to the moder-
ation process.
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Tasre 11. The top nuclear data sensitivity components at 25 cm and 475 cm for the OCV case.

At 25 cm from the bottom of the channel

At 475 ¢cm from the bottom of the channel

Nuclide Fission Capture Total Nuclide Fission Capture Total
239py 0.30485 —0.19981 0.10471 239py 030605 —0.20112 0.10456
2y — —0.00060615 0.080215 ’H — —0.00059691 0.084567
2327 0.0026177 —0.08609 —0.077601 2327 0.0026676 —0.088548 —0.079457
241py 0.12783 —0.050587 0077113 241py 0.12745 —0.050474 0076847
240py 0.0034679 —0.079097 —0.074703 240py 0.0035121 —0.078398 —0.074029
5oFe — —0.021689 —0.024036 StFe — —0.021652 —0.024137
5ENj — —0.011992 —0.013374 55Nj — —0.011951 —0.013407
Nir — —0.014351 —0.012597 Nir — —0.014077 —0.012248
Z8py 0.0012804 —0.0093472 —0.0081005 S3cr — —0.0079564 —0.0080781
S3cr — —0.0079813 —0.0080932 H — —0.034593 —-0.0079826

*  The thermal utilization factor increases by 10.60 mk and
1.35 mk at the channel inlet and outlet, respectively, due
to the decrease in 'H neutron abserption within the
thermal energy range. The effect is larger at the channel
inlet since the unperturbed coolant density has a higher
initial value.

«  The reproduction factor increases slightly causing the
reactivity to increase by 1.78 mk and 0.62 mk at the bot-
tom and top of the channel, respectively, resulting
largely from higher neutron production rate of ***Pu
and “*'Pu consistent with the previous discussion for
the NOC case.

The highest sensitivity nuclides at the channel inlet and out-
let for the OCV case are listed in Table 11. The increase of fis-
sion sensitivities of 228py, 2*%Py, and 2%2Th explain the
increase of the fast fission factor. The *H sensitivity increases
as discussed previously, confirming the increase of neutron
interactions with the heavy-water moderater nuclides. *H
absorption and scattering sensitivities decrease slightly with
fewer coolant interactions while the decrease in *H absorp-
tion sensitivity explains the increase of the thermal utiliza-
tion factor. It is interesting to note that for the OCV case 'H
does not appear in the highest sensitivity list at the bottom
of the channel while it is at the top of the channel. Further
investigation shows that 'H negative absorption sensitivity
partially offsets the positive scattering sensitivity such that
the net sensitivity is small. At the top of the channel the
incremental change in absorption with veiding from an
already low density is much smaller, therefore not offsetting
the scattering sensitivity to the same extent. Thus, 'H
appears in the sensitivity list at the top of the channel but
not at the bottom.

The uncertainty due to nuclear data was found to be 6.71 mk
and 6.81 mk at the bottom and top of the channel, respec-
tively. The highest contributors to uncertainty are presented

in Table 7. In comparison with the reference NOC case, the
uncertainty in k., due to the nuclear data library decreases
slightly, mainly due to the decrease in the uncertainty contri-
butions from the fuel isotopes. Compared with the ICV case,
the uncertainty contributions differ in magnitude owing to
the much harder spectra in the ICV relative to the OCV case.

4.2.3. Total coolant void case

The TCV case considers the perturbation in the density of
coolant flowing through both the outer and the central flow
tubes to decrease uniformly as would occur for equilibrium
LOCA conditions. The TCV case shows a negative TCV reac-
tivity with a value of —11.31 mk and —18.15 mk at the chan-
nel inlet and outlet, respectively. In the TCV case, the role of
coolant in neutron moderation will be eliminated and conse-
quently, neutron moderation would be restricted to the
heavy-water moderator. Similar to the ICV case, resonance
escape probability would decrease significantly. However,
the thermal utilization factor increases due to fewer neutron
absorptions in the coolant and fast-fission fraction would
increase under the harder spectrum. The net negative TCV
reactivity thus results from:

+ The resonance escape probability decreases by
—150.64 mk and —135.39 mk at the channel inlet and
outlet, respectively. The phenomena and direction of
the changes are consistent with the results from the pre-
vious sections, with the net effect being larger than the
linear combination of the ICY and OCV cases.

« The reduction in cell moderation leads to an increase in
the fast fission by +109.13 mk and +93.41 mk at the
channel inlet and outlet, respectively. Pre-existing lower
density coolant at the fuel region at the top of the chan-
nel causes a lower increase in the fast fission factor as
compared with the inlet.

+  The sharp drop of neutron thermal absorption causes
the reactivity to increase by 28.36 mk at the channel
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Tasre 12. The top nuclear data sensitivity components at 25 cm and 475 cm for the fuel temperature reactivity coefficient.

At 25 c¢m from the bottom of the channel

At 475 cm from the bottom of the channel

Nuclide Fission Capture Total Nuclide Fission Capture Total
239py 0.30962 —0.20723 0.10212 239py 0.30791 —0.20332 0.10422
280py 0.0031731 —0.082277 —0.078137 ‘H — —0.00059909 0.085757
241py 0.1259 —0.049641 0.07616 2327 0.0026879 —0.090699 —0.080829
2327 0.0024898 —0.08316 —0.074685 2py 0.12709 —0.05015 0.076809
’H — —0.0006098 0.06344 240py 0.003514 —0.078967 —0.074563
5oFe — —0.023007 —0.02493 55Fe — —0.021772 —0.024103
5ENj — —0.012542 —0.013664 e — —0.011976 —0.013327
Nir — —0.014438 —0.013278 7 — —0.014109 —0.01234
S3cr — —0.0084876 —0.0085705 Ser — —0.0079915 —0.0081052
H — —0.035199 —0.0078181 H — —-0.03489 —0.0080014

inlet and 23.49 mk at the channel outlet, largely driven
by the removal of *H as an abscrber.

«  The reproduction factor increases slightly producing a
positive reactivity of 1.85 mk and 0.33 mk at the bottom
and top of the channel, respectively. Similar to the pre-
vious discussion, the reproduction factor increases with
the higher production rate of “*Pu and “*'Pu isotopes
that offset the negative contribution of **Pu and #**Th
absorption.

TSUNAMI-2D simulations for the TCV case at the channel
inlet and outlet confirms the previous discussion and is con-
sistent with the results discussed in the [CV and OCV cases.
The highest contributors to uncertainty in the TCV case at
the top and bottom of the channel are given in Table 7. The
total uncertainty due to the nuclear data library is 7.06 mk
and 7.11 mk at the bottom and tep of the channel, respec-
tively. As it can be seen in Table 7, contributions of #H
{n,2n}, *H (elastic), and (n,y) reactions of the different zirco-
nium isotopes increases in TCV case relative to the reference
NOC case. The net changes in total uncertainty are small
among the cases considered.

4.3. Fuel temperature coefficient

The fuel temperature reactivity coefficient was investigated
at the channel inlet and outlet, and a 100 K increase in the
fuel temperature caused the reactivity to decrease by
1.14 mk and 0.99 mk, corresponding to a FTC of
—0.0014 mk/K and —0.0099 mk/K, respectively.

The fuel temperature reactivity coefficient is negative due to
the Doppler broadening effect as expected and is quite simi-
lar to the conventional behaviour of CANDU lattice cell, espe-
cially when considering the behaviour of the low-lying
fission resonance peak of “**Pu. In the conventional CANDU,

the fuel temperature coefficient is negative. However, as the
239py builds up with fuel burnup, the fuel temperature coef-
ficient becomes less negative. Since the low-lying resonance
peak of #**Pu is a fission peak and the increase in absorption
at that peak due to Doppler breadening causes the reactivity
to increase, this leads to less negative fuel temperature
coefficients as Pu builds up in CANDU fuel. The Canadian
PT-SCWR lattice cell is characterized by high 2*“Pu loading
[25] and hence similar behaviour to CANDU is observed i.e.,
the fuel temperature coefficient is small and negative.
Tables 8 and ¢ show that the decrease in resonance escape
probability is the main contributor to the reactivity differ-
ence when the fuel temperature is increased, which corre-
sponds to —1.30 mk and —1.09 mk at the bottom and top of
the channel, respectively. A slight increase of fast fission
factor is also observed which partially offsets the negative
contribution from escape probability.?

The highest contributors to nuclear data sensitivity at bot-
tom and top of the fuel channel are presented in Table 12.
Increasing of the absorption sensitivity of the fuel isotopes
such as ***Th, **Pu, and " Pu are consistent with the
decrease in resonance escape probability with more fuel
absorption. This also explains the decrease of capture sensi-
tivity in 56Fe, 58Ni, “17r and 530r due to higher fuel
absorption.

4.4, Coolant temperature coefficient

Increasing the coolant temperature by 100 K causes the reac-
tivity to increase by 1.69 mk and 1.86 mk, corresponding to a
CTC of 0.0169 mk/K and 0.0186 mlk/K at the channel inlet
and outlet, respectively.

The most significant change with higher coolant temperature
(+100 K) is an increase in thermal utilization factor of

?In NEWT, any fissions above 0.635 eV are considered in the fast range, and as such with increased fissions in the low-lying Pu resonance this appears as a small increase in fast fission factor.
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4.22 mk and 3.78 mk driven by the up-scatter of neutrons
into the low-energy Pu fission resonances. In this case it is
the 0.3 eV resonance that plays the strongest role.
Increasing the up-scattering of the thermal neutrons has the
effect of shifting the thermal flux spectrum peak closer to
the 0.3 eV fission resonance. This increases the number of
thermal fissions relative to absorptions in other materials
leading to a positive thermal utilization effect. The reproduc-
tion factor causes the reactivity to decrease by 1.60 mk and
1.08 mk at the channel inlet and outlet, respectively, result-
ing from a high portion of up-scattered neutrons, some of
which are captured in non-fission resonances. It is also note-
worthy that SCALE shows a small decrease in the fast fission
factor which results from the change in the average neutron
temperature in thermal range not from any substantive
change in the true fast fission probability. SCALE computes
the fast fission factor as the ratio of all fission neutrons to
thermal fission neutrons and hence increases in the thermal
fission reaction rate will appear as a decrease in the fast fis-
sion factor. The shift in the thermal spectra to slightly higher
energy increases the portion of neutrons near the 0.3 eV
#39py peak, which increases thermal fissions, whereas higher
energy fissions are less affected. Thus, the predicted changes
in fast fission factor are consistent with expectations.
Finally, the higher coolant temperatures in the central cool-
ant shift the mean energy of the thermal neutrons in the
interior of the cell to higher energy, thereby also increasing
the epithermal neutron content. This small increase in the
epithermal neutron content decreases the resonance escape
probability by a small fraction.

The sensitivity study results shown in Table 13 indicate an
increase in the sensitivity te **?Pu, confirming the impor-
tance of the up-scattering discussion above. The sensitivity
to 'H absorption decreases since up-scattering phenomenon
reduces the fraction of neutrons in the thermal absorption

INVESTIGATION OF REACTOR PHYSICS PHENOMENA IN THE CANADIAN PRESSURE TUBE

SUPERCRITICAL-WATER REACTOR -A. MOGHRABI AND D.R. NOVOG

band of *H relative to those being absorbed in the 0.3 eV fis-
sion resonance. Due to the importance of *H absorption and
scattering it is also included in the list.

4.5. Moderator temperature coefficient

The moderator temperature was perturbed by increasing its
value by 20 K, which causes the reactivity to increase by
0.56 mk and 0.38 mk corresponding to a moderator temper-
ature coefficient of 0.028 mk/K and 0.019 mk/K at the chan-
nel inlet and outlet, respectively.

Analysis of the 4-factor components shows that the primary
contributor to moderator temperature reactivity is the ther-
mal utilization facter that increases by 0.94 mk at the bottom
of the channel and 0.84 mk at the top of the channel.
Increasing the moderator temperature causes the energy
spectrum of neutrons returning from the heavy-water mod-
erator to shift to slightly higher energies. Such a shift causes
a small increase in neutron absarption in the low-lying
fission resonances and less absorption in the 'H.
Consequently, the thermal utilization factor increases with
fewer thermal neutron absorptions. The same phenomena
are observed in Figure 3 for MTC as for the CTC case, except
an order of magnitude smaller in the MTC case. The discus-
sion on rescnance escape and fast fission factor for the CTC
case also applies to the MTC case.

The highest sensitivity nuclides abtained by TSUNAMI-2D at
the channel inlet and outlet are listed in Table 14. The sensi-
tivity to “*°Pu is larger than the reference case again
reinforcing the role of the low-lying *Pu resonances in the
observed phenomena, albeit to a lesser extent than the CTC
cases {a smaller perturbation was applied in the MTC case).
The sensitivity to “H also increases marginally consistent
with increased neutron interaction with the “*Pu resonan-
ces at higher moderator temperatures.

Tasre 13. The top nuclear data sensitivity components at 25 cm and 475 cm for the coolant temperature reactivity coefficient.

At 25 cm from the bottom of the channel

At 475 cm from the bottom of the channel

Nuclide Fission Capture Total Nuclide Fission Capture Total
239py 0.31076 —0.21113 0.099362 239py 0.30857 —0.20578 0.10242
240py 0.0031533 —0.081561 —0.077426 ’H — —0.00059788 0.084152
241py 0.12457 —0.049309 0.075164 2327 0.002667 —0.08981 —0.079966
2327 0.0024705 —0.081722 —0.073255 241py 0.12611 —0.049957 0.076022
’H — —0.0006096 0.062165 240py 0.0034922 —0.078581 —0.074184
SoFe — —0.022411 —0.024247 StFe — —0.021398 —0.023645
58Nj — —-0.012239 —-0.013314 5ENj — —0.011786 —-0.013092
7r — —0.0144 —0.013249 917y — —0.014089 —0.01234
S3cr — —0.0082634 —0.008345 S3cr — —0.0078509 —0.0079637
238py 0.0011368 —0.0084472 —0.0073382 238py 0.0012623 —0.0088058 —0.0075838
H — —-0.033414 —-0.0031853 H — —0.032884 —0.0026839
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Figure 3. Differences in absorption and fission reaction rates between the MTC and reference cases at the top and bottom of

the channel

Tasre 14. The top nuclear data sensitivity components at 25 cm and 475 cm for the moderator temperature reactivity

coefficient.
At 25 cm from the bottom of the channel At 475 cm from the bottom of the channel
Nuclide Fission Capture Total Nuclide Fission Capture Total
RN 0.30952 -0.20761 0.10164 239y 0.3079 -0.20391 0.10363
280py 0.0031612 —0.082223 —0.078081 2H — —0.00058754 0.085755
241py 0.12581 —0.049621 0.076094 2327 — —0.090175 —0.080315
22T 0.0024781 —0.082563 —0.074109 2elpy 0.12699 —0.050105 0.076762
’H — —0.0005975 0.063543 240py — —0.078884 —0.074475
S6Fe — —0.022895 —0.024798 Sére — —0.021647 —0.023954
BN — —0.012484 —0.013595 BN — —0.011912 —0.01325
Nir — —0.014287 —0.013122 N7r — —0.01398 —0.012206
S3¢r — —0.0084451 —0.0085268 H — —-0.034885 —0.0084595
H — —-0.035156 —0.0082467 53cr — —0.0079444 —0.0080566

5. Conclusion

The lattice physics phenomena of the Canadian PT-SCWR
64-element design with fresh fuel were investigated.
Isctopes, nuclides, and reactions with highest contributions
to either nuclear data sensitivities or uncertainty were iden-
tified. Moreover, the different perturbed scenarios of CVR,
FTC, CTC, and MTC were also investigated. The reactivity
changes for different loss of coclant scenarios were investi-
gated at the channel inlet and outlet.

The main conclusions from this work are:

The decreased lattice pitch of the SCWR relative to
CANDU results in a harder neutron spectrum for the
neutrons returning from the heavy-water moderator.
This makes the resonance escape probability particu-
larly sensitive to the light-water coolant properties in
the fuel region of the assembly. The resonance escape
probability also decreases with decreasing inner coolant
density as expected.

Fast fission is also affected by the coolant properties in
both the inner and outer coolant regions, mainly as a
result of the high enrichment and harder spectrums with
decreasing coolant densities.
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3. As a result of the above, the partial voiding of a lattice

where coolant in this fuel region is voided leads to a

small positive reactivity, whereas voiding in the center

tube results in a strong negative reactivity.

The fuel temperature reactivity largely behaves in a con-

sistent manner as traditional CANDU designs.

5. Due to the very high temperature coolant, up-scattering
into the low-lying fission and capture resonances leads
is important and particularly affects the coolant temper-
ature reactivity.
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Chapter 5

Investigation of Fuel Burnup Impacts
on Nuclear Reactor Safety Parameters
In the Canadian Pressure Tube
Supercritical Water-cool Reactor

This paper was accepted by the Journal of Nuclear Engineering and Radiation
Science with digital object identifier given by doi:10.1115/1.4037895. It is cited as:

‘Moghrabi A, Novog D., “Investigation of Fuel Burnup Impacts on Nuclear Reactor
Safety Parameters in the Canadian Pressure Tube Supercritical Water-Cool
Reactor,” ASME. ASME Journal of Nuclear Radiation Science. 2017;4(1):011011-
011011-11. doi:10.1115/1.4037895.

This work expands the analysis performed in the previous publication which was
limited to fresh fuel lattice cell. Rather, it compares and contrast between fresh and
irradiated fuel to investigate the effects of fuel burnup on the lattice physics

phenomena through a sensitivity and uncertainty analysis.
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Investigation of Fuel Burnup
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Safety Parameters in the
Canadian Pressure Tube
Supercritical Water-Cool
Reactor

The Canadian pressure-tube super critical water-cooled reactor (PT-SCWR) is an
advanced generation IV reactor concept which is considered as an evolution of the con-
ventional Canada Deuterium Uranium (CANDU) reactor that includes both pressure
tubes and a low temperature and pressure heavy water moderator. The Canadian PT-
SCWR fuel assembly utilizes a plutonium and thorium fuel mixture with supercritical light
water coolant flowing through the high-efficiency re-entrance channel (HERC). In this
work, the impact of fuel depletion on the evolution of laittice physics phenomena
was investigated starting from fresh fuel to burnup conditions (25 MW d kg_l [HM])
through sensitivity and uncertainty analyses using the lattice physics modules in standar-
dized computer analysis for licensing evaluation (SCALE). Given the evolution of key
phenomena such as void reactivity in traditional CANDU reactors with burnup, this study
Sfocuses on the impact of fission products, B33y breeding, and minor actinides on fuel per-
Sformance. The work shows that the most significant change in fuel properties with burnup
is the depletion of fission isotopes of Pu and the buildup of high-neutron cross section fis-
sion products, resulting in a decrease in cell k., with burnup as expected. Other impacts
such as the presence of protactinium and uranium-233 are also discussed. When the feed-
back coefficients are assessed in terms of reactivity, there is considerable variation as a
Sunction of fuel depletion; however, when assessed as Ak (without normalization to the
reference reactivity which changes with burnup), the net changes are almost invariant
with depletion. [DOI: 10.1115/1.4037895]

was performed comparing the two-dimensional (2D) lattice level
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The Canadian pressure tube super-critical water-cooled reactor
(PT-SCWR) is a generation IV reactor concept utilizing a pressure
tube design with supercritical light water as coolant. It is consid-
ered as an evolution of the Canada Deuterium Uranium (CANDU)
reactor maintaining key features such as separation of the high-
pressure coolant and the low-temperature and pressure heavy
water moderator [1].

The PT-SCWR fuel channel design utilizes a re-entrant coolant
flow path which is termed the high-efficiency re-entrant channel
(HERC). As shown in Fig. 1 [2], the coolant flows from the inlet
plenum at 350 °C and 25.8 MPa downward through the center
flow tube in each fuel assembly. The coolant at the bottom of the
channel is redirected upward around the fuel elements to the outlet
plenum where it exits the fuel channel at 625 °C and 25.0 MPa.
The Canadian PT-SCWR reference design includes a 64-clement
fuel assembly arranged in two concentric rings with 15% and 12%
PuO, in ThO, in the inner and outer rings, respectively [3]. The
PT-SCWR core is vertically oriented and batched fueled, where
the fuel assembly has a 5m active length and zirconium modified
stainless steel cladding [3] with isotopic atomistic densities,
material temperatures, and geometry specifications given by
Hummel [2].

Owing to the significant differences in HERC fuel design rela-
tive to the standard CANDU reactor lattice, a benchmark analysis

Manuscript received May 23, 2017: final manuscript received August 24, 2017;
published online December 4, 2017. Assoc. Editor: Thomas Schulenberg.

Journal of Nuclear Engineering and Radiation Science

neutronic behavior for the different lattice physics code applica-
tions [4]. Moreover, a recent sensitivity and uncertainty study for
the PT-SCWR lattice cell with fresh fuel concluded that although
the changes in net reactivity from lattice level perturbations were
small (e.g., coolant density and fuel temperature feedbacks), these
results were in fact driven by large and opposing changes in key
lattice physics phenomena [5]. Given the considerable differences
in fuel composition with burnup, the evolution of these offsetting
reactivity differences must be considered. In this work, sensitivity
and uncertainty analyses were performed using the standardized
computer analysis for licensing evaluation (SCALE) code to
assess the changes in these phenomena expected throughout a
fueling cycle (25 MW d kgfl [HM]).

2 Modeling and Calculation Methods

Simulations and lattice cell calculations were performed using
the 238 energy group ENDF/VILO library distributed in SCALE
version 6.3.1 [6,7]. Fuel burnup simulations were performed with
the transport rigor implemented with time-dependent operation
for neutronic depletion [§] module that employs new extended
step characteristics-based weighting transport code (NEWT) [9]
as multigroup transport solver. NEWT is a deterministic code that
solves the neutron transport equation using the discrete ordinates
method utilizing both the extended step characteristics approxima-
tion and the method of characteristics within the mesh. This
makes it highly sensitive to the cell mesh, and therefore, a mesh-
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size sensitivity study was performed to determine the mesh quality
necessary such that the code outputs’ sensitivity to further mesh
refinement was minimal [5]. NEWT was used to examine the
reaction rates, the homogenized cross sections, flux spectrum, the
components of the four-factor formula, and the neutron multipli-
cation factor for the infinite lattice cell.

In addition to the geometrical input, NEWT requires informa-
tion for self-shielding since the PT-SCWR lattice cell is character-
ized by concentric fuel rings which is different from the regular
square lattice of light water reactors. Consequently, Dancoff fac-
tors (DFs), which are used by NEWT to perform accurate self-
shielding calculations for fuels with nonsquare lattice pitch, were
calculated a priori for all the study cases using Monte Carlo
DANCOFF [10]. Ideally, DFs vary with the fuel pin positions;
however, fuel pins located within the same ring have very similar
DFs. A sensitivity study shows that the small changes in DFs have
a minor effect on the transport calculations, and therefore, an
average value was calculated for each fuel ring to be consistent
with the previous study [5] and the SCALE manual recommenda-
tion [7]. NEWT performs the self-shielding calculation using the
dan2pitch card that relies on the precalculated DFs to determine
the equivalent lattice pitch. This approach has a limitation due to
many constraints and factors, especially the coolant density [11].
As a result, an altered coolant density of 0.4 g/em® was used in the
self-shielding calculation when the coolant density in the fuel
region drops below 0.4 g/cm3 since this methodology proved to be
the most consistent when compared to continuous energy results
[11].

The nuclear data sensitivity and uncertainty analysis presented
in this work was performed using tools for sensitivity and
uncertainty analysis methodology implementation (TSUNAMI)-
2D code [6-8,12,13]. TSUNAMI-2D executes the NEWT module
in SCALE to calculate the forward and the adjoint flux solutions
that are used by sensitivity analysis module for SCALE (SAMS)
[6,14,15] to generate the sensitivity coefficients for k., with
respect to each cross section. SAMS determines the sensitivity
coefficients for each energy group and reaction as nondimensional
quantity defined as percentage effect on the system’s neutron mul-
tiplication factor, &, to a percentage change in the nuclear reaction
cross sections. For the cross section nuclear X/ . With the process
x of nuclide i in energy group g, the ﬁenimvny coefficient as a
function of the neutron multiplication factor can be expressed as
[15]

o dk I,
sensitivity = — (D

k dz,,

330°C
258 MPa
625°C
250MPa

Outlet Coclant Tube
(upward flow)

Inner Coolant Tube
(downward flow)

In SCALE 6.3.1, SAMS modules calculate the total sensitivity
(complete sensitivity) of the neutron multiplication factor as a
combination of two factors: the implicit and the explicit terms.
The total sensitivity is given by [15]

(Sk i )mml (Sk'zi")explicu - (Sk‘z““)implim
:Ziicaf ZZ =

kooz,

where X, represents the cross section nuclear data component
for the process y of nuclide j in energy group h. The explicit sensi-
tivity component relates to the sensitivity of the neutron multipli-
cation factor to a direct perturbation in the cross section data,
while the implicit sensitivity component determines the sensitivity
resulting from self-shielding phenomena [15]. It is noteworthy
that in both terms of sensitivity, 1/k is present, and hence, the sen-
sitivities reported by NEWT are normalized to a reference multi-
plication constant, which itself is a function of burnup.

The scenario selection, geometry, and lattice meshing in this
work are consistent with the methodology proposed by Moghrabi
and Novog [5] used for fresh fuel, so a comparison between fresh
and burnup fuels can be achieved. Based on this previous work,
simulations were performed at two axial positions: 25cm and
475 cm from the bottom of the channel to access the lattice cell
characteristics at the bottom (channel inlet) and top (channel out-
let) of the channel, respectively. The temperatures and properties
of the different lattice cell components at 25 cm and 475 cm were
taken from Sharpe et al. [4], and the DFs used are given in Mogh-
rabi and Novog [5]. In this work, the effect of fuel irradiation
(25MW d kg ! [HM]) on lattice cell physics phenomena was
investigated through sensitivity and uncertainty analysis of the
nuclear data library for the normal operating condition (NOC) and
a set of perturbed cases as listed in Table 1.

i J
\ £ azlv.h
5/ i
¥ 0%,

(2)

3 Results

3.1 Normal Operating Conditions. To investigate the
effects of fuel burnup, the components of the four-factor formula
were examined and a comparison between fresh and burnup cases
was performed at the bottom and top of the fuel channel as out-
lined below.

3.1.1 Effect of Depletion on the Four-Factor Formula. The
value of each of the four factors was calculated for fresh and irra-
diated fuels at the bottom of the channel (at 25cm from the

Supercriticallight

PressureTube
water coolant

Heavy WaterModerator

Fig. 1 Core and lattice cell cross section view of PT-SCWR HERC concept with the 64-

element fuel assembly [2]
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Table 1 Definition of sensitivity cases
Case name Description
Reference (NOC) Nominal temperatures and densities for each lattice cell component

Inner coolant voided

Coolant density in the central flow tube (inner tube) decreases to

0.001 g/cm? (unit for expressing the density was selected based on SCALE input parameters)

Outer coolant voided
Total coolant voided
Hot fuel

Hot coolant

Hot moderator

Coolant density in the outer flow tube decreases to 0.001 g/cm®

Coolant density in both tubes (inner and outer) decreases to 0.001 g/em®
Fuel temperature increased by 100K

Inner and outer coolant temperature increased by 100 K

Moderator temperature increased by 20 K

bottom of the channel) as shown in Table 2. Figure 2 shows a
comparison of the multiplication constants and each of the four
factors fresh and irradiated SCWR fuels as well as those for a typ-
ical CANDU reactor lattice. The main contributor to the decrease
in neutron multiplication factor with burnup is the change in
reproduction factor (1) as expected. The PT-SCWR is character-
ized by batch fueling giving rise to excess reactivity (at the begin-
ning of cycle) compared to a conventional CANDU reactor which
utilizes online refueling, and hence, has less excess reactivity at
zero burnup. A direct comparison of all the factors of the four-
factor formula shows that

— The reproduction factor in the PT-SCWR decreases sharply
from 1.736 to 1.565 with depletion. The decrease in repro-
duction factor with burnup results from the depletion of fis-
sile isotopes which directly reduces the reproduction factor.
The enrichment of the SCWR fuel results in much higher
reproduction factor than that of the natural uranium utilized
in CANDU reactor.

— In the PT-SCWR, the thermal utilization factor decreases
from 0.861 for fresh fuel to 0.853 at midburnup conditions.
The decrease in the thermal utilization factor with fuel
burnup is driven by the high absorption of fission products
such as '**Xe. Such changes are consistent with the sensi-
tivity results from TSUNAMI that also demonstrate signifi-
cant negative sensitivities to these isotopes in irradiated
fuel. The PT-SCWR has a lower thermal utilization factor
than the CANDU reactor due to the high thermal neutron
absorption taking place in 'H which was discussed thor-
oughly in Moghrabi and Novog [5].

— The resonance escape probability decreases slightly with
fuel burnup from 0.675 to 0.670 in the PT-SCWR, mainly
due to small increases in minor actinides and protactinium
(which is bred from thorium). The TSUNAMI analysis dis-
cussed later shows that the sensitivities to these isotopes
increase in magnitude with burnup, albeit these sensitivities
are still small relative to other contributors. A comparison
between the PT-SCWR and the CANDU reactor shows that
the differences in the lattice pitch and fuel geometry play a
significant role; the PT-SCWR is characterized by a tight

lattice pitch compared to the CANDU reactor. Conse-
quently, it possesses a harder neutron spectrum. This
explains the significantly lower resonance escape probabil-
ity in the PT-SCWR compared to a typical CANDU
reactor.

— As shown in Table 2, the fast fission factor decreases from
1.276 for fresh fuel to 1.262 at midburnup conditions. It is
also worthwhile to note that the fast fission is a misnomer
in this regard. SCALE computes the fast fission factor in
the four-factor formula as the ratio of all fission neutrons to
thermal fission neutron with a thermal cut-off set at
0.625 eV. Therefore, the decrease in fissions within the epi-
thermal regions appears as a decrease in fast fissions
reported by the code. While SCALE’s limitations in this
regard show changes in fast-fission within the four-factor
formula, a comparison between fission reaction rate spectra
shows that high energy fissions, in fact, do not change
appreciably with burnup. Given the harder spectrum in the
SCWR compared to traditional CANDU reactor designs,
the proportions of fissions above 0.625eV are higher in the
SCWR, and hence, SCALE reports this as a larger fast fis-
sion factor relative to the CANDU reactor value.

3.1.2  Sensitivity and Uncertainty Analysis. The most signifi-
cant sensitivities calculated by TSUNAMI-2D for the reference
case of the PT-SCWR at the bottom of the channel are presented
in Table 3. These sensitivities are integrated over all energy levels
and are broken down per reaction for each isotope. A comparison
between fresh and irradiated fuels shows that the k.. isotopic sen-
sitivities are almost identical. ?H appears in the highest sensitivity
list due to its essential role in the neutron moderation process. The
most significant change with irradiation is that the system
becomes highly sensitive to fission in **U and absorption in
35Xe which is expected since (i) 232Th is transmuted into >**U
with burn-up and (ii) Xenon effects increase with burnup until its
concentration is saturated. Other isotopes such as higher order
actinides and protactinium also are present in the irradiated case;
however, their sensitivity magnitudes are less than those reported
in Table 3. It is noteworthy that &, is still highly sensitive to the

Table2 Values of neutron multiplication factor (k..) and the four factors at the top and bottom of the channel

Distance from bottom of channel

25cm 475cm
Factor Fresh fuel Burnup fuel Fresh fuel Burnup fuel
Reproduction (1) 1.737 1.565 1.739 1.565
Utilization (f) 0.862 0.853 0.868 0.860
Resonance escape probability (p) 0.675 0.671 0.656 0.653
Fast fission (&) 1.276 1.262 1.303 1.288
Nuetron multiplication (k..) 1.289 1.130 1.290 1.132
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Fig. 2 A comparison between the conventional CANDU reactor and the Canadian PT-

SCWR with fresh and burnup fuels

absorption in 'H at midburnup even though it does not appear on
the list of most sensitive isotopes. The 'H overall sensitivity
becomes small compared to the more sensitivity isotopes in the
TSUNAMI analysis since the negative absorption sensitivity can-
cels the positive scattering contribution, yielding a relatively small
total sensitivity compared to these other isotopes. In reality, the
individual sensitivities of these reactions are high.

The sensitivities presented in Table 3 can be used to support the
description of the physical phenomena in Secs. 2 and 3.1.1. The
decrease in the reproduction factor is driven by the reduction in
number density of the fissile isotopes relative to all other materials
in the lattice. Overall, the sensitivities of the fissile isotopes
become more positive, while the sensitivity to nonfissile fuel
materials becomes more negative with burnup. This is expected
since the number density of fissile components (except 2By
decreases with time hence making the calculation of £ more sensi-
tive to the remaining material, while for nonfissile actinides their
increasing absorption relative to fission isotopes drives the sensi-
tivity to be more negative. The increase of the negative sensitiv-
ities of **Th and nonfissile Pu materials relative to the fissile
materials supports the relative large reductions in the reproduction
factor.

Absorption sensitivities of all fuel isotopes and the main struc-
tural materials increase except for 23%pu which explains the slight
decrease in resonance escape probability and thermal utilization
factor through competing phenomena as described earlier.
TSUNAMI results have shown less neutron thermal absorption in
'H with burnup which has a positive impact on the thermal utiliza-
tion factor that will be counterbalanced with the strong absorption
(and high sensitivity) of Xe.

The uncertainty in £, due to uncertainties in the nuclear date
library for irradiated fuel was found to be 7.13 mk which is mar-
ginally higher than the case for fresh fuel (6.96 mk) [5]. Nuclides
with uncertainty contribution higher than 0.5 mk are listed in
Table 4. The uncertainties in k.. for 23QPu(n), which is the main
contributor to the uncertainty, and [2*“Pu(fission), >*’Pu(n, bl
reactions decrease while there is a slight increase in all other
uncertainties per isotope and reaction. The Primary difference
between fresh and burnup fuel cases is that ¥Xe (n, v) uncer-
tainty contributions increase with the increasing irradiation. The
small increase in total uncertainty due to fuel burnup is consistent
with the conventional behavior of CANDU reactor lattice cell
uncertainty analysis. In conventional CANDU reactor, the uncer-
tainty in k.. decreases initially due to the **’Pu peak and then
increases thereafter [16]. The negative uncertainty contributions
of 2H shown in Table 4 are not truly negative; however, it is
actually canceling the impacts of other (positive) uncertainty con-
tributions by accounting for shared sources of uncertainty.

3.1.3 Effect of Elevation on Reactivity. Since the thermal-
hydraulic conditions and moderating behavior change signifi-
cantly from the bottom to the top of the core, the impact on reac-
tivity as a function of elevation was investigated and discussed
later. As shown in Table 2, the changes in multiplication and each
of the four factors are consistent between the bottom and top of
the channel albeit with slightly different magnitudes. The differ-
ence in reactivity between the inlet and outlet of the channel is
0.28 mk for fresh fuel and 2.05 mk for depleted fuel as shown in
Table 5. Also shown in Table 5 is the contribution of each of the
four-factors to the change in reactivity and shows that

Table 3 The top sensitive nuclides and breakdown by reaction at 25 cm for the reference case with fresh and burnup fuels

Fresh Burnup

Nuclide Nubar Fission Capture Total Nuclide Nubar Fission Capture Total

2%py 0.71068 0.30942 —0.20704 0.10211 ¥py 0.61414 0.30200 —0.16435 0.13760
#10py 0.00538 0.00316 —0.08229 —0.07813 py 0.30923 0.15991 —0.05007 0.10981
2py 0.27523 0.12592 —0.04967 0.07616 2Th 0.00824 0.00433 —0.10608 —0.10486
Z2Th 0.00535 0.00248 —0.08271 —0.07432 4%y 0.00936 0.00596 —0.09413 —0.08779
’H —0.00061 0.06269 ’H —0.00058 0.06234
Fe —0.02314 —0.02511 e —0.02149 —~0.02316
*Ni —~0.01261 —-0.01376 By 0.05169 0.02545 —0.00368 0.02176
zr —0.01451 —0.01336 35Xe —0.0171 —0.01715
'H —0.03533 —0.00897 N7r —0.01396 —0.01335
SCr —0.00854 —0.00862 Ni —0.01171 —0.01261
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Table 4 Nuclear data contribution to k.. uncertainty in the reference, ICV, OCV, and total coolant void (TCV) cases at 25 cm from
the bottom of the channel for fresh and burnup fuels

Contribution to uncertainty (mk) at 25 cm

Fresh fuel Burnup fuel
Covariance matrix element NOC cv ocv TCV NOC cv ocv TCV
%Py (1) Py (1) 5.63 5.68 5.45 5.51 5.52 5.52 5.37 5.31
239py (fission) 2py (fission) 1.82 1.80 1.77 1.78 1.98 1.96 1.94 1.93
%y (n, ) 2Py (n, 7) 1.72 1.63 1.62 1.51 1.54 1.43 1.45 1.31
239py (fission) 2%puy (n, ) 1.57 1.44 1.47 1.31 1.53 1.37 1.43 1.24
24Py (n, ) 2%y (n, y) 1.07 1.08 1.00 0.98 1.40 1.39 133 1.28
Fe (n,7) Fe (n, 7) 1.05 0.98 0.97 0.92 1.13 1.06 1.01 0.97
A7 (0, 7) 27 (n,y) 1.01 1.35 0.89 1.26 1.09 1.50 0.94 1.34
2H (1, 21) ?H (elastic) ~1.00 -1.39 ~1.18 ~1.80 ~1.09 ~1.56 -1.30 -1.95
2H (n,2n) H (n, 2n) 1.04 1.22 1.14 134 1.08 1.28 1.17 1.39
2H (elastic) *H (elastic) 0.95 1.55 1.20 238 1.08 1.85 143 2.69
21py (fission) 241py (fission) 0.69 0.66 0.68 0.68 0.97 0.95 0.96 0.98
22Th (n, y) B2Th (n, ) 0.63 0.74 0.57 0.54 0.84 1.08 0.86 1.10
NZr (n, ) N7 (n, ) 0.75 1.01 0.60 0.99 0.81 1.12 0.73 1.06
2py (1) 2Py () 0.58 0.66 0.63 0.68 0.80 0.84 0.80 0.85
NZr (n, ) NZr (n, ) 0.65 0.87 0.58 0.82 0.71 0.97 0.61 0.87
2py (n, ) 22py (n, 7) 0.53 0.62 0.49 0.54 0.67 0.77 0.64 0.68
*Ni (1, 7) SNi (1, 1) 0.62 0.58 0.57 0.54 0.66 0.62 0.59 0.57
35%e (n, 1) 35%e (n, 9) 0.63 0.60 0.63 0.63
3Cr (n, ) BCr(n, ) 0.56 0.51 0.51 0.48 0.59 0.56 0.53 0.50
Total of contributions above 6.92 7.09 6.67 7.02 7.06 7.27 6.84 7.15
Total from all contributions 6.96 7.14 6.71 7.06 7.13 7.35 6.91 7.24
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— The resonance escape probability (p) is the dominant con-
tributor to the reactivity change between the top and the
bottom of the channel with a value of —22.28 mk and
—23.17 mk in the case of fresh and burnup fuels, respec-
tively. After investigating each reaction with and without
the isotopes present with irradiation, we found no signifi-
cant changes in physics phenomena with relatively insignif-
icant changes in the escape probability. This is particularly
evident when one considers that under irradiated condi-
tions, the value of k is smaller, and hence, given k is used in
both of the normalizations when calculating the reactivity
and in the denominator of the sensitivity coefficients, all
contributions are magnified slightly as burnup increases.
Hence when we examine Ak, rather than p, while we see a
large change in resonance escape on a reactivity basis (nor-
malized to the depleted fuel’s total reactivity) between the
top and bottom of the core, there is almost no change in Ak
(not normalized) over this height with burnup.

The fast fission factor increases by 17.93 mk from the bot-
tom to the top of the core which is slightly higher than the
case of fresh fuel (15.96 mk). Since there is a large change

Table 5 Contribution of the four-factors to the reactivity differ-
ence between the top and bottom of the channel

Reactivity difference (mk)
between top and bottom of the channel

in epithermal fission (due to the harder spectra at the top of
the channel) between the bottom and top of the core and
SCALE reports this as a change in fast fissions. However,
these differences are not sensitive to fuel depletion, and
again when one considers that the irradiated case has a
smaller reference k (which acts to multiply the observed
differences), the phenomena remain relatively unchanged.
This is supported by examining Ak without normalization,
which shows negligible change between the irradiated and
a fresh fuel conditions.

The thermal utilization factor increases with elevation by
7.18 mk for irradiated fuel as compared to 5.41 mk in the
fresh fuel case. While the irradiated case shows lower val-
ues for both the lower and upper elevation, the absolute dif-
ferences in k between the bottom and top of the core are
very similar, again the reactivity changes reflecting that the
absolute values of the reference k are lower in the depleted
case.

The reproduction factor is the largest contributor to & of the
four factors and decreases strongly with burnup; however,
the differences between the top and bottom of the core are
negligible relative to the magnitude of their contribution
(on the order of 1 mk or less).

3.2 Coolant Density Reactivity. Several studies have identi-
fied interesting lattice physics phenomena for the Canadian PT-
SCWR [2,5,16] for cases where nonequilibrium voiding condi-
tions occur. Although the concept of coolant void is not relevant

Fresh fuel” Burnup fuel to supercritical coolants, it is nevertheless used here for consis-
Reproduction factor (1) 120 011 tency with the existing CANQU reactgrvlilerature ?ﬂd sh(?uld be
Utilization factor (/) 541 718 1pterpret§d as the coolant density reactivity. The‘se interesting lat-
Resonance escape probability (») 2228 2317 tice physics phenomena may occur during transient events where
Fast fission factor (&) 15.96 17.93 the inner flow channel coolant density remains relatively unper-
Net reactivity change 0.28 2.05 turbed while the outer coolant density decreases (outer coolant

“Fresh fuel results was taken from Moghrabi and Novog [5].
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void (OCV)), or when the inner flow channel coolant density
drops the outer channel coolant density remains relatively
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Table 6 The reactivity change in each of the perturbed cases at the channel inlet and outlet with the corresponding breaking

down contributions of the components of the four-factor formula

Contribution (mk) at 25 cm

Fresh Burnup
cv ocv TCV Icv ocv TCV
Reproduction factor (1) —2.24 1.78 1.85 —7.53 —1.83 —10.64
Thermal utilization factor (f) 18.48 10.60 28.36 21.12 12.80 33.96
Resonance escape probability (p) —108.52 -23.75 —150.64 —125.77 —25.96 —167.22
Fast fission factor (&) 72.28 21.46 109.13 81.12 24.01 —121.57
Net reactivity change for the perturbed cases —20.00 10.10 —11.31 —31.06 9.02 —22.33

unchanged (inner coolant void (ICV)). The term “total coolant
void” (TCV) corresponds to the lattice case where the coolant
density in the whole fuel assembly drops uniformly within both
regions: inner and outer, and is often referred to as equilibrium
voiding conditions. The reactivity behavior and the four factors
have been investigated using sensitivity and uncertainty analyses
for each of the voided cases (ICV, OCV, and TCV). Examination
shows that fuel burnup effects at the top and bottom of the channel
positions are characterized by the same behavior with a slight
change in the degree of magnitude, and consequently, the discus-
sion outlined below considers effects only at the bottom of the
channel.

3.2.1 Inner Coolant Void Reactivity. The reactivity decreases
in the ICV case at the bottom of the channel are —20.00 and
—31.06 mk for fresh fuel and depleted fuel, respectively, as shown
in Table 6. The sensitivities presented in Table 7 confirm such
negative reactivity responses. These negative reactivity changes
are due to large and offsetting physics phenomena. First of all, in
the ICV case, neutron moderation through scattering with the 'H
in the central tube is eliminated, and consequently, neutrons
would have to travel further to reach the heavy water moderator
and thus the probability of resonance capture phenomena is
increased [3], or alternatively the escape probability decreases
(approximately —110 to —120 mk).

With the large reduction in moderation with inner coolant void-
ing, the neutron flux spectrum becomes harder, and given that
SCALE reports any increase in epithermal fissions above
0.625¢eV as a contributor to fast fissions, the reported fast fissions
increase with voiding. Thus, the fast fission factor increases by
72.28 and 81.12 mk for fresh and depleted fuels although there is
no discernable difference in the actual 1 MeV fission rate in either
case. In examining the absolute values of the fast fission factor

changes with ICV in Fig. 3, the effects are almost identical with
the larger reactivity reported in the depleted case resulting from
the normalization which has a lower denominator (i.e., k decreases
with burnup).

The thermal utilization factor increases due to voiding as
expected since the absorption in "H is reduced and this contributes
approximately 18 mk toward the void reactivity. The contribution
again increases with burnup due to the lower reference k in the
depleted case, although the absolute changes in utilization are
approximately identical in both the depleted and fresh fuel cases.

The uncertainty from the nuclear data library in ICV reactivity
for the burnup case is slightly higher than the case of fresh fuel as
shown in Table 4. The dominant contributor to uncertainty in k.,
is *’Pu(p) reaction consistent with the fresh fuel results. The
slight increase in the total uncertainty in k., can be explained
based on the physics of the CANDU reactor found in the literature
independent of the codes normalization process. The uncertainty
in some of the **’Pu reactions and particularly **’Pu(p) decreases
to counterbalance the increase in the uncertainties from the other
reactions causing a slight increase in the total void uncertainty in
the case of fuel burnup.

3.2.2 Quter Coolant Void Reactivity. The OCV case pos-
sesses a positive reactivity response which must be considered in
the safety analysis during loss-of-coolant accident cases with non-
equilibrium voiding in the channel. In outer coolant voiding con-
ditions, the reactivity increases by 10.10 mk for fresh fuel and by
9.02 mk for burnup fuel as shown in Table 6. Mainly, the positive
contributions of fast fission factor and thermal utilization factor
are partially offset by the reduction in negative contribution of the
resonance escape probability and the reproduction factor. It is
interesting that in the OCV case, the reactivity associated with the

Table 7 The top nuclides for which the k calculation is sensitive, along with their components at 25 cm from the bottom of the

channel for the ICV case with fresh and burnup fuels

Fresh fuel at 25 cm Burnup fuel at 25 cm

Nuclide Fission Capture Total Nuclide Fission Capture Total

2%py 031104 —0.19936 0.11133 2¥py 030135 —0.15338 0.14796
’H —0.00081 0.09962 *2Th 0.00506 —0.12858 -0.12708
22T 0.00291 —0.10069 —0.08901 Hipy 0.16925 —0.04881 0.12041
2py 0.13356 —0.04930 0.08413 ’H —0.00077 0.10279
240py 0.00383 —0.08590 —0.08077 240py 0.00724 —0.09499 —0.08728
Fe —0.02125 —0.02249 =3y 0.03039 —0.00415 0.02623
N7r —0.01924 —0.01760 Fe —0.02008 —-0.02123
*Ni —0.01175 —0.01244 Nzr —0.01863 —0.01771
'H —0.00779 0.00958 ¥5%e —0.01593 —0.01597
2py 0.00091 —0.00916 —0.00813 S Ni —0.01109 —0.01160
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Fig.3 The absolute values of k.. and all the four factors for the reference and the ICV cases for
fresh and midburnup fuels at the bottom of the channel

lower density coolant in the outer region of the fuel decreases
with burnup. The sensitivities presented in Table 8 confirm such
positive reactivity variation at the channel inlet (at 25cm from
bottom of the channel).

Examination of the previous ICV case and top to bottom reac-
tivity changes showed that phenomena were largely consistent in
the depleted and fresh fuel cases, with the reactivity effects of
these changes being larger in the depleted cases due to the lower
reference k value used in the normalization. The same phenome-
nological behavior was observed for the OCV case. This was con-
firmed by comparing the change in each of the four factors for
both types of fuel as shown in Fig. 4. While examining the
changes in reactivity, one sees a significant change in some phe-
nomena and the changes are driven by the denominator (i.e., k) in
the normalization process. The relative contribution of the four
factors to the OCV reactivity is larger for the irradiated fuel com-
pared to the fresh fuel; however, the absolute change in their val-
ues is the almost unchanged with depletion, except for the
reproduction factor. The reproduction factor in the OCV case
increases by 1.78 mk for fresh fuel, while it decreases b%/ 1.83 mk
for depleted fuel, mainly due to less production in *Pu and
21py. This was confirmed through the sensitivity analysis results
that show a larger decrease in nubar in >**Pu and *''Pu for
depleted fuel compared to fresh fuel. Similar to Secs. 3.1 and

3.2.1, SCALE normalizes the sensitivities to the & at each burnup
step, and hence, reported sensitivities will tend to increase with
burnup.

The uncertainty due to the nuclear data library for the OCV
case with burnup fuel was found to be 6.91 mk which is slightly
higher than the case of fresh fuel (6.71 mk) as shown in Table 4.
As discussed previously, the decrease in the uncertainty of some
of **’Pu reactions and particularly the 29py(p) reaction counter-
balances the increase of the uncertainty in the other isotopes and
reactions causing the small positive increase in the total uncer-
tainty in k..

3.2.3 Total Coolant Void Case. The reactivity decreases in
the total coolant void case, as per the fundamental design require-
ments in case of loss-of-coolant accident. Consequently, neutron
moderation is taking place only in the low-pressure heavy water
moderator with negative reactivity changes of —11.31 mk and
—22.33 mk for fresh and depleted fuels, respectively, as presented
in Table 6. These reactivity effects are similar to those of the ICV
case albeit lower in magnitude since the negative contribution
from inner coolant void is partially offset from the effects of outer
coolant that exists within the fuel region. As per Table 6, the nega-
tive contribution of resonance escape probability and reproduction
factor counterbalances the positive contribution of the fast fission

Table 8 The top nuclides for which the k calculation is sensitive, along with their components at 25cm from the bottom of the

channel for the OCV case with fresh and burnup fuels

Fresh fuel at 25 cm from the bottom of the channel

Burnup fuel at 25 cm from the bottom of the channel

Nuclide Fission Capture Total Nuclide Fission Capture Total
2%py 0.30485 —0.19981 0.10471 2¥py 0.29836 —0.15816 0.14015
20py 0.00262 —0.00061 0.08022 Z2Th 0.00463 —0.11260 ~0.11160
2py 0.12783 —0.08609 —0.07760 py 0.16152 —0.05027 0.11121
2Th 0.00347 ~0.05059 0.07711 20py 0.00660 —0.09064 ~0.08371
’H —0.07910 —0.07470 H —0.00056 0.08223
Fe —0.02169 —0.02404 23y 0.02650 —0.00388 0.02260
Ni ~0.01199 ~0.01337 e —0.01966 —0.02156
N Zr —0.01435 —0.01260 135%e —0.01742 —-0.01747
'H 0.00128 ~0.00935 ~0.00810 'H —0.02771 0.01344
Scr —0.00798 —0.00809 Nzr —0.01352 —0.01233
Journal of Nuclear Engineering and Radiation Science JANUARY 2018, Vol. 4 / 011011-7

tion.asme.org/ on 12/22/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use

78



Ph.D. Thesis — Ahmad Moghrabi

McMaster University - Engineering Physics

Downloaded From: http:/mucl i i digitalcoll

factor and thermal utilization factor. Examining the absolute val-
ues of the four factors shows that they possess the same change in
both types of fuel in TCV case. However, the depleted fuel has a
lower reference value of &, and thus, the relative contribution to
the total coolant void reactivity in both types of fuel is different.
Based on the relative changes in reactivity, the resonance escape
probability decreases by 152.64 mk and 167.22 mk for fresh and
burnup fuels, respectively. On the other hand, the thermal utiliza-
tion factor increases by 28.36 mk and 33.96 mk for fresh and
burnup fuels, respectively. Due to the total loss of coolant, the
neutron spectrum becomes harder compared to the reference case
causing an increase in the epithermal fissions (above 0.625eV)
which was reported by SCALE as an increase of fast fissions.
Thus, the fast fission increases by 109.13 mk for fresh fuel and by
121.57 mk for burnup fuel at the channel inlet. The most signifi-
cant change in the case of fuel burnup is the larger negative con-
tribution of the reproduction factor to the change in void
reactivity due to the decrease of neutron reproduction in ***Pu
with burnup which is expected.

Similar to the previous discussion on the effects of fuel deple-
tion on uncertainty, the total uncertainty in k., due to the nuclear
data for the TCV decreases slightly for depleted fuel as shown in
Table 4. For the irradiated fuel, the total uncertainty found to be
7.24 mk compared to 7.06 mk for fresh fuel. The increase in the
uncertainty of the different isotopes and reactions is counterbal-
anced by the decrease in the uncertainty of some of Pu reactions;
in particular, *Pu(p) is the dominant contributor to the total
uncertainty to cause a slight increase of uncertainty with burnup.

3.24 Comparison of SCWR and CANDU Reactor Voiding
Phenomena. The Canadian PT-SCWR is an advanced nuclear
energy system that has interesting and important lattice physics
phenomena which are different from the conventional CANDU
reactor. A comparison between the Canadian PT-SCWR and the
typical CANDU reactor in case of coolant voiding is demonstrated
in Fig. 5, where the net coolant void reactivity is shown along
with the contributions of each factor of the four-factor formula as
per the nuclear reactor design for fresh fuel. As shown in Fig. 5,
CANDU reactors have a positive coolant void reactivity, while
the PT-SCWR has a positive OCV and negative void reactivity
response in both of the ICV and TCV conditions. The main differ-
ence between the two nuclear reactor designs is the lattice cell
pitch size, multiple coolant flow paths, enrichment, and the
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subsequent effects on the neutron spectrum. The tight lattice pitch
and enrichment in the PT-SCWR cause a harder neutron spectrum
as compared to a typical CANDU reactor. In the PT-SCWR, the
coolant has an important role in the neutron moderation process
and losing the coolant has three major impacts on the lattice cell.
First, a large decrease in the resonance escape probability occurs
which contribute a large negative feedback. Second, an increase
in the epithermal fissions which in SCALE is reported as an
increase in fast fissions. Finally, the thermal utilization factor
increases with less thermal neutron absorptions in 'H causing a
positive contribution to the reactivity. For ICV and TCV cases,
the large changes in escape probability dominate, whereas in the
OCYV case the positive contributions overcome the escape phe-
nomena and dominate. As shown in Fig. 5, the conventional
CANDU reactor lattice cell experiences a small increase (com-
pared to the PT-SCWR lattice cell) in the fast fission factor and
the thermal utilization factor when the coolant density drops to a
very low value. This increase causes a relatively small positive
reactivity change (compared to the PT-SCWR) from phenomena
similar to those discussed earlier. The CANDU reactor lattice cell
is well moderated and the neutron spectrum dominated by thermal
neutrons from the moderator. Under normal operating conditions,
the thermal neutrons returning back from the moderator collide
with the hot coolant and some fractions are up-scattered to ener-
gies within the resonance range. In the coolant voiding case, up-
scattering with the coolant nuclides does not occur and a larger
fraction of returning thermal neutrons will be absorbed directly
within the fuel causing more fissions. In addition, there are small
positive contributions resulting from the lack of coolant which
allows fast neutrons to avoid scattering down to resonance energies
during their travel from the fuel to the external moderator. In the
PT-SCWR, the neutron spectrum returning from the moderator has
a large fraction in the epithermal energy range, and under normal
operating conditions, some of these neutrons become thermalized
by the thin layer of coolant in the outer region of the bundle. For
outer coolant voiding in the PT-SCWR, the phenomena are similar
to that in a CANDU reactor with the exception that the contribution
from resonance escape phenomena is smaller in magnitude.

3.3 Fuel Temperature Coefficient. The effects of fuel deple-
tion on fuel temperature coefficient (FTC) were investigated at the
top and the bottom of the channel. When the fuel temperature is
increased by 100 K, the reactivity decreases by 1.20 mk and 1.03
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Fig. 4 A comparison between the values of k.. and all the four factors for the reference
and the OCYV cases at the bottom of the channel for fresh and depleted fuels
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Fig. 5 A comparison of coolant void reactivity between the conventional CANDU reactor
and PT-SCWR with a breakdown representing the contribution of each factor in the four-

factor formula

Table 9 The reactivity change in each of the perturbed cases at the channel inlet and outlet with the corresponding breaking

down contributions of the components of the four-factor formula

Contribution (mk) at 25 cm

Fresh® Burnup
FTC CTC MTC FTC CTC MTC
Reproduction factor (i) —0.03 —1.60 —0.19 0.09 1.38 0.18
Thermal utilization factor (f) 0.02 4.21 0.94 0.03 5.11 1.11
Resonance escape probability (p) —1.30 -0.57 -0.05 —1.38 —0.68 —0.06
Fast fission factor (&) 0.17 —0.35 —-0.14 0.06 —1.10 —0.25
Net reactivity change for the perturbed cases —1.14 1.69 0.56 -1.20 471 0.98

“Fresh fuel results were taken from Moghrabi and Novog [5].

mk corresponding to —0.012 mk/K and —0.0103 mk/K at the bot-
tom and top of the channel, respectively. A comparison between
fresh and burnt fuels at both positions along the channel shows
that the difference in the total reactivity change due to fuel tem-
perature perturbations is relatively small. The fuel temperature
coefficient is negative for fresh and burnup fuels at both positions
due to the Doppler broadening effect.

Examining the effects of the four factors shows that the Cana-
dian PT-SCWR lattice cell experiences differing behavior to that
of the typical CANDU reactor. In CANDU reactor, the low-lying

239py peak plays an important role in the fuel temperature reactiv-
ity behavior with depletion. The CANDU reactor fresh fuel lattice
cell has a small and negative fuel temperature coefficient which
becomes much less negative as 239y builds up with burnup.
Given the increase in absorption in this low-lying fission peak
with temperature, the accumulation of ***Pu will tend to make the
fuel slightly more reactive with the increasing temperature,
although the net FTC remains negative. On the other hand, the
PT-SCWR fuel initially contains high Pu loading, and hence, the
fuel feedback for fresh fuel is lower in magnitude than CANDU

Table 10 The reactivity change in each of the perturbed cases at the channel inlet and outlet with the corresponding breaking

down contributions of the components of the four-factor formula

Contribution (mk) at 475 cm

Fresh" Burnup
FTC CTC MTC FTC CTC MTC
Reproduction factor (1) -0.03 —1.08 —0.28 0.08 0.80 0.18
Thermal utilization factor (f) 0.03 3.78 0.84 0.04 451 0.98
Resonance escape probability (p) -1.09 -0.35 -0.08 -1.17 —0.42 —0.10
Fast fission factor (&) 0.10 —0.49 —0.10 0.02 —-1.03 —0.23
Net reactivity change for the perturbed case -0.99 1.86 0.38 -1.03 3.86 0.83

“Fresh fuel results were taken from Moghrabi and Novog [5].
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Table 11 The top nuclear data sensitivity components at 25cm
for burnup fuel in case of fuel temperature reactivity coefficient
Nuclide Nubar Fission Capture Total
%py 0.61425 0.30208 —0.16445 0.13759
py 0.30915 0.15989 —0.05007 0.10979
232Th 0.00825 0.00434 —0.10633 —0.10510
20py 0.00937 0.00597 —0.09411 —0.08776
’H —0.00058 0.06270
Fe —0.02148 —0.02314
23y 0.05165 0.02544 —0.00368 0.02174
135xe —0.01708 ~0.01713
N7r —0.01397 —0.01335
*Ni —0.01171 —0.01260

reactor fuel. With fuel depletion, there is a reduction in **Pu con-
centration which would tend to make the fuel temperature coeffi-
cient more negative, which is consistent with the observed results.
The feedbacks are similar at the top and bottom of the core and
throughout the depletion phase as shown in Tables 9 and 10. With
the increasing fuel temperature, the dominant phenomenon is the
resonance escape probability which decreases by 1.30 mk and
1.38 mk for fresh and depleted fuels, respectively. Such changes
arise from Doppler broadening and are consistent with expecta-
tions. The effect is slightly higher for depleted fuel due to the rela-
tive dependence of the parameters on the reference k which is
lower in case of depleted fuel as well as from changing isotopics
(i.e., increases in nonfission absorptions). The increase in the
absorption sensitivities in Table 11 in most of the fuel isotopes is
consistent with the changes in resonance escape probability dis-
cussed earlier. The low-lying absorption resonances in 3%y fis-
sion resonance cause a small positive contribution in the thermal
utilization factor for both fresh and depleted fuels. The behavior
of the reproduction factor changes for depleted fuel compared to
fresh fuel although the value of the reproduction factor is very
small compared to the net reactivity change. Of note is that the
changes in reproduction factor with temperature have different
signs when comparing midburnup fuel to fresh fuel conditions.
With burnup, the contribution of 23U increases which has a lower
capture to fission ratio as compared to the fresh fuel fission iso-
topes. Hence, when perturbing the fuel temperature, the low-lying
233U fission resonances broaden and thus increase the proportion
of fissions coming from ***U which has a higher reproduction fac-
tor in general. Sensjgi;/ity results shown in Table 11 show the
strong sensitivity to = "U fission reaction in the depleted case and
the sensitivity tends to increase in the perturbed fuel temperature
cases, which is consistent with the rationale provided earlier.

Table 12 The top nuclear data sensitivity components at 25cm
for burnup fuel in case of coolant temperature reactivity
coefficient

Nuclide Nubar Fission Capture Total

2%py 0.61820 0.30271 —0.16863 0.13403
py 0.30610 0.15790 —0.04996 0.10790
22T 0.00820 0.00430 —0.10501 —0.10375
240py 0.00932 0.005924 —0.09331 —0.08701
’H —0.00058 0.06193
Fe —0.02097 —0.02252
28y 0.05091 0.02507 —0.00365 0.02140
Xe —0.01629 —0.01633
N7r —0.01393 —0.01331
'H —0.03113 0.01233

011011-10 / Vol. 4, JANUARY 2018
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3.4 Coolant Temperature Coefficient. The coolant tempera-
ture coefficient (CTC) was investigated at the channel inlet and
outlet in case of fuel burnup, and a 100K increase in the coolant
temperature causes the reactivity to increase by 4.71 mk and 3.86
mk for fresh and depleted fuels, respectively, corresponding to a
coolant temperature coefficient of 0.0471 mk/K and 0.0386 mk/K.

As shown in Tables 9 and 10, the increase in the thermal utili-
zation factor for fresh and depleted fuels at both positions is the
most significant phenomenon related to coolant temperature
perturbations. Again, the low-lying Pu fission resonances at
approximately 0.3 eV are important contributors. The neutron up-
scattering from hot coolant nuclides tends to shift thermal neu-
trons toward the low-lying Pu resonances. At the bottom of the
channel, the thermal utilization factor increases by 4.21 mk and
5.11 mk for fresh and depleted fuels, respectively. The contribu-
tion to the relative reactivity change is slightly magnified due to
its dependence on the value of k which is lower for irradiated fuel.

Interestingly, the behavior of the reproduction factor changes
for burnup fuel compared to fresh due to coolant temperature per-
turbation. At the bottom of the channel, the reproduction factor
decreases by 1.6 mk for fresh fuel, while it increases by 1.38 mk
for depleted fuel. Such changes are consistent with the phenomena
described in the fuel temperature coefficient results in that the
importance of 233U becomes more significant with burnup, and
therefore, any changes that increase the proportion of fissions in
uranium will tend to increase the overall reproduction factor
(since the capture to fission ratio in ***U is lower than that of Pu
fuels). Given that higher coolant temperatures will tend to up-
scatter neutrons to energies corresponding to the low-lying fission
resonances of 233U, the reproduction factor increases with the
increasing temperature in depleted fuels where **U is present.
The changes in fast-fission and resonance escape reported by
SCALE were small with respect to coolant temperature changes.

The sensitivities of the highest contributing isotopes to the
nuclear data sensitivity at the bottom of the channel are listed in
Table 12 and confirm the discussion earlier. For fresh fuel, the
sensitivity of Pu fissions increases with the increasing coolant
temperature which is consistent with the increases in thermal utili-
zation reported earlier. In depleted fuel, the increase in sensitivity
in U with fuel temperature indicated its increasing importance
due to up-scattering within the coolant. As expected, when the
coolant temperature is increased, the absorption sensitivity of 'H
increases so that it appears in the list of the isotopes with highest
contribution to the nuclear data library sensitivities.

3.5 Moderator Temperature Coefficient. The moderator
temperature coefficient (MTC) was calculated for depleted fuel by
increasing the moderator temperature by 20 K, which causes the
reactivity to increase by 0.98 mk and 0.83 mk corresponding to a
MTC of 0.049 mk/K and 0.0415 mk/K at the channel inlet and
outlet, respectively. Similar to fresh fuel, the outlet is slightly less
sensitive to moderator temperature since the coolant temperature
is higher in this region which affects the up-scattering and the
increase in the thermal utilization factor. The physical phenomena
affecting the MTC are identical to those affecting the coolant tem-
perature coefficient.

4 Conclusion

The lattice physics phenomena of the Canadian PT-SCWR 64-
element with fuel burnup were investigated. Sensitivity and uncer-
tainty analysis was performed identifying the isotopes, reactions,
and nuclides with highest contribution to uncertainty or sensitivity
of k., for the reference case and perturbed scenarios. The main
conclusion of this work:

(1) The reactivity change and the four factor behavior in case
of fuel burnup is quite similar to the fresh fuel case with
some ditferences mainly due to the presence of Xenon and
*3U, and changes in the concentration of Pu isotopes.
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(2) The tight lattice pitch of the PT-SCWR causes a harder
neutron spectrum which increases the importance of the
coolant in the neutron moderation process in both fresh and
burnup fuel lattices as compared to traditional CANDU
reactor designs.

(3) The decrease in neutron reproduction rate is considered as
the main contributor to the decrease in reactivity with fuel
burnup and results from the overall decrease in fissile con-
tent in the fuel with burnup. The system also becomes
highly sensitive to >**U and "**Xe with fuel burnup as a
consequence of the Th—Pu fuel mixture and fission product
behavior.

(4) Overall, the feedback coefficients are consistent between
fresh and depleted fuels with only minor changes occurring
due to fission product, 233, and minor actinides build-up as
well as Pu depletion. The most significant difference in fuel
phenomena in depleted fuel is related to the reproduction
factor which may differ significantly under moderator, cool-
ant, or fuel temperature perturbations. These changes are
driven bzy the increasing importance of 233U with fuel burnup
since “*U possess a lower capture to fission ratio than that
of the Pu fissile isotopes present in fresh fuel. Knowing that
the concentration of produced 2**U is much smaller com-
pared to the depletion of Pu, the Canadian SCWR is a ther-
mal reactor with a total conversion ratio less than 1.

(5) The Canadian PT-SCWR design has interesting lattice
physics phenomena that are different from the conventional
CANDU reactor. The Canadian PT-SCWR is characterized
by strong negative void reactivity which is important in case
of safety analysis and some accident scenarios such as loss
of turbine in boiling water reactor or rod ejection in pressur-
ized water reactor; however, small positive void reactivities
are possible under nonequilibrium voiding scenarios. These
effects do not change significantly with fuel depletion.
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Nomenclature

Greek Symbols

p = reactivity (mk)
X = neutron macroscopic cross section (cm D)

Nondimensional Numbers
f = thermal utilization factor
k = neuron multiplication factor
k.. = infinite neuron multiplication factor

n = neutron

p = resonance escape probability

y = gamma

& = fast fission factor

1 = reproduction factor
Acronyms

CANDU = Canada Deuterium Uranium
CTC = coolant temperature coefficient
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Jigitalcoll

DF = Dancoff factor
ENDF = evaluated nuclear data file
FTC = fuel temperature coefficient
HERC = high-efficiency re-entrant channel
HM = heavy metal
ICV = inner coolant void
MTC = moderator temperature coefficient
NEWT = new extended step characteristics-based weighting
transport code
NOC = normal operating condition
OCV = outer coolant void
PT-SCWR = pressure tube super critical water-cooled reactor
SAMS = sensitivity analysis module for SCALE
SCALE = standardized computer analysis for licensing
evaluation
TCV = total coolant void
TSUNAMI = tools for sensitivity and uncertainty analysis meth-
odology implementation
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Chapter 6

Determination of the Optimal Few-
Energy Group Structure for the
Canadian Super Critical Water-cooled
Reactor
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(https://www.sciencedirect.com/science/article/pii/S0306454918300100)

This work investigates the optimum few energy group homogenized structure that
is suitable for a wide range of full-core diffusion based simulations for the Canadian
PT-SCWR 64-element. A systematic study for the optimization of the few energy
group structure is introduced where the energy group selection criterion is based on

robust numerical computations.
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Most deterministic neutron transport codes implement the multi-group approximation theory to solve
the linear Boltzmann equation by which the neutron flux and the interaction cross-sections are averaged
over discretized energy groups. In order to further reduce the computational cost for large scale and/or
time dependent problems, this multi-group information undergoes additional energy group condensa-
tion into the so-called few energy group structure which may be used in a broad range of diffusion based
full-core analyses. The accuracy and efficiency of few-group based computations is dependent on the
number and the boundaries of the discrete energy group structure. Since the flux spectrum used in the
homogenization process may not be known a priori and indeed may evolve in space, with burnup, and
during transients, the optimal energy group structure depends on reactor type, design, operating condi-
tions, fuel type, and composition. The Canadian Pressure Tube Super-Critical Water-cooled Reactor (PT-
SCWR) is a Generation IV advanced reactor system that uses light water above its thermodynamic critical
point as coolant and a plutonium-driven thorium fuel mixture. Considering that the anticipated flux spec-
trum for such a design deviates significantly from the thermal-neutron dominated CANDU designs, there
may be a need for improvements in the number and boundaries of the few-group nuclear data. This paper
presents a systematic methodology for the delineation of few-group energy structure for the Canadian
PT-SCWR. The methodology used the SCALE (Standardized Computer Analysis for Licensing Evaluation)
code package to examine the effect of energy group homogenization and determine the structure which
minimizes the sensitivity of the results to energy group partitioning. As such, it utilizes normal and off-
normal operating conditions to determine the effect of energy homogenization and determines the min-
imal group of energy boundaries which can accurately capture the lattice physics phenomena within the
lattice cell over a wide range of operating and accident conditions.
© 2018 The Authors. Published by Elsevier Ltd. Thisis an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

low-pressure and temperature heavy water moderator (Leung
et al, 2011).

The Generation IV International Forum (GIF) has identified six
advanced reactor systems to be developed through an interna-
tional collaboration of research and development (R&D) (U.S.
DOE Nuclear Energy Research Advisory Committee, 2002). GIF
has proposed four main goals for Generation IV advanced energy
systems including enhancements in safety, economics, prolifera-
tion resistance, and sustainability (U.S. DOE Nuclear Energy
Research Advisory Committee, 2002). The Canadian Pressure Tube
Super-Critical Water-cooled Reactor (PT-SCWR) is a pressure tube
design that uses supercritical light water as coolant and a separate

* Corresponding author.
E-mail addresses: moghraam@mcmaster.ca (A. Moghrabi), novog@mcmaster.ca
(D.R. Novog).

https://doi.org/10.1016/j.anucene.2018.01.011
0306-4549/© 2018 The Authors. Published by Elsevier Ltd.

Some of the key distinctions of the Canadian PT-SCWR from the
fleet of the well-established CANDU reactors are the high-
temperature supercritical light water coolant, the vertically orien-
tated re-entrant channel, and the enriched plutonium driven tho-
rium fuel mixture. The Canadian PT-SCWR is also characterized
by a tight lattice pitch (25 cm lattice pitch) which results in an
under-moderated lattice cell with a direct impact on the neutron
energy spectrum (Moghrabi and Novog, 2016). Moreover, the fuel
channel design features a High-Efficiency Re-entrant Channel
(HERC) where the coolant flows downward through the central
flow tube and then reverses direction to flow upward around the
fuel elements to the channel outlet (Yetisir et al., 2013; Pencer
et al., 2013; Pencer and Colton, 2013). Such design is characterized
by strong variations in coolant density and temperature along the
vertical fuel assembly. With such substantial changes the

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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neutronic behavior is expected to be different from the conven-
tional CANDU reactors. Consequently, many studies have been per-
formed to investigate the important lattice physics phenomena
(Moghrabi and Novog, 2016, 2017b,c) and for benchmarking lattice
level neutronic behavior (Sharpe et al., 2015).

Deterministic physics codes solve for neutron transport within
a reactor core using a number of approximations (Lewis and
Miller, 1993). In general, the reactor physics calculations are car-
ried out in three stages. First nuclear data from an established
source (e.g., ENDF VII.1) are obtained and processed using a code
such as NJOY in order to generate a large number of discrete
energy-dependent cross sections (e.g., the 238-group library
included in the SCALE code package). Such generic and large
energy-group structure are often referred to as multi-group
libraries. Secondly, transport simulations are performed utilizing
this fine-group nuclear data for a specific lattice geometry. From
these results, a further energy condensation is performed wherein
the transport solution (flux and reaction rates) are used to derive
equivalent macroscopic cross sections for a much smaller number
of energy groups and for a homogenized region of space (i.e., the
lattice cell). Third, these few-group homogenized cross sections
are then passed to a core-level diffusion code such as PARCS or
DONJON for full-core steady state and/or transient calculations.
Such a procedure is applied in deterministic-full-core analysis
packages such as SCALE (Laboratories, 2011) followed by PARCS
(Downar et al., 2012) or DRAGON (Marleau et al., 1994) followed
by DONJON (Varin et al., 2005). Although many deterministic lat-
tice level codes are capable of generating the few-group homoge-
nized cross-sections automatically, users are required to provide
the energy boundaries for the few-group structure. Such few-
group structure depends on the problem (reactor design, fuel type,
coolant and moderator properties) and is often determined based
on experience. In reactor physics analysis of thermal reactors, a
general approach is to split the neutron energy spectrum into ther-
mal and fast ranges with a cut-off energy of 0.625 eV. However, the
energy barriers are not universally fixed and vary depending on the
problem/model specifications. The proposed changes in Genera-
tion IV designs have driven renewed interest in the optimization
of the few-energy group domain (Yi and Sjoden, 2013;
Aristodemou et al., 2006; Akbari et al., 2012; Druska et al., 2009).
This paper investigates the optimum few group-energy structure
for the Canadian PT-SCWR 64-element design with fresh and
depleted fuel.

Previous studies have suggested that the traditional two-energy
group approach may not be sufficient to capture the steady and
transient phenomena in the Canadian PT-SCWR given the fuel
enrichment, flux spectrum, complex geometry and feedback
behavior (Moghrabi and Novog, 2016, 2017b,c; Shen, 2012). It is
also desirable that such a structure show minimal numeric sensi-
tivity to boundary selection and/or group subdivision, a facet often
referred to as discretization convergence in numerical methods lit-
erature (Fleming et al., 2005). For example, the shift in a boundary
or the subdivision of energy groups should not cause an unreason-
able change in the accuracy of a solution relative to the multi-
group case, i.e., it is desirable to minimize the sensitivity of the
solution to the movement of, or the addition/subtraction of a
boundary. A proposed structure should also examine the effects
of fuel depletion, delayed neutron effects, fuel temperature and
coolant/moderator perturbations such that it captures such phe-
nomena with acceptable accuracy as compared to the multi-
group solution. In addition, the accuracy of the few-group bound-
aries needs to be evaluated against a consistent basis such as to
avoid cancelation of errors. In particular, boundaries can be numer-
ically selected as optimal in order to cancel a bias resulting from
another boundary placed at a different energy. Such selection
would then erroneously allow for boundaries with high bias, but

opposite sign, as compared to the multi-group solution. Finally,
selection of boundaries solely to eliminate a code-to-code bias
between the diffusion code and a transport code should be avoided
since such biases are code dependent, a function of fuel conditions,
and may evolve in the course of a transient. As such it is desirable
to assess potential boundaries within a single computational tool
such as SCALE, rather than assessing behavior using full-core diffu-
sion codes since the diffusion calculations are subjected to many
more approximations (leakage, assembly discontinuities, etc...).

2. Materials and modelling methods
2.1. Description of the fuel channel and core geometry

The Canadian PT-SCWR core contains 336 pressurised fuel
channels with 5m long vertical fuel assemblies and zirconium
modified stainless steel cladding (Pencer and Colton, 2013). The
most recent design of the Canadian PT-SCWR 64-element fuel
assembly geometry (Pencer et al., 2013; Pencer and Colton, 2013)
with material atomic densities and geometry specifications were
used in this study (Hummel, 2015). The coolant flow is character-
ized by a bi-directional flow path within the fuel channel (Pencer
et al,, 2013; Pencer and Colton, 2013). The coolant enters the inlet
plenum at 350 °C and 25.8 MPa and flows downward through the
central flow tube within each fuel channel, then reverses direction
at the bottom of the fuel channel and flows upward through fuel
containing outer assembly. The coolant exits the channel at 625
°C and 25.0 MPa (Fig. 1). The fuel is arranged in two concentric fuel
rings of 32 elements each that are 12% and 15% by weight PuO, in
ThO, in the outer and inner rings, respectively, creating a balanced
radial power distribution (Pencer and Colton, 2013).

The PT-SCWR shares characteristics with the traditional Pres-
surized Heavy Water Reactor (PHWR) and Boiling light Water
Reactors (BWR) and operates above the thermodynamic critical
pressure. Consistent with PHWR designs the SCWR has a separate
high pressure coolant and low pressure moderator. The low-
temperature and low-pressure moderator is thermally isolated
from the hot coolant through a ceramic insulator within the pres-
sure tube. Similar to BWRs, the turbine is directly coupled to the
reactor coolant outlet. The PT-SCWR utilizes a batch fuelled verti-
cal core with enriched fuel similar to Light Water Reactor (LWR)
technologies.

2.2. Description of computational codes

One of the primary goals in nuclear reactor analyses is to pro-
vide an accurate estimate of the neutron density in the nuclear
reactor which itself is a function of time, space, energy, and direc-
tion. For practical reasons, traditional reactor analyses have used
multi-scale methods wherein simulations at the lattice-level scale
with high spatial and energy fidelity are used to derive inputs for
full-core space-time kinetics calculations at lower spatial resolu-
tion. In this study, the lattice transport calculations were per-
formed using the NEWT (Dehart and Jessee, 2011) code which is
part of the SCALE (Standardized Computer Analysis for Licensing
Evaluation) 6.1.3 package (Oak Ridge National Laboratories,
2013). Lattice cell simulations were performed using the 238
energy group ENDF/VILO library distributed in SCALE version
6.1.3. Fuel burnup simulations were performed with the TRITON
(Jessee and Dehart, 2011) module that employs NEWT as a
multi-group solver. NEWT is a deterministic transport solver that
uses the discrete ordinate approach to solve the neutron transport
equation. However, the discrete ordinate approach is difficult to
apply directly to complicated non-orthogonal geometries due to
the nature of the finite difference approximations. Consequently,
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Fig. 1. Core and lattice cell cross-section view of PT-SCWR HERC concept with 64-element fuel assembly (Hummel, 2015).

NEWT uses the discrete ordinate approach followed by the
Extended Step Characteristics (ESC) approximation that depends
on the method of characteristics along discrete angular directions
within the computational cell or mesh. While the ESC approxima-
tion is an efficient approach, its methodology is predicated on a
fine spatial mesh. Therefore, optimal meshes were examined and
used in this work through spatial-mesh sensitivity analysis.
Moreover, a large number of simulations were performed as a
benchmark to ensure the agreement of NEWT results with other
lattice transport codes for the PT-SCWR analysis (Sharpe et al.,
2015).

The Canadian PT-SCWR lattice cell contains concentric fuel
rings which are different than the regular square lattice of LWRs.
Consequently, NEWT requires the Dancoff Factors (DFs) to perform
resonance self-shielding calculations. DFs were calculated using
MCDANCOF (Petrie and Rearden, 2011) sequence included in
SCALE package (Laboratories, 2011). NEWT performs the resonance
self-shielding calculations using the dan2pitch card that requires
the pre-calculated DFs to determine the equivalent lattice pitch.
This approach has a limitation based on coolant and moderator
densities which are of particular importance in the PT-SCWR
(Younan and Novog, 2016). As a result, an altered coolant density
of 0.4 g/cm® was used in the resonance self-shielding process when
the coolant density within the fuel-containing region in the chan-
nel drops below 0.4 gfcm®. This methodology proved to be the
most consistent when compared to the continuous energy results
over a wide spectrum of SCWR conditions (Younan and Novog,
2016).

2.3. Methodology

The objective in the homogenization process is to preserve the
important physical phenomena and reaction rates. Nevertheless,
there are many methods and criteria necessary to achieve these
aims. The generation and the selection basis of the optimal bound-
aries for the few-group cross sections must consider the following:

i) The reference solution should have much higher fidelity in
terms of energy discretization. For this reason, the reference
solution was selected to be that for the infinite lattice with
238 groups and for a spatial mesh of sufficient refinement
such that the grid independence is achieved. Such simula-
tions have shown excellent agreement with the continuous
energy stochastic solutions over a wide range of conditions
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in previous benchmarks (Sharpe et al., 2015). By using a
deterministic solution as the reference, the simulations of
fuel depletion and its effect on energy discretization can be
done more economically than a Monte Carlo based
continuous-energy solution.

ii) The optimal solution will depend on the merit function used
to evaluate the level of agreement between the proposed
few-group cases and that of the reference (or cost function
to use terminology consistent with optimization literature).
For each boundary included in the optimization, a unique
cost-function should be derived such as to avoid cancelation
of errors. For example, in selecting of two energy barriers it
is possible that for some cost functions, barriers may be
selected that generate cost function magnitudes and signs
which cancel the errors relative to the reference case. Such
barriers, while appearing to minimize the total error may
not, in fact, be optimal (i.e., either boundary by itself causes
a large, but offsetting, error). Using unique evaluation crite-
ria for each barrier will ensure that cancelation of error
effects are minimized.

iii) The overall bias between the few and multi-group solutions
should be insensitive to further refinement in the few group
energy structure, i.e., the subdivision of the few-groups into
finer energy bands should not result in excessive change in
the bias.

iv) When an optimal few-group structure is determined, its
error should be small over a wide range of operating condi-
tions since such data can be used for normal as well as acci-
dent analyses. Therefore, the fuel temperature, coolant and/
or moderator density coefficients should be considered in
the optimization process and the effects of the few group
discretization on such important perturbations should be
investigated.

Several potential methodologies are available to define these
barriers. The first is to use engineering judgement and experience
to define the optimal few-group energy structure, as has been done
in the past (Lamarsh, 1983; Duderstadt and Hamilton, 1976). For
example, for high temperature gas cooled reactors, key energy
boundaries are in the 2-3 eV range while in thermal water cooled
reactors a limit of 0.625 eV is common. Given that the SCWRs oper-
ating conditions and temperatures fall between these designs, a
boundary or boundaries within this range may be optimal. The
downside of purely knowledge-based boundary selection is that
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the exact values remain uncertain and thus may be sub-optimal.
Furthermore, it is not clear that such boundaries will be robust
from a numerical methods standpoint (results show small sensitiv-
ities to group subdivision). Therefore, while important and useful
for judging the validity of other methods, pure judgement
approaches lack a rigorous formalism.

An alternative methodology would be to perform a brute force
search where a transport solution is performed for a large number
of possible energy group structures and each solution is judged
against the reference solution using a cost function. If we assume
that some combination of the 238 energy groups in the fine-
structured SCALE library form the possible boundaries for the
few-group case, then it would first appear that a brute force search
may be appropriate since the number of combinations (238) seems
small. Indeed, we can perform 237 simulations with NEWT, each
one corresponding to a possible boundary for a two-group case
of homogenized data and select the case which is most similar to
the reference 238 group solution. Then one could proceed to select
a second boundary in order to obtain a three-group structure by
performing 236 simulations for each of the remaining possible bar-
riers from the original SCALE library. Thus, one could keep adding
groups until a satisfactory cost function was obtained. However,
this approach assumes that once an energy barrier is set, such a
barrier will remain optimal as further subdivisions are made which
is clearly not the case. For example, on a search one may find that a
barrier at 0.6 eV seems optimal for a two-group structure, then
when searching for a second boundary the optimal cost function
may be at 6 keV, and indeed such boundaries may provide a cost
function near zero. Upon closer inspection of such barriers, we
can observe that the case of 6 keV was selected to minimize the
difference in the neutron multiplication factor (k..) between the
cases with some residual in the cost function. The second boundary
is then selected such as to zero out the residual in the cost function
obtained from the first search, with little or no physical signifi-
cance of that second boundary (i.e. the second barrier was selected
solely to cancel the error in reaction rate obtained from the first
barrier placement). While this three group (two boundaries) struc-
ture seems to minimize the cost function, the solution may be far
from optimal in that i) subdivision of any of these boundaries
would cause large changes in the cost function; ii) the second
boundary may be completely unphysical (e.g., occurring in the
middle of an important resonance) since it was selected solely to
offset the error from the placement of the first boundary. In many
multi-variate optimization problems, such propensity for bias
cancelation can occur (Fleming et al., 2005; Sekhon, 2011) and is
termed in this paper as an “error cancelation issue”.

A variant of this second approach would be simultaneously
solve for n boundaries over the entire solution of energy space.
For example, when searching for two boundaries (three groups),
transport solutions are performed for all possible combinations
of two boundaries within the 238 possible choices. From this one
can show that the number of transport solutions would be:

Totalnumber of Possible collapsing scenarios
237!
= — i (1)
(237 - (n—1))(n-1)!

where n is the number of boundaries that can be placed. From this
one can see that the number of transport solutions require to eval-
uate the optimum increases geometrically with the number of
boundaries to be selected. Specifically, for two, three and four group
structures 237, 27,966 and 2,190,670 transport solutions are
required, respectively. Furthermore, since a majority of the batch-
fueled core has undergone significant depletion, each one of these
states would require analysis at some level of burnup, further
increasing the solution times. Additionally, it is possible that a

situation may arise wherein error cancelation between multiple
boundaries leads to error cancelation issues as discussed above,
albeit where one or more group boundaries are selected to cancel
out the errors from other boundaries. While the issue of a large
search space could be overcome using a non-parametric search
algorithm, the error cancelation issue cannot be easily overcome
using a single cost function.

A third approach could be implemented using an inverse selec-
tion method wherein successive NEWT simulations are performed
starting with the finest possible structure and with a coarsening
energy structure in each successive case (Moghrabi and Novog,
2017). In each successive case, the sensitivity to the removal of
each remaining energy barrier is examined and the structure with
the least sensitivity being selected to form the basis for the next set
of cases. In this way, the number of groups is reduced from the
original 238 down to a predefined number of few-groups or until
the accuracy of the cost function deteriorates by more than 10%.
Such a search is easy to implement and computationally tractable
but suffers from a history effect in that boundaries may be
removed at an early stage due to low sensitivity, but may become
sensitive and important later on within the algorithm when fewer
groups remain (Moghrabi and Novog, 2017). Since groups are not
re-added in each stage the final group structure may be missing
important boundaries that were eliminated in the early phase of
the inverse selection process. Furthermore, barriers may again be
removed for unphysical reasons solely to cancel out the error in
the cost function resulting from some previous homogenization.

For this paper, a series of alternative methods, including brute
force searches, alternative cost functions, inverse methods, and
sensitivity analyses are used in order to establish an energy struc-
ture that has attributes outlined previously. As each method is
implemented the optimal group structure is assessed against
knowledge-based boundaries. The steps used in the methodology
are outlined in Fig. 2. The reference case for the method involves
a simulation of NEWT at 238 groups and is used to self-
consistently homogenize the solution into any number of coarser
structures. Once the homogenization into a specific group struc-
ture is complete, the results are used to generate a new NEWT
library consistent with the fewer-group proposed energy group
boundaries. The results of these new few-group NEWT simulations
with the coarser group structure can then be directly compared
against the original high-fidelity energy solution in 238 groups.
Such a methodology has several advantages. First, the reference
and grouping analyses are all performed within the same lattice
code thereby avoiding any code-to-code biases that may obscure
the optimization process. For example, if the reference case was
run using a Monte Carlo code in continuous energy, biases result-
ing from the solution method would occur (for example due to the
differences in solution, interpolation of temperature dependent
data, etc.) (Sharpe et al., 2015). As such, the optimization process
would add or remove boundaries in an attempt to eliminate the
bias which was code-to-code driven, rather than boundary selec-
tion based on physical parameters. Code-to-code biases are a result
of the approximations in each code and may be reactor, fuel or con-
dition dependent. Thus, it is desirable to optimize energy structure
in isolation and assess code biases independently or through vali-
dation. Secondly, the uncertainties and biases that arise from
mathematical models used in the lattice code are eliminated and
the effects of the energy group discretization are isolated and
investigated independently from any other factors. To achieve that
aim of assessing the effects due to the energy group discretization
and collapsing process independently, all the NEWT lattice cell
simulations (including the unclasped and the collapsed cases) were
performed using the same optimal mesh which is depicted in
Fig. 3. An additional homogenization step was added to the “refer-
ence case” where the 238 group solution is used to re-homogenize
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Neutron Energy Groups Optimization Model
Specify the required number of optimum neutron energy group structure.
Identify all the possible collapsing cases.

Y

238 Neutron Energy Groups
Run NEWT using 238 energy groups based on ENDF/VIL0 nuclear data library.

Reference Case
Reference 238 energy group
homogenization step.

Rerun NEWT using the pre-
calculated neutron cross-sections of
the 238 energy groups.
Calculate the reference neutron
multiplication factor.

Few Group Collapsing Stage
Calculate the collapsed neutron cross-
sections.

Rerun NEWT using the neutron collapsed
cross-sections to calculate the neutron
multiplication factor.

Repeat for all possible collapsing cases.

structure that has the minimum cost function.

Choosing Best Grouping Possibility
Calculate the cost function for all the energy
collapsed scenarios.

Choose the optimum neutron energy group

Fig. 2. Steps of the proposed model for neutron energy group collapsing procedure using the NEWT code.

the 238 SCALE cross-sections using the problem specific flux distri-

B 1 coolantinside central flow tube : - ¢ ! 0 !

B 2 flowtube é bution. This procedure aimed to provide a consistent basis for com-
B 3 fuel assembly coolant arison with the few group collapsed simulations in order to
O p group p

0 ; :::Z: :_:;‘gzﬁ:claddi minimize the biases due to numerical artifacts in the homogeniza-
B s omening fuel ke tion process (i.e., there is exact }'e-homggenization with the speci-
B 7 outer ring fuel cladding fic lattice geometry and flux distribution and spectrum done for
L1 8 inner liner both the reference and reduced ener roup cases). Although
B o gy group g
0 ‘90 rx‘f‘:ﬁ'ﬂ the difference in ks due to this additional homogenization step
O 11 pressure tube is very small (~Q.] mk), sgch measures are included i‘n this paper
[ 12 moderator and are consistent with the methodology discussed in

(Aristodemou et al., 2006).

3. Results and discussion

As mentioned above, the two-dimensional deterministic code
NEWT was used to perform the lattice cell transport simulations.

1 Given the large changes in moderation, fuel temperatures and
| other lattice physics inputs as a function of location within the core
1 it is important to examine the possible effects of core location on

group boundary selection. The group boundary selection is per-

Fig. 3. The optimal mesh used in all executed NEWT simulations. formed first considering core location effects and fresh fuel, then

88



Ph.D. Thesis — Ahmad Moghrabi

McMaster University - Engineering Physics

32 A. Moghrabi, D.R. Nevog/Annals of Nuclear Energy 115 (2018) 27-38

including the depletion and finally including potential perturba-
tions that occur in either normal or accident conditions.

3.1. Examination of core location effects and two-group selection

To investigate the effects of the core location on the selection of
energy group boundaries, the proposed model illustrated in Fig. 2
was applied at three different locations along the vertical fuel
channel. Simulations were performed at 25 cm, 250 cm, and 475
cm from the bottom of the channel corresponding to the channel
inlet, middle, and channel outlet respectively. Given the sensitivity
of the results to the cancelation of errors it is recommended to per-
form the optimization at each physical location along the fuel
channel independently. Furthermore, such an approach allows
one to isolate the differences in structure arising from the vastly
different conditions along a channel that can be investigated.

Modelling the neutron energy spectrum by two groups would
yield 237 possible cases as evaluated using Eq. (1) for each axial
location. Such a search was performed for fresh and depleted fuel
(25 MW d kg [HM]) for the infinite lattice cell at the three loca-
tions of interest. The coolant densities and the materials tempera-
ture at the three locations are shown in Table 1 (Hummel, 2015).
The cost function, which measures the relative error in neutron
multiplication factor between the reference case using 238 energy
groups and the collapsed case i, was calculated for each case as
follows:

Cost Function(1) = [Kintres —Kinril 405 @)
King ref

where i varies from 1 to 237 for each of the 237 possible energy
homogenization options. For a two energy group structure, the vari-
ation of k. (infinite multiplication factor) versus the value of the
energy barrier selected is shown in Fig. 4. This Figure shows that ki
is highly sensitive to the thermal energy barrier for the energy
range between 0.05 eV and 3 eV. However, k;,s is characterized by
a plateau with less sensitivity to the selection of the thermal energy
cut-off barrier within the energy range between 3 eV and 20 eV. The
sensitivity of ki,r to the thermal energy barrier selection for fresh
and depleted fuel at the top, middle, and bottom of the fuel channel
are similar. The optimal two-energy group structure at the three
locations along the vertical channel are shown in Table 2. The ther-
mal energy barriers were found to be 1.40 eV, 1.94 eV and 2.47 eV
at the bottom, middle and top of the fresh fuel channel, respec-
tively. While for mid-burnup fuel the recommended thermal cut-
off is found to be 1.59 eV, 2.87 eV, and 3.06 eV at the same locations
due to some spectral hardening in the cell. It is clearly shown in
Table 2 and Fig. 4 that a higher thermal energy cut-off is recom-
mended for the Canadian PT-SCWR as compared to more traditional
CANDU designs and with small variation due to location. The minor
variations in the selection of the thermal energy barrier for two
groups along the fuel channel are mainly due to two dominating
factors: i) the Doppler effect driven by the increase of the fuel tem-
perature, and ii) the strong decrease in the coolant density with ele-
vation along the vertical fuel assembly leading to a hardening
neutron spectra. This was confirmed by the recent study which
demonstrated that the large decreases in the coolant density along
the vertical fuel channel is the dominant factor impacting the neu-
tron spectrum and the different lattice physics phenomena in the
PT-SCWR (Moghrabi and Novog, 2016). The same effects are influ-
encing the lattice cell homogenized cross-sections in the case of fuel
burnup (Moghrabi and Novog, 2017b,c).

In general, for few-group structures, the thermal energy cut-off
boundary is usually placed such that the impact of thermal up-
scatter in the coolant to a higher energy cross-section resonance
is small. For thermal reactors, including the CANDU reactors, this

boundary is typically placed at 0.625 eV. For High-Temperature
Reactors (HTR) such a boundary is recommended to be between
2eV and 4 eV due to the high coolant temperature (Duderstadt
and Hamilton, 1976). Considering the SCWRs coolant temperature
is between these designs the aforementioned boundaries of 1.4-
3.1eV are consistent with expectations and is consistent with
recent studies related to the importance of neutron up-scattering
in the PT-SCWR (Moghrabi and Novog, 2016, 2017b,c). Such
boundaries are also consistent with cross-section behavior as
shown in Fig. 5. In this Figure the two broadest and most signifi-
cant fuel resonances occur below 2 eV with a third strong reso-
nance occurring between 2 and 3 eV.

Given the relatively small changes in optimal-energy bound-
aries noted above, it is desirable to limit the search space to a sin-
gle physical location along the channel to limit computational
costs in subsequent optimization steps. To assess the effect of axial
conditions on energy group discretization, the optimal two-group
boundary at each axial elevation was analyzed using a mapping
technique. First, the optimal boundary as derived for the lowest
elevation was used to evaluate the neutronic phenomena at the
downstream locations (i.e., the boundaries determined at the chan-
nel entrance were then used in the analysis of the downstream
locations and the deviations in these downstream locations from
the reference solutions were recorded). For example, using the
boundary determine at the inlet location (i.e., 1.40 eV) to analyze
the cost function at the middle of the channel produced a cost
function of 102.9 for fresh fuel as compared to a value of 0.86 for
the best energy barriers at that location. Next, the mid-plane opti-
mized boundary were mapped to the other locations and again the
changes in cost function were recorded. Finally, the optimized
boundary at the channel outlet was used at the inlet and mid-
plane locations to determine the cost function. By examining the
cost function behavior for these mapping combinations it was
determined that the group structure derived at the mid-plane of
the core produced the best results when mapped to the other loca-
tions as shown in Table 3. All subsequent searches for multi-group
boundaries are therefore performed using local thermalhydraulic
and fuel conditions indicative of the mid-point of the fuel channel.
Based on the analysis above, the optimal barrier for a two group
energy structure was determined to be 1.94 to 2.87 eV depending
on fuel depletion.

During the course of this work, many alternatives cost functions
were explored including ones that depends on the difference in
either fission, absorption or total reaction rates. However, the opti-
mization using these alternative cost functions provided a similar
and in some cases identical boundary results to the cost function
relying on the difference in ki, since these reactions strongly influ-
ence the value of k;,«. As an example, the difference in the total fis-
sion and absorption reaction rates between the reference case and
the two group structure versus the selected energy barrier at the
middle location of the mid-burnup fuel channel is shown in
Fig. 6. The optimum thermal energy cut-off for the two energy
group structure is located at ~2.87 eV which is similar to the pre-
vious discussion based on cost function that depends on Kiys. As a
result, the multiplication constant was used as the primary cost
function to determine the first energy barrier.

3.2. Additional group selection and limitations

The optimum three-group structure has been investigated for
fresh and depleted fuel using the methods outlined previously.
The results are summarized in Table 4 which shows the energy
group barriers with the corresponding cost function and the reac-
tivity difference between the reference and the optimum three-
group cases.
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Table 1
Coolant density and materials temperature at the bottom, middle, and top of the channel.
(cm) Coolant Density (gfcm?) Component Temperature (K)
Pout Pin Outer Coolant Cladding Liner Insulator Pressure Tube Inner Coolant Fuel
25 0.51702 0.57896 647.40 683.04 640.78 537.68 410.38 636.45 1117.36
250 0.13998 0.58758 692.35 781.38 678.65 561.45 41811 634.39 155053
475 0.07014 0.61903 890.62 1006.99 859.82 673.29 452,28 625.81 1539.91
—— Kinf (2Goups) = Kint (Ref.)
13
1.295
1.29
. 1285
c
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Fig. 4. Variation of ki, versus energy barrier for the two-group structure at the middle of the fresh fuel channel.
Table 2

Optimal thermal energy group barrier with two group structure at the top, middle and bottom of the fuel channel.

Distance from the bottom of the channel Best optimum thermal energy cut-off for

two energy group structure (eV)

Cost Function

Fresh Fuel Burnup Fuel Fresh Fuel Burnup Fuel
475 cm (Top) 2.47 3.06 0.222 1.489
250 cm (Middle) 1.94 2.87 0.859 0.454
25 cm (Bottom) 1.40 1.59 3.439 2.347

For the first optimization attempt, it is assumed that the opti-
mal barrier from the two-group division is preserved and forms
the first of the two-boundaries needed to create three groups.
The main advantage of such an assumption is to decrease the
search space for the second boundary. In this approach there exists
236 possible homogenization cases to be analyzed. For a fresh fuel
lattice, a second energy barrier at 6 eV combined with the initial
barrier set at 1.94 eV was determined to be optimal. The second
optimization method involves simultaneous selection of both bar-
riers without prior knowledge of the two-group results. Conse-
quently, the number of possible homogenizations is higher than
the fixed initial barrier method and is evaluated by Eq. (1) to be
27,966 possibilities. The optimum three-group structure obtained
using the brute force search was determined to be 2.57 eV and
22.5 eV. The cost function of the three-group optimum structure
for fresh fuel obtained using the brute force method is slightly
smaller than the one obtained using the fixed 1% barrier approach,
although it is relatively small in both cases.

As shown in Table 4, the optimal three-group structure for fresh
fuel shows large errors when applied to irradiated fuel. The
depleted fuel (25 MW d kg~' [HM]) energy-group selection was
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then performed in a similar fashion as the fresh fuel case. The first
iteration considers the best optimum two-group structure for fresh
fuel and then adds a third group to accommodate the different iso-
topes that accumulate with burnup. In the case of the fresh fuel lat-
tice, the optimum thermal energy barrier for the two group
structure was found to be 1.94 eV using the fixed search strategy.
Assuming that the first barrier remains optimum, a search of the
remaining possibilities shows a minimal cost function is obtained
at 950 eV as shown in Table 4. The second method mimics the
fresh fuel case by simultaneously searching for the best two barri-
ers based on the model outlined in Fig. 2. After simulating all the
27,966 possibilities, the model recommends two energy barriers
at 2.97 eV and 2.87 eV with a very small cost function. From this
result the following can be noted:

e As discussed in the previous section the optimum thermal
energy cut-off for the two group structure was recommended
at 2.87 eV and it is clearly shown in Table 4 that the brute force
search approach for burnup fuel has recommended the same
thermal energy cut-off barrier for three-group structure (i.e.,
the method selected a barrier of 2.97 eV which is in very close
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— Absorption Macroscopic Cross-section at 476 cm (Top of Channel)
= Fission Macroscopic Cross-section at 475 cm (Top of Channel)
Absorption Macroscopic Cross-section at 250 cm (Middle of Channel)
—— Fission Macroscopic Cross-section at 250 cm (Middle of Channel)
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Fig. 5. The homogenized fission and absorption cross-sections versus energy for the fresh fuel lattice cell at 25 cm, 250 cm and 475 cm from the bottom of the channel.

Table 3

The values of the cost function at the top, middle, and bottom of the channel using the best optimum two energy group structure at each of the corresponding positions for fresh

and burnup fuel lattice cell.

Best Optimum two energy group structure at

Value of cost function at the different locations of the fuel assembly

Fresh Fuel Burnup Fuel

Top Middle Bottom Max. cost function’ Top Middle Bottom Max. cost function”
Top - 48.2 172.8 172.8 - 48.9 197.8 197.8
Middle 50.8 - 108.1 108.1 41.6 - 149.8 149.8
Bottom 146.4 102.9 - 146.4 165.1 131.2 - 165.1

" The maximum values of the cost function is equivalent to the maximum value of (Ak/kf) x 10°.

proximity to the initial barrier of 2.87). It is worthwhile to men-
tion that the 2.87 and 2.97 eV are almost identical and repre-
sent a single bin width in the fine structured 238 group case
based on the ENDF/VILO nuclear data library build in within
the SCALE 6.1.3 package (Laboratories, 2011). Such group struc-
ture with close energy barriers doesn’t have a physical meaning
and are not recommended from the reactor physics standpoint.
This was also confirmed using Fig. 7, which represents the vari-
ation of kj,r versus the value of the second energy barrier for
selected thermal cut-off energy barrier for three-group energy
structure with burnup fuel (25 MW d kg ! [HM]).

In Fig. 7, each line has a fixed thermal energy cut-off (first
energy barrier) and the value of k;,¢ varies versus the value of
the second energy barrier. As shown in Fig. 7, the curves repre-
senting the value of ki,s converge at 2.87 eV.

Based on Fig. 7 the cost function changes sign between 2.87 and
2.97 eV causing some cancelation issues to arise. Similar prob-
lems arise for other potential options at 0.07 eV, 2.97 eV, 6.5
eV and 305 eV where the cost function of those particular cases
are depicted in Table 5. As discussed earlier in this work, the
optimum group structure which is characterized by cancelation
of errors is to be avoided since small deviations in lattice condi-
tions or further subdivision of energy groups may provide erro-
neous results.

An important conclusion can be drawn regarding the thermal
energy cut-off for the Canadian PT-SCWR in that the numerical

search places both the first and second barriers very close to
2.87. As shown in Table 4 boundaries at or near 2.87 eV arise
from searches for either a single or dual barrier search for
depleted fuel, and is also in close proximity to the barrier of
2.57 eV selected for fresh fuel (i.e. within two energy groups of
the original SCALE 238-group library). Therefore the 2.87 eV
thermal barrier is utilized as the best possible thermal energy
barrier. Based on the discussion on error cancelation for two
boundaries, only a single boundary can be selected with this
approach.

Finally, given that even at the Beginning Of cycle (BOC) at most
1/3 of the fuel is fresh and the remainder has some level of burn-
up, and that during a cycle all fuel has some level of depletion,
the optimal boundary for depleted fuel at 2.87 eV is selected.

3.3. Group selection for reactivity coefficients

One of most important design basis accident scenarios in
nuclear reactors is the Loss-Of-Coolant Accident (LOCA). Previous
literature has identified interesting lattice physics phenomena for
the PT-SCWR which indicates that coolant density reactivity effects
must be considered in group structure delineation’. In such events

! 1t should be noted that the phenomenon of voiding does not occur in supercritical
fluids and hence the term “void™ reactivity is a misnomer. However, for consistency
with existing literature we adopt the term void reactivity to denote the reactivity
induced by a decrease in coolant density.
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— Difference in total absorption reaction rate

—— Difference in total fission reaction rate
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Fig. 6. Difference in total fission and absorption reaction rates between the reference case and two-energy-group structure as selected thermal energy barrier varies over

energy range.

Table 4

The optimum three-energy group structure for fresh and burnup fuel (25 MW.d.kg~' [HM]) and its corresponding value of the cost function and the reactivity difference between

the optimum case and the reference case at the middle of the channel.

Type of fuel Selection basis criteria Energy group structure Cost Function Reactivity Difference (pcm)
Fresh 2G Fresh Fuel + 1G 20 MeV-6 eV-1.94 eV-0 eV 0.02334 0.01816
Brute force search 20 MeV-22.5 eV-2.57 eV-0 eV 0.02256 0.01755
Burnup 3G Fresh fuel structure 20 MeV-22.5 eV-2.57 eV-0 eV 90.5498 80.3608
2G Fresh Fuel (1.94 eV) +1G 20 MeV-950 eV-1.94 eV -0eV 0.48501 0.43005
Brute force search 20 MeV-2.97 eV-2.87 eV-0 eV 0.05409 0.04796
e Kinff (3G 0UPS-0.625€V) = Kinff (3Goups-2.57eV) Kinff (3Goups-2.67eV) = Kinff (3Goups-2.77eV)
e Kinff (3GoUpS-2.872V) Kinff (3Goups-2.97eV) Kinff (3Goups-3.0eV) -K (Ref. 2386G)
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Fig. 7. Variation of lattice cell ki, versus energy barrier for the three-group structure with burnup fuel at the middle of the channel for selected thermal energy cut-off.

it is conceivable that non-equilibrium voiding may exist for a short
period of time wherein the coolant in the upward flowing fuel region
of the channel may void prior to the coolant flowing downwards in
the center for the channel. In such cases the resultant reactivity may
be slightly positive for a brief period until such time as the density
changes propagate to the central flow tube (since the total void reac-
tivity is negative). Scenarios where the coolant density within the
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inner flow tube decreases while remaining relatively unchanged
within the outer section are referred to as inner coolant void (ICV).
When the coolant density decreases within the outer flow tube
and stays comparatively unchanged in the inner tube, this is referred
to the outer coolant void (OCV). The total coolant void (TCV) scenario
refers to the equilibrium density changes in both flow tubes (inner
and outer) within the fuel assembly.
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Table 5

Best optimum three-group structure based on numerical analysis standpoint with
thermal energy cut-off assigned at 2.87 eV at the middle of the channel for burnup
fuel.

Energy Barriers (eV) cost function Reactivity Difference (pcm)
2.87-305 3.64955 3.23608
2.87-6.5 0.52668 0.46700
2.87-2.97 0.05408 0.04796
2.87-0.07 0.20571 0.18240

The coolant void reactivity for each region of the channel, the
fuel temperature, and moderator temperature reactivity coeffi-
cients were investigated versus energy discretization for the
depleted fuel lattice cell (25 MW d kg~' [HM)]). The fuel tempera-
ture coefficient (FTC) was calculated by perturbing the fuel tem-
perature by 100 K, while the moderator temperature coefficient
(MTC) was calculated by perturbing the moderator temperature
by 20K based on the recent sensitivity study (Moghrabi and
Novog, 2016). The values of these parameters were calculated for
the reference case using 238 energy groups, and for the different
possible few-group options identified in the previous section. The
best structure is the one that would minimize the differences in
these parameters when calculated using a few-group structure.

Then to assess the merits of including additional groups to
account for spectral changes due to perturbations in the fuel, cool-
ant and moderator, additional groups were added to the existing
2.87 eV (two-group) structure. To add a second barrier (i.e., three
groups), the energy boundaries were systematically tested and
the differences in the predicted values of ICVR, OCVR, TCVR, FTC,
MTC, and the reactivity between the reference solution and all
the possible three energy groups scenarios were calculated as
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shown in Fig. 8. Given that the inner-coolant void reactivity for
the PT-SCWR is negative, it was selected as an appropriate cost
function for setting the next energy barrier. This additional cost
function was calculated as follows:
Cost Function(2) = |ICVR,, — ICVR;| 3)
where ICVR,f stands for the inner coolant void reactivity calculated
using the reference case with high energy fidelity, and ICVR; stands
for inner coolant void reactivity with three-energy-group structure.
A brute-force search for a second boundary (third energy) group
which minimized the error in ICVR was found to be at 820 keV. Fur-
ther investigation also showed that such a boundary also minimized
the error in TCVR (since IVCR is a component of the total void reac-
tivity). Physically such a barrier also represents a segregation of neu-
tron energies emitted from delayed neutron precursors. As shown in
Table 6, the three-energy-group structure with energy barriers set as
2.87 eV and 820 keV is characterized by a small error in the calcula-
tions of TCVR, ICVR and OCVR. However, the error in overall bias in
multiplication constant increases slightly as compared with the
two-group results. While it may be possible to reduce this bias by
searching for a third boundary, it is not recommended since setting
this boundary solely to eliminate a bias in ki, would amount to
intentional error cancelation (from the authors point of view). For
example, adding a third energy group barrier at 1.35 eV to form a
four energy group structure would eliminate all the residual error
in kj,r obtained with the previously chosen three group structure
and would also preserve the small errors in TCVR, ICVR or OCVR.
However, such a barrier appears to bi-sect some low lying reso-
nances and hence may not have any physical meaning other than
to cancel out errors from the earlier optimization stage.

= Oif. in TOVR Between 238 Groups and 3 Growps vith 2.87¢V a6 themmal cutteoff  —— DOif. in ICVR Between 238 Groups and 3 Growps with 2.87eV a6 themmal cutt-off
Cif.in OCVR Between 238 Growps and 3 Groups with 2.87eV as themd amof —— Cif.in FTC Beween 238 Growps and 3 Grawps with 287V a5 themmal curt-off
——Dif. in WTC Between 238 Groups and 3 Groups with 2 87V a6 themnal cust-off
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Fig. 8. The difference in reactivity, ICVR, OCVR, TCVR, FTC, and MTC between a three group structure with boundaries at (2.87 eV and energy E) and the reference solution.

Table 6

A detailed best optimum energy group structure based on selected perturbation of different design accident scenarios at the middle of the channel for burnup fuel.

Number of energy groups Energy Barriers

Difference in Reactivity (mk)

DIff. in TCVR (mk) DIff. in ICVR {mk) DIff. in OCVR (mk)

287eV
2.87 eV -820 keV

2 Groups
3 Groups

0.0136
1.2727

-1.3739
—0.3793

—0.8378
—0.0805

—0.3910
—0.3999
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Table 7

Reactivity difference for selected optimum energy at mid (25 MW d kg~' [HM])) and high (50 MW d kg~ [HM])) burnup at selected location along the vertical fuel channel as

compared to the reference simulations at that condition/location.

Number of Energy Groups Energy Barriers

Distance from the bottom of the channel (Location)

Fuel Burnup (MW d kg~' [HM]) Difference in Reactivity (mk)

2 2.87eV 250 cm (Middle)

2 2.87eV 250 cm (Middle)

3 2.87 eV-820 475 cm (Top)
keV

3 2.87 eV-820 250 cm (Middle)
keV

3 2.87 eV-820 250 cm (Middle)
keV

3 2.87 eV-820 25 c¢m (Bottom)
kev

25 0.0136
50 —0.9553
25 1.098
25 1.273
50 0.723
25 2.006

3.3.1. Verification of proposed group structure with core elevation and
fuel burnup

The study that investigates the optimum energy group struc-
ture for the Canadian PT-SCWR was performed for fresh and
depleted fuel with mid-cycle burnup assigned at 25 MW d kg '
[HM]. In order to verify the proposed optimum group structure
with burnup, the reactivity difference using the assigned two and
three group structure were examined for fuel with higher burnup
value (50 MW dkg ! [HM]) at the middle of the channel. As
depicted in Table 7, the reactivity difference from the reference
solution at high fuel burnup value (50 MW d kg~' [HM]) is small
for the assigned optimum two and three energy group structures
with an error less than 1 mk in both cases. This validates the
pre-assigned optimum energy group structures with high fuel
burnup.

The optimization of the energy group structure was performed
at the core midplane since this position was shown to provide
acceptable boundaries to elevations above and below the core
mid-plane. In addition the proposed three-group structure
obtained at the middle of the channel was verified against the ref-
erence solution at the top and bottom of the fuel assembly corre-
sponding to 475 cm and 25 cm from the bottom of the channel,
respectively. As shown in Table 7, the three-energy-group struc-
ture shows similar behavior and characteristics at all core eleva-
tions. Similar to the behavior of the optimum two-group
structure discussed previously, the highest error in reactivity
obtained using the optimum three-group structure occurs at the
bottom of the core. However, the deviation from the mid-plane
location is small (less than ~0.73 mk).

4. Summary and conclusion

This work investigated the optimal energy group structure for
few-energy group homogenization for the advanced PT-SCWR lat-
tice since previous studies showed that such few group structure
depends on the nuclear reactor type, design, operating conditions
and fuel nature. A sensitivity study of the optimum discretized
few energy group structure was performed for the Canadian PT-
SCWR 64 element with fresh and depleted fuel. One of the impor-
tant findings of this work shows that a higher thermal cut-off bar-
rier is recommended for the Canadian PT-SCWR than traditional
CANDU or LWR designs. Based on minimizing the deviation in Ky,
a boundary at 2.87 eV is recommended for the two-energy group
diffusion analysis.

Only a single barrier can be selected for a single cost function
through numerical optimization. Using an additional cost function
based on coolant density feedbacks an additional boundary at 820
keV is recommended. The optimum three energy group structure
was determined based on the behavior of relevant feedback coeffi-
cients. This 820 keV barrier also delineates epithermal neutrons
from those in the faster and delayed neutron range so as to mini-
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mize the deviation from the reference case feedback coefficients.
Given the importance of these feedback phenomena it is recom-
mended that all diffusion level transient calculations proceed with
a minimum of three energy groups with barriers located at 2.87 eV
and 820 keV.
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Chapter 7

Conclusions and Future Work

This work introduces a novel means and analysis that investigates the various lattice
physics phenomena occur within the Canadian PT-SCWR to provide a
comprehensive understanding of the neutronic behaviour within the lattice cell of
such advanced GEN-1V nuclear energy system. Moreover, this work provided the
most extensive examination of energy group boundaries for Pu-Th fuel mixture in
high temperature reactors available up to date. The outcomes of the models were
applied and the analysis performed lead to important conclusions related to the type
of the fuel and design of such innovative GEN-1V nuclear reactor system which are
summarized in this chapter. Recommendations for future work and a brief summary
to the novel contribution to the knowledge created through the course of this work

are also highlighted within this chapter.

The literature review discussed in this work shows that the Canadian PT-SCWR,
which is an advanced GEN-1V nuclear energy system, has significant changes as
compared to the conventional CANDU reactor. The multiple coolant flow-paths
through the fuel channel, the Pu-Th fuel mixture, and the variation of the coolant
properties through the fuel assembly lead to unique phenomena which have

previously not been fully examined.

The first two papers investigate the lattice physics phenomena within the PT-
SCWR through sensitivity and uncertainty analysis for fresh and depleted fuel. The
third paper introduces a systematic study to examine the optimal discretized few
energy group structure by which the minimum number of energy groups that
corresponds to the highest computational accuracy were determined.
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The three papers combined represent an in-depth analysis of the reactor physics
phenomena for the Canadian PT-SCWR which lead to the following important

conclusions:

e The Pu-Th fuel mixture is characterized by several large-magnitude and
competing phenomena which cancels one another and gives rise to low
sensitivities to important parameters such as coolant density. However, such
large and competing phenomena also raise issues related to the robustness
of the fuel design, since small changes in thermalhydraulic or fuel properties
may give rise to undesirable behaviour.

e The tight lattice pitch of the PT SCWR compared to the conventional
CANDU reactor results in a harder neutron spectrum. Such a spectrum
appears well suited to the Pu-Th fuel, since it tends to increase the efficiency
of fuel conversion.

e The coolant has an important contribution in the neutron moderation process.
Consequently, the resonance escape probability and the fast fission factors
become highly affected by the light water coolant properties in the fuel and
flow tube regions. The PT-SCWR is characterized by a strong negative total
coolant void reactivity dominated by the strong decrease in resonance
escape probability. However as noted in the first paper, for non-equilibrium
voiding cases the feedback may be positive.

e The PT-SCWR fuel channel is characterized by very high coolant
temperature compared to the conventional thermal reactors. And thus the
up-scattering phenomena into the low lying fission and capture resonances
become very important and affect other phenomena such as the fuel, coolant
and moderator temperature coefficients. Such importance is also reflected
in the selection of the energy-group boundaries as discussed in the third
paper.

e Fresh and depleted fuels are characterized by almost the same behaviour in
terms of the reactivity changes and the behaviour of the four factors. The
most important difference between fresh and depleted fuel is related to the
fuel composition by which the overall fission content decreases with the Pu
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depletion and the production of minor actinides, fission products, xenon and
233U. The decrease in the reactivity observed for the depleted fuel is mainly
due to the decrease in the reproduction factor as a consequence of fuel
composition changes and the decrease in the fissile materials of the fuel.

e The optimum two and three energy group structures were identified based
on numerical methods relying on the behaviour of the neutron multiplication
factor and the different reactivity feedbacks. The third paper identified the
importance of using multiple cost-function in the optimization process of
energy group structure since multi-variate numerical search methodologies
shows a limitation using one cost function.

e A two-group structure with an energy barrier set at 2.87 eV was observed
to have an expected solution very close to the reference solution.
Consequently, a higher thermal energy cut off compared with the
conventional light water thermal reactors set at 2.87 eV is recommended for
full core diffusion analysis for the PT-SCWR.

e Through numerical optimization, a unique barrier can be selected using
singular cost function. The optimum three energy group structure was
determined with additional barriers set at 820 keV based on the behaviour
of reactivity feedback coefficients. The 820 keV barrier in the three group
structure would separate the epithermal neutron range from the fast and
delayed neutron range and minimize difference of other reactivity feedback
coefficients from the reference solution. Additional energy group structure
with a third energy barrier is set at 1.35 eV would minimize the bias in ke
and eliminate all the residual error in the neutron multiplication constant
obtained due to the previously chosen three energy group structure. Also,
the third energy barrier set at 1.35 eV would preserve the small errors in the
calculation of the values of TCVR, ICVR and OCVR. Nevertheless, such

additional barrier suffers from error cancelation.
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7.1. Future Work

Completion of this work has identified many potential projects that can be pursued

in the future, especially for the benefits of the development of the Canadian PT-

SCWR project which has many participants through the different research

institutions and universities. This includes, but is not limited to:

The fuel nature and composition used in this study shows non-ideal
behaviour in terms of large and opposing phenomena which cancel out. As
a result, further investigation is recommended on the fuel design, type and
percentage composition in order to have a fuel that is characterized by more
stable behaviour.

In this work, the optimum few energy group structure was determined based
on the lattice cell transport approach. This approach has many benefits
including the elimination of the code-to-code biases and the decrease in the
computational cost. However, it is recommended that the outcomes of this
study be validated with a full-core diffusion analysis and to compare the
results with high energy fidelity reference solution obtained using the Monte
Carlo continues energy like MCNP. Although a preliminary investigation
of full-core analysis using PARCS was performed and confirmed the
outcomes of this work but the in-depth comparisons were beyond the scope
of this work.

7.2. Publications and presentations

In addition to the novel methods and analysis presented in this work, contribution

to knowledge extents to the peer-reviewed studies, journal publications and

presentations presented in international conferences which are listed as:

e A. Moghrabi and D.R. Novog, “Determination of the Optimal Few-Energy
Group Structure for the Canadian Super Critical Water-cooled Reactor”,
accepted by the Annals of Nuclear Energy on 12 Jan. 2018.

e A. Moghrabi and D.R. Novog, “Investigation of Fuel Burnup Impacts on
Nuclear Reactor Safety Parameters in the Canadian Pressure Tube
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Supercritical Water-cool Reactor,” ASME. ASME Journal of Nuclear
Radiation Science. 2017;4(1):011011-011011-11. doi:10.1115/1.4037895.

e A. Moghrabi and D.R. Novog, "Optimization Approach of Energy Group
Structure for the Canadian Pressure Tube SuperCritical
Water Reactor," Proceedings of the 37" Annual Conference of the Canadian
Nuclear Society, Niagara Falls, ON Canada 2017.

e A. Moghrabi and D.R. Novog, "Investigation of Fuel Burnup on Reactor
Physics Phenomena in the Canadian Pressure Tube SuperCritical Water-cool
Reactor,” Proceedings of the 8™ International Symposium on
SuperCritical Water Reactor (ISSCWR-8), Chengdu, China, 2017.

e A.Moghrabi and D.R. Novog,"Investigation of Lattice Physics Phenomena in
the Canadian PT-SCWR in some Perturbed Scenarios,"” submitted to the
41" CNS/CNA Student Conference of the Canadian Nuclear Society, Niagara
Falls, Ontario, Canada 2017.

e A. Moghrabi and D.R. Novog, “Investigation of Reactor Physics Phenomena
in the Canadian Pressure Tube SuperCritical Water Reactor,” Canadian
Nuclear Laboratories Nuclear Review, Vol. 5, No. 2, 2016, pp. 253-268,
doi:10.12943/CNR.2016.00031, available online at:
http://dx.doi.org/10.12943/CNR.2016.00031

e A. Moghrabi and D.R. Novog," Nuclear Data Sensitivity and Uncertainty
Analysis for the Canadian Supercritical Water- cooled Reactor (SCWR) 64 —
element Fresh Fuel Lattice Cell," Proceedings of the 39" CNS/CNA Student
Conference of the Canadian Nuclear Society, Saint John, New Brunswick,
Canada, 2015.

e J. Sharpe, F. Salaun, D. Hummel, A. Moghrabi, M. Nowak, J. Pencer, D.
Novog. A. Buijs, “A Benchmark Comparison of the Canadian SuperCritical
Water-cooled Reactor (SCWR) 64-element Fuel Lattice Cell Parameters Using
Various Computer Codes,” Proceedings of the 35" Annual Conference of the
Canadian Nuclear Society, Saint John, New Brunswick, Canada, 2015.
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Appendix

1. PT-SCWR model input

The PT-SCWR lattice cell was modelled in SCALE. Thousands of input file have
to be created for the optimum energy group structure analysis. Such process was
automated using python language in conjunction with the SCALE code in order to
generate the SCALE input files. It would be inconvenient to present all the input

files in this report, rather a sample would be presented.

A sample of python file that creates all the allowed two-group structure lattice cell
(237 files) is show below which also reflects PT-SCWR lattice cell modelling in
SCALE:

import subprocess
import os
FHA# AR AR
# Middle of the Channel Input file top and bottom templates
FHA# AR AR AR
Middle inputfile top template ='=t-xsec\n'\
'SCWR Lattice Cell (at 250 cm from bottom Channel / Middle of
channel) \n'\
'v7-238 \n'\
'read composition \n'\
'h2o 1 den=0.58758 1 634.39 end \n'\

'wtpt-zr310ssIFT \n'\

28000 20.82\n"\
24000 25.04\n"'"\
26000 51.738\n"'\
42000 0.51\n"\
' 40000 0.59\n"\
'1 663.99 end\n'\
'h2o 3 den=0.13998 1 692.35 end\n"'\

' 2 7.90 10 \n'"\
! 6000 0.034\n"\

' 14000 0.5I\n"\

' 25055 0.74\n"\

' 15031 0.016\n"\

' 16000 0.002\n"\

ag-107 4 Den=9.091 0 6.2281E-0121550.53 end
ag-109 4 Den=9.91 0 0.0000165131550.53 end
ag-111 4 Den=9.091 0 4.4363E-008 1550.53 end
al-27 4 Den=9.91 0 1E-020 1550.53 end \n'\
am-241 4 Den=9.091 0 0.000036693 1550.53 end
am-242 4 Den=9.091 0 3.2175E-008 1550.53 end
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am-243 4 Den=9.91 0 0.0000392551550.53 end \n'\
ar-36 4 Den=9.91 0 1E-020 1550.53 end \n'\
ar—-38 4 Den=9.91 0 1E-020 1550.53 end \n'\
ar-40 4 Den=9.91 0 1.0022E-0201550.53 end \n'\
as-75 4 Den=9.91 0 1.7175E-008 1550.53 end \n'\
au-197 4 Den=9.91 0 1.0192E-0201550.53 end \n'\
b-10 4 Den=9.91 0 3.662E-018 1550.53 end \n'\
b-11 4 Den=9.91 0 7.5781E-0151550.53 end \n'\
ba-130 4 Den=9.91 0 1E-020 1550.53 end \n'\
ba-132 4 Den=9.91 0 6.6364E-012 1550.53 end \n'\
ba-134 4 Den=9.91 0 0.000001661 1550.53 end \n'\
ba-135 4 Den=9.91 0 6.9206E-0091550.53 end \n'\
ba-136 4 Den=9.91 0 1.5886E-0061550.53 end \n'\
ba-137 4 Den=9.91 0 2.5334E-006 1550.53 end \n'\
ba-138 4 Den=9.91 0 0.000072562 1550.53 end \n'\
ba-140 4 Den=9.91 0 0.000001154 1550.53 end \n'\
be-9 4 Den=9.91 0 4,.9886E-0131550.53 end \n'\
bi-209 4 Den=9.91 0 1.9697E-0131550.53 end \n'\
bk-249 4 Den=9.91 0 1.1303E-0131550.53 end \n'\
br-79 4 Den=9.91 0 2.5538E-0101550.53 end \n'\
br-81 4 Den=9.91 0 1.8199E-0061550.53 end \n'\
ca-40 4 Den=9.91 0 1E-020 1550.53 end \n'\
ca-42 4 Den=9.91 0 1.0011E-0201550.53 end \n'\
ca-43 4 Den=9.91 0 1E-020 1550.53 end \n'\
ca-44 4 Den=9.91 0 1.0069E-0201550.53 end \n'\
ca-46 4 Den=9.91 0 1E-020 1550.53 end \n'\
ca-48 4 Den=9.91 0 1E-020 1550.53 end \n'\
cd-106 4 Den=9.91 0 1.1919E-0201550.53 end \n'\
cd-108 4 Den=9.91 0 5.2466E-011 1550.53 end \n'\
cd-110 4 Den=9.91 0 5.1317E-006 1550.53 end \n'\
cd-111 4 Den=9.91 0 4.2797E-0061550.53 end \n'\
cd-112 4 Den=9.91 0 1.8648E-0061550.53 end \n'\
cd-113 4 Den=9.91 0 3.3468E-008 1550.53 end \n'\
cd-114 4 Den=9.91 0 1.9009E-006 1550.53 end \n'\
cd-116 4 Den=9.91 0 0.000000512 1550.53 end \n'\
ce-136 4 Den=9.91 0 1E-020 1550.53 end \n'\
ce-138 4 Den=9.91 0 2.2029E-0131550.53 end \n'\
ce-140 4 Den=9.91 0 0.000065946 1550.53 end \n'\
ce-141 4 Den=9.91 0 2.7452E-006 1550.53 end \n'\
ce-142 4 Den=9.91 0 0.0000579391550.53 end \n'\
ce-143 4 Den=9.91 0 1.0315E-007 1550.53 end \n'\
ce-144 4 Den=9.91 0 0.000016777 1550.53 end \n'\
cf-249 4 Den=9.91 0 2.5343E-014 1550.53 end \n'\
cf-250 4 Den=9.91 0 2.8225E-014 1550.53 end \n'\
cf-251 4 Den=9.91 0 8.4095E-0151550.53 end \n'\
cf-252 4 Den=9.91 0 1.6941E-0151550.53 end \n'\
cf-253 4 Den=9.91 0 1.2524E-0181550.53 end \n'\
cf-254 4 Den=9.091 0 2.2318E-0201550.53 end \n'\
cl-3514 Den=9.91 0 1E-020 1550.53 end \n'\
cl-37 4 Den=9.91 0 1.0044E-0201550.53 end \n'\
cm-241 4 Den=9.91 0 2.8001E-0131550.53 end \n'\
cm-242 4 Den=9.91 0 5.0745E-006 1550.53 end \n'\
cm-243 4 Den=9.91 0 0.000000107 1550.53 end \n'\
cm-244 4 Den=9.91 0 0.0000108051550.53 end \n'\
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cm-245 4 Den=9.91 0 7.3209E-007 1550.53 end \n'\
cm-246 4 Den=9.91 0 3.5894E-008 1550.53 end \n'\
cm-247 4 Den=9.91 0 3.4237E-010 1550.53 end \n'\
cm-248 4 Den=9.91 0 1.0818E-0111550.53 end \n'\
cm-250 4 Den=9.91 0 3.7882E-0191550.53 end \n'\
co-59 4 Den=9.91 0 1E-020 1550.53 end \n'\

cr-50 4 Den=9.91 0 1E-020 1550.53 end \n'\

cr-52 4 Den=9.091 0 1E-020 1550.53 end \n'\

cr-53 4 Den=9.91 0 1E-020 1550.53 end \n'\

cr-54 4 Den=9.91 0 1.0111E-0201550.53 end \n'\

cs-133 4 Den=9.91 0 0.000072161 1550.53 end \n'\
cs-134 4 Den=9.91 0 0.000004817 1550.53 end \n'\
cs-135 4 Den=9.91 0 0.000048944 1550.53 end \n'\
cs-136 4 Den=9.91 0 4.0088E-008 1550.53 end \n'\
cs-137 4 Den=9.91 0 0.000074212 1550.53 end \n'\
cu-63 4 Den=9.91 0 1E-020 1550.53 end \n'\

cu-65 14 Den=9.91 0 2.2916E-014 1550.53 end \n'\

dy-156 4 Den=9.91 0 3.0097E-0191550.53 end \n'\
dy-158 4 Den=9.91 0 2.91E-015 1550.53 end \n'\
dy-160 4 Den=9.91 0 2.0879E-008 1550.53 end \n'\
dy-161 4 Den=9.91 0 5.3738E-008 1550.53 end \n'\
dy-162 4 Den=9.91 0 2.6777E-008 1550.53 end \n'\
dy-163 4 Den=9.91 0 1.6635E-0081550.53 end \n'\
dy-164 4 Den=9.91 0 4.8274FE-0091550.53 end \n'\
er-162 4 Den=9.91 0 2.8299E-0191550.53 end \n'\
er-164 4 Den=9.91 0 5.2949E-014 1550.53 end \n'\
er-166 4 Den=9.91 0 1.1619E-0091550.53 end \n'\
er-167 4 Den=9.91 0 1.1031E-0101550.53 end \n'\
er-168 4 Den=9.91 0 2.3476E-0101550.53 end \n'\
er-170 4 Den=9.91 0 1.3983E-0111550.53 end \n'\
es-253 4 Den=9.91 0 9.5144E-0191550.53 end \n'\
es-254 4 Den=9.91 0 1E-020 1550.53 end \n'\
es-255 4 Den=9.91 0 1E-020 1550.53 end \n'\
eu-151 4 Den=9.91 0 6.3861E-0091550.53 end \n'\
eu-152 4 Den=9.91 0 5.1797E-009 1550.53 end \n'\
eu-153 4 Den=9.91 0 7.7686E-006 1550.53 end \n'\
eu-154 4 Den=9.91 0 1.4927E-0061550.53 end \n'\
eu-155 4 Den=9.91 0 5.7145E-007 1550.53 end \n'\
eu-156 4 Den=9.91 0 1.2946E-007 1550.53 end \n'\
eu-157 4 Den=9.91 0 0.000000001 1550.53 end \n'\
£f-19 4 Den=9.91 0 1.2121E-0201550.53 end \n'\

fe-54 4 Den=9.91 0 1E-020 1550.53 end \n'\

fe-56 4 Den=9.91 0 1.0253E-0201550.53 end \n'\

fe-57 4 Den=9.91 0 1E-020 1550.53 end \n'\

fe-58 4 Den=9.91 0 2.9515E-0201550.53 end \n'\

ga-69 4 Den=9.91 0 9.4391E-0111550.53 end \n'\

ga-71 4 Den=9.91 0 6.712E-010 1550.53 end \n'\

gd-152 4 Den=9.91 0 5.8908E-009 1550.53 end \n'\
gd-154 4 Den=9.91 0 1.1493E-007 1550.53 end \n'\
gd-155 4 Den=9.91 0 1.1546E-008 1550.53 end \n'\
gd-156 4 Den=9.91 0 3.8867E-006 1550.53 end \n'\
gd-157 4 Den=9.91 0 1.4465E-008 1550.53 end \n'\
gd-158 4 Den=9.91 0 1.7884E-006 1550.53 end \n'\
gd-160 4 Den=9.91 0 1.4718E-007 1550.53 end \n'\
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ge-70 4 Den=9.91 0 5.4033E-0131550.53 end \n'\
ge-72 4 Den=9.91 0 1.4903E-0091550.53 end \n'\
ge-73 4 Den=9.91 0 3.19E-009 1550.53 end \n'\
ge-74 4 Den=9.91 0 7.6277E-009 1550.53 end \n'\
ge-76 4 Den=9.91 0 3.646E-008 1550.53 end \n'\
h-1 4 Den=9.91 0 1.5949E-008 1550.53 end \n'\
h-2 4 Den=9.91 0 1.7094E-009 1550.53 end \n'\
h-3 4 Den=9.91 0 1.603E-007 1550.53 end \n'\
he-3 4 Den=9.91 0 1E-020 1550.53 end \n'\
he-4 4 Den=9.91 0 0.000012718 1550.53 end \n'\
hf-174 4 Den=9.91 0 1E-020 1550.53 end \n'\
hf-176 4 Den=9.91 0 1.0131E-0201550.53 end \n'\
hf-177 4 Den=9.91 0 1E-020 1550.53 end \n'\
hf-178 4 Den=9.91 0 1.5767E-020 1550.53 end \n'\
hf-179 4 Den=9.91 0 1.7409E-0201550.53 end \n'\
hf-180 4 Den=9.91 0 1.3179E-0201550.53 end \n'\
hg-196 4 Den=9.91 0 1E-020 1550.53 end \n'\
hg-198 4 Den=9.91 0 1.603E-020 1550.53 end \n'\
hg-199 4 Den=9.91 0 1E-020 1550.53 end \n'\
hg-200 4 Den=9.91 0 1.6999E-0201550.53 end \n'\
hg-201 4 Den=9.91 0 1E-020 1550.53 end \n'\
hg-202 4 Den=9.91 0 1.0177E-0201550.53 end \n'\
hg-204 4 Den=9.91 0 1E-020 1550.53 end \n'\
ho-165 4 Den=9.91 0 3.7506E-009 1550.53 end \n'\
i-127 4 Den=9.91 0 4.5246E-006 1550.53 end \n'\
i-129 4 Den=9.91 0 0.000013661 1550.53 end \n'\
i-130 4 Den=9.91 0 3.4422E-0101550.53 end \n'\
i-131 4 Den=9.91 0 4.5672E-007 1550.53 end \n'\
i-135 4 Den=9.91 0 2.8348E-008 1550.53 end \n'\
in-113 4 Den=9.91 0 7.6894E-0111550.53 end \n'\
in-115 4 Den=9.91 0 2.843E-007 1550.53 end \n'\
ir-191 4 Den=9.91 0 1E-020 1550.53 end \n'\
ir-193 4 Den=9.91 0 1E-020 1550.53 end \n'\
k-39 4 Den=9.91 0 1E-020 1550.53 end \n'\
k-40 4 Den=9.91 0 1E-020 1550.53 end \n'\
k-41 4 Den=9.91 0 1.0166E-0201550.53 end \n'\
kr-78 4 Den=9.91 0 7.0291E-0201550.53 end \n'\
kr-80 4 Den=9.91 0 3.0379E-0111550.53 end \n'\
kr-82 4 Den=9.91 0 3.6207E-008 1550.53 end \n'\
kr-83 4 Den=9.91 0 3.4076E-006 1550.53 end \n'\
kr-84 4 Den=9.91 0 6.5589E-006 1550.53 end \n'\
kr-85 4 Den=9.91 0 0.000001565 1550.53 end \n'\
kr-86 4 Den=9.91 0 0.0000101191550.53 end \n'\
la-138 4 Den=9.91 0 8.0904E-0101550.53 end \n'\
1la-139 4 Den=9.91 0 0.000067626 1550.53 end \n'\
1la-140 4 Den=9.91 0 0.000000154 1550.53 end \n'\
1i-6 4 Den=9.91 0 1E-020 1550.53 end \n'\
1i-7 4 Den=9.91 0 1.9997E-020 1550.53 end \n'\
1u-175 4 Den=9.91 0 1.0181E-0201550.53 end \n'\
lu-176 4 Den=9.91 0 1E-020 1550.53 end \n'\
mg-24 4 Den=9.91 0 1.0003E-0201550.53 end \n'\
mg-25 4 Den=9.91 0 1E-020 1550.53 end \n'\
mg-26 4 Den=9.91 0 1.0001E-0201550.53 end \n'\
mn-55 4 Den=9.91 0 1E-020 1550.53 end \n'\
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mo-100
mo-92
mo-94
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mo-96
mo-97
mo-98
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n-14
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nb-94
nb-95
nd-142
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pr-142 4 Den=9.91 0 1.1712E-0091550.53 end \n'\
pr-143 4 Den=9.91 0 1.0147E-006 1550.53 end \n'\
pu-236 4 Den=9.91 0 3.1473E-0111550.53 end \n'\
pu-237 4 Den=9.91 0 1.5299E-0101550.53 end \n'\
pu-238 4 Den=9.91 0 0.000075172 1550.53 end \n'\
pu-239 4 Den=9.91 0 0.00061728 1550.53 end \n'\
pu-240 4 Den=9.91 0 0.00079033 1550.53 end \n'\
pu-241 4 Den=9.91 0 0.00033178 1550.53 end \n'\
pu-242 4 Den=9.91 0 0.00029508 1550.53 end \n'\
pu-243 4 Den=9.91 0 1.793E-008 1550.53 end \n'\
pu-244 4 Den=9.91 0 6.2066E-0091550.53 end \n'\
rb-85 4 Den=9.91 0 5.8342E-006 1550.53 end \n'\
rb-86 4 Den=9.91 0 0.000000001 1550.53 end \n'\
rb-87 4 Den=9.91 0 0.0000132021550.53 end \n'\
re-185 4 Den=9.91 0 1E-020 1550.53 end \n'\
re-187 4 Den=9.91 0 1.0495E-0201550.53 end \n'\
rh-103 4 Den=9.91 0 0.00006343 1550.53 end \n'\
rh-105 4 Den=9.91 0 1.1525E-007 1550.53 end \n'\
ru-100 4 Den=9.91 0 5.0477E-006 1550.53 end \n'\
ru-101 4 Den=9.91 0 0.000066524 1550.53 end \n'\
ru-102 4 Den=9.91 0 0.000071997 1550.53 end \n'\
ru-103 4 Den=9.91 0 3.9478E-006 1550.53 end \n'\
ru-104 4 Den=9.91 0 0.000070731 1550.53 end \n'\
ru-105 4 Den=9.91 0 1.525E-008 1550.53 end \n'\
ru-106 4 Den=9.91 0 0.0000232151550.53 end \n'\
ru-96 4 Den=9.91 0 1E-020 1550.53 end \n'\
ru-98 4 Den=9.91 0 4.5375E-014 1550.53 end \n'\
ru-99 4 Den=9.91 0 2.5362E-0091550.53 end \n'\
s=32 4 Den=9.91 0 1E-020 1550.53 end \n'\
s-33 4 Den=9.91 0 1E-020 1550.53 end \n'\
s-34 4 Den=9.91 0 1.0002E-0201550.53 end \n'\
s-36 4 Den=9.91 0 1E-020 1550.53 end \n'\
sb-121 4 Den=9.91 0 3.6017E-007 1550.53 end \n'\
sb-123 4 Den=9.91 0 4 .5935E-007 1550.53 end \n'\
sb-124 4 Den=9.91 0 1.6644E-009 1550.53 end \n'\
sb-125 4 Den=9.91 0 0.000000764 1550.53 end \n'\
sb-126 4 Den=9.91 0 3.4674E-010 1550.53 end \n'\
sc—45 4 Den=9.091 0 1E-020 1550.53 end \n'\
se-74 4 Den=9.91 0 2.4291E-014 1550.53 end \n'\
se-76 4 Den=9.91 0 3.6036E-0101550.53 end \n'\
se-=77 4 Den=9.91 0 7.9748E-008 1550.53 end \n'\
se-78 4 Den=9.91 0 2.2178E-007 1550.53 end \n'\
se-80 4 Den=9.91 0 0.00000098 1550.53 end \n'\
se-82 4 Den=9.91 0 2.6315E-006 1550.53 end \n'\
si-28 4 Den=9.91 0 1E-020 1550.53 end \n'\
si-29 4 Den=9.91 0 1.0006E-0201550.53 end \n'\
si-30 4 Den=9.91 0 1.0028E-0201550.53 end \n'\
sm-144 4 Den=9.91 0 6.3359E-0191550.53 end \n'\
sm—147 4 Den=9.91 0 4.7122E-006 1550.53 end \n'\
sm-148 4 Den=9.91 0 5.4994E-006 1550.53 end \n'\
sm—-149 4 Den=9.91 0 2.7546E-007 1550.53 end \n'\
sm-150 4 Den=9.91 0 0.000014991 1550.53 end \n'\
sm—-151 4 Den=9.91 0 1.7637E-006 1550.53 end \n'\
sm—-152 4 Den=9.91 0 9.4639E-006 1550.53 end \n'\
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sm-153 4 Den=9.91 0 4.5501E-008 1550.53 end \n'\
sm—-154 4 Den=9.91 0 3.3027E-006 1550.53 end \n'\
sn-112 4 Den=9.91 0 2.0555E-016 1550.53 end \n'\
sn-114 4 Den=9.91 0 7.0404E-012 1550.53 end \n'\
sn-115 4 Den=9.91 0 2.3373E-008 1550.53 end \n'\
sn-116 4 Den=9.91 0 1.1188E-007 1550.53 end \n'\
sn-117 4 Den=9.91 0 0.000000455 1550.53 end \n'\
sn-118 4 Den=9.91 0 0.0000003651550.53 end \n'\
sn-119 4 Den=9.91 0 3.5594E-007 1550.53 end \n'\
sn-120 4 Den=9.91 0 3.6027E-007 1550.53 end \n'\
sn-122 4 Den=9.91 0 4.7436E-007 1550.53 end \n'\
sn-123 4 Den=9.91 0 1.7497E-008 1550.53 end \n'\
sn-124 4 Den=9.91 0 7.6774E-007 1550.53 end \n'\
sn-125 4 Den=9.91 0 6.7809E-0091550.53 end \n'\
sn-126 4 Den=9.91 0 1.9403E-006 1550.53 end \n'\
sr-84 4 Den=9.91 0 2.7128E-0131550.53 end \n'\
sr-86 4 Den=9.91 0 1.736E-008 1550.53 end \n'\
sr-87 4 Den=9.91 0 2.797E-010 1550.53 end \n'\
sr-88 4 Den=9.91 0 0.0000173051550.53 end \n'\
sr-89 4 Den=9.91 0 1.7174E-006 1550.53 end \n'\
sr-90 4 Den=9.91 0 0.000024997 1550.53 end \n'\
ta-181 4 Den=9.91 0 1E-020 1550.53 end \n'\
ta-182 4 Den=9.91 0 1E-020 1550.53 end \n'\
tb-159 4 Den=9.91 0 3.138E-007 1550.53 end \n'\
tb-160 4 Den=9.91 0 5.6285E-0091550.53 end \n'\
tc-99 4 Den=9.91 0 0.000065824 1550.53 end \n'\
te-120 4 Den=9.91 0 7.9964E-017 1550.53 end \n'\
te-122 4 Den=9.91 0 1.7535E-008 1550.53 end \n'\
te-123 4 Den=9.91 0 1.3076E-0101550.53 end \n'\
te-124 4 Den=9.91 0 0.00000001 1550.53 end \n'\
te-125 4 Den=9.91 0 2.9954E-007 1550.53 end \n'\
te-126 4 Den=9.91 0 3.5612E-008 1550.53 end \n'\
te-128 4 Den=9.91 0 7.5282E-006 1550.53 end \n'\
te-130 4 Den=9.91 0 0.000025272 1550.53 end \n'\
te-132 4 Den=9.91 0 2.4948E-007 1550.53 end \n'\
th-228 4 Den=9.91 0 3.0867E-009 1550.53 end \n'\
th-229 4 Den=9.91 0 1.4746E-009 1550.53 end \n'\
th-230 4 Den=9.91 0 1.7493E-008 1550.53 end \n'\
th-232 4 Den=9.91 0 0.018908 1550.53 end \n'\
ti-46 4 Den=9.91 0 1.0134E-0201550.53 end \n'\
ti-47 4 Den=9.91 0 1E-020 1550.53 end \n'\
ti-48 4 Den=9.91 0 1E-020 1550.53 end \n'\
ti-49 4 Den=9.91 0 1.0043E-0201550.53 end \n'\
ti-50 4 Den=9.91 0 1.0011E-0201550.53 end \n'\
u-232 4 Den=9.91 0 4.6017E-007 1550.53 end \n'\
u-233 4 Den=9.91 0 0.00020538 1550.53 end \n'\
u-234 4 Den=9.91 0 0.000012912 1550.53 end \n'\
u-235 4 Den=9.91 0 1.3289E-006 1550.53 end \n'\
u-236 4 Den=9.91 0 2.7385E-007 1550.53 end \n'\
u-237 4 Den=9.91 0 3.5967E-0101550.53 end \n'\
u-238 4 Den=9.91 0 1.3777E-009 1550.53 end \n'\
w-182 4 Den=9.91 0 1.1945E-0201550.53 end \n'\
w-183 4 Den=9.91 0 1.768E-020 1550.53 end \n'\
w-184 4 Den=9.91 0 1.291E-020 1550.53 end \n'\
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w-186 4 Den=9.91 0 1E-020 1550.53 end \n'\
xe—-124 4 Den=9.91 0 1E-020 1550.53 end \n'\
xe-126 4 Den=9.91 0 9.5678E-0121550.53 end \n'\
xe—-128 4 Den=9.91 0 1.9637E-007 1550.53 end \n'\
xe-129 4 Den=9.91 0 6.7194E-010 1550.53 end \n'\
xe—-130 4 Den=9.91 0 2.4625E-007 1550.53 end \n'\
xe—-131 4 Den=9.91 0 0.0000352631550.53 end \n'\
xe-132 4 Den=9.91 0 0.000065234 1550.53 end \n'"\
xe—-133 4 Den=9.91 0 5.4012E-007 1550.53 end \n'\
xe-134 4 Den=9.91 0 0.0000886451550.53 end \n'"\
xe—-135 4 Den=9.91 0 2.1102E-008 1550.53 end \n'\
xe-136 4 Den=9.91 0 0.00011767 1550.53 end \n'"\
y-89 4 Den=9.91 0 0.000019954 1550.53 end \n'\
yv-90 4 Den=9.91 0 6.4164E-009 1550.53 end \n'"\
y-91 4 Den=9.91 0 2.5764E-006 1550.53 end \n'\
zr-90 4 Den=9.91 0 8.449E-007 1550.53 end \n'\
zr-91 4 Den=9.91 0 0.0000269321550.53 end \n'\
zr-92 4 Den=9.91 0 0.000035084 1550.53 end \n'\
zr-93 4 Den=9.91 0 0.0000432051550.53 end \n'\
zr-94 4 Den=9.91 0 0.000048692 1550.53 end \n'\
zr-95 4 Den=9.91 0 4.8156E-0061550.53 end \n'\
zr-96 4 Den=9.91 0 0.0000553371550.53 end \n'\

'wtpt-zr310ssFCI\n'\

' 5 7.90 10\n"'\

! 6000 0.034\n"\

' 14000 0.51\n"\

' 25055 0.74\n"\

' 15031 0.016\n"\

' 16000 0.002\n"\

' 28000 20.82\n'"\

' 24000 25.04\n'"\

' 26000 51.738\n'\

' 42000 0.51\n"\

' 40000 0.59\n"\

'1 781.38 end\n'\
ag-107 6 Den=9.87 0 5.9219E-012 1550.53 end \n'\
ag-109 6 Den=9.87 0 0.0000151691550.53 end \n'\
ag-111 6 Den=9.87 0 3.9522E-008 1550.53 end \n'\
al-27 6 Den=9.87 0 1E-020 1550.53 end \n'\
am-241 6 Den=9.87 0 0.000026051 1550.53 end \n'\
am-242 6 Den=9.87 0 2.7827E-008 1550.53 end \n'\
am-243 6 Den=9.87 0 0.000037477 1550.53 end \n'\
ar-36 6 Den=9.87 0 1E-020 1550.53 end \n'\
ar-38 6 Den=9.87 0 1E-020 1550.53 end \n'\
ar-40 6 Den=9.87 0 1.0031E-0201550.53 end \n'\
as-75 6 Den=9.87 0 1.7948E-008 1550.53 end \n'\
b-10 6 Den=9.87 0 2.7166E-018 1550.53 end \n'\
b-11 6 Den=9.87 0 6.5166E-0151550.53 end \n'\
ba-130 6 Den=9.87 0 1E-020 1550.53 end \n'\
ba-132 6 Den=9.87 0 5.8619E-012 1550.53 end \n'\
ba-133 6 Den=9.87 0 2.1414E-012 1550.53 end \n'\
ba-134 6 Den=9.87 0 1.7507E-006 1550.53 end \n'\
ba-135 6 Den=9.87 0 7.767E-009 1550.53 end \n'\
ba-136 6 Den=9.87 0 1.4938E-006 1550.53 end \n'\
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ba-137 6 Den=9.87 0 2.4489E-006 1550.53 end \n'\
ba-138 6 Den=9.87 0 0.0000691651550.53 end \n'\
ba-140 6 Den=9.87 0 1.0729E-0061550.53 end \n'\
be-9 © Den=9.87 0 4.5215E-0131550.53 end \n'\

bi-209 6 Den=9.87 0 2.3307E-0131550.53 end \n'\
bk-249 6 Den=9.87 0 2.3217E-0131550.53 end \n'\
bk-250 6 Den=9.87 0 1.5003E-0161550.53 end \n'\
br-79 6 Den=9.87 0 2.5522E-0101550.53 end \n'\

br-81 6 Den=9.87 0 1.7754E-006 1550.53 end \n'\

ca-40 6 Den=9.87 0 1E-020 1550.53 end \n'\

ca-42 6 Den=9.87 0 1.0014E-0201550.53 end \n'\

ca-43 6 Den=9.87 0 1E-020 1550.53 end \n'\

ca-44 6 Den=9.87 0 1.0092E-0201550.53 end \n'\

ca-46 6 Den=9.87 0 1E-020 1550.53 end \n'\

ca-48 6 Den=9.87 0 1E-020 1550.53 end \n'\

cd-106 6 Den=9.87 0 1.1602E-0201550.53 end \n'\
cd-108 6 Den=9.87 0 4.591E-011 1550.53 end \n'\
cd-110 6 Den=9.87 0 5.2959E-006 1550.53 end \n'\
cd-111 6 Den=9.87 0 4.0335E-0061550.53 end \n'\
cd-112 6 Den=9.87 0 1.7564E-006 1550.53 end \n'\
cd-113 6 Den=9.87 0 2.4639E-008 1550.53 end \n'\
cd-114 6 Den=9.87 0 1.7914E-006 1550.53 end \n'\
cd-116 6 Den=9.87 0 4.7455E-007 1550.53 end \n'\
ce-136 6 Den=9.87 0 1E-020 1550.53 end \n'\
ce-138 6 Den=9.87 0 1.9648E-0131550.53 end \n'\
ce-140 6 Den=9.87 0 0.000063318 1550.53 end \n'\
ce-141 6 Den=9.87 0 2.5534E-006 1550.53 end \n'\
ce-142 6 Den=9.87 0 0.000055728 1550.53 end \n'\
ce-143 6 Den=9.87 0 9.6755E-008 1550.53 end \n'\
ce-144 6 Den=9.87 0 0.0000158931550.53 end \n'\
cf-249 6 Den=9.87 0 4.9467E-0141550.53 end \n'\
cf-250 6 Den=9.87 0 5.9696E-014 1550.53 end \n'\
cf-251 6 Den=9.87 0 1.839E-014 1550.53 end \n'\
cf-252 6 Den=9.87 0 5.123E-015 1550.53 end \n'\
cf-253 6 Den=9.87 0 4.4617E-018 1550.53 end \n'\
cf-254 6 Den=9.87 0 1.007E-019 1550.53 end \n'\
cl-35 6 Den=9.87 0 1E-020 1550.53 end \n'\

cl-37 6 Den=9.87 0 1.0053E-0201550.53 end \n'\

cm—-241 6 Den=9.87 0 2.2096E-0131550.53 end \n'\
cm—242 6 Den=9.87 0 4.4683E-0061550.53 end \n'\
cm-243 6 Den=9.87 0 1.0173E-007 1550.53 end \n'\
cm-244 6 Den=9.87 0 0.000011362 1550.53 end \n'\
cm-245 6 Den=9.87 0 7.6992E-007 1550.53 end \n'\
cm-246 6 Den=9.87 0 5.5154E-008 1550.53 end \n'\
cm-247 6 Den=9.87 0 5.7203E-0101550.53 end \n'\
cm-248 [ Den=9.87 0 2.1007E-011 1550.53 end \n'\
cm-250 6 Den=9.87 0 8.4015E-0191550.53 end \n'\
co-59 6 Den=9.87 0 1E-020 1550.53 end \n'\

cr-50 6 Den=9.87 0 1E-020 1550.53 end \n'\

cr-52 6 Den=9.87 0 1E-020 1550.53 end \n'\

cr-53 6 Den=9.87 0 1E-020 1550.53 end \n'\

cr-54 6 Den=9.87 0 1.0148E-0201550.53 end \n'\

cs-133 6 Den=9.87 0 0.00006783 1550.53 end \n'\
cs-134 6 Den=9.87 0 5.0257E-006 1550.53 end \n'\
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cs-135 6 Den=9.87 0 0.000039142 1550.53 end \n'\
cs-136 6 Den=9.87 0 3.6737E-008 1550.53 end \n'\
cs-137 6 Den=9.87 0 0.00007077 1550.53 end \n'\
cu-63 6 Den=9.87 0 1E-020 1550.53 end \n'\
cu-65 6 Den=9.87 0 2.2108E-014 1550.53 end \n'\
dy-156 6 Den=9.87 0 2.1693E-019 1550.53 end \n'\
dy-158 6 Den=9.87 0 2.5291E-0151550.53 end \n'\
dy-160 6 Den=9.87 0 2.1387E-008 1550.53 end \n'\
dy-161 6 Den=9.87 0 4.774E-008 1550.53 end \n'\
dy-162 6 Den=9.87 0 2.6132E-008 1550.53 end \n'\
dy-163 6 Den=9.87 0 1.6619E-008 1550.53 end \n'\
dy-164 6 Den=9.87 0 4.1296E-0091550.53 end \n'\
er-162 6 Den=9.87 0 1.7676E-0191550.53 end \n'\
er-164 6 Den=9.87 0 4.7184E-014 1550.53 end \n'\
er-166 6 Den=9.87 0 1.1645E-0091550.53 end \n'\
er-167 6 Den=9.87 0 9.2962E-0111550.53 end \n'\
er-168 6 Den=9.87 0 2.1929E-0101550.53 end \n'\
er-170 6 Den=9.87 0 1.2686E-0111550.53 end \n'\
es-253 6 Den=9.87 0 3.299E-018 1550.53 end \n'\
es-254 6 Den=9.87 0 2.4587E-0201550.53 end \n'\
es-255 6 Den=9.87 0 1E-020 1550.53 end \n'\
eu-151 6 Den=9.87 0 2.888E-009 1550.53 end \n'\
eu-152 6 Den=9.87 0 2.2436E-009 1550.53 end \n'\
eu-153 6 Den=9.87 0 0.000007711 1550.53 end \n'\
eu-154 6 Den=9.87 0 1.5678E-006 1550.53 end \n'\
eu-155 6 Den=9.87 0 5.4664E-007 1550.53 end \n'\
eu-156 6 Den=9.87 0 1.3929E-007 1550.53 end \n'\
eu-157 6 Den=9.87 0 8.6564E-010 1550.53 end \n'\
£-19 6 Den=9.87 0 1.3485E-0201550.53 end \n'\
fe-54 6 Den=9.87 0 1E-020 1550.53 end \n'\
fe-56 6 Den=9.87 0 1.0308E-0201550.53 end \n'\
fe-57 6 Den=9.87 0 1E-020 1550.53 end \n'\
fe-58 6 Den=9.87 0 2.9394E-0201550.53 end \n'\
ga-69 6 Den=9.87 0 9.1251E-0111550.53 end \n'\
ga-71 6 Den=9.87 0 6.699E-010 1550.53 end \n'\
gd-152 6 Den=9.87 0 0.000000004 1550.53 end \n'\
gd-154 6 Den=9.87 0 1.2313E-007 1550.53 end \n'\
gd-155 6 Den=9.87 0 0.000000007 1550.53 end \n'\
gd-156 6 Den=9.87 0 0.0000039751550.53 end \n'\
gd-157 6 Den=9.87 0 8.2958E-009 1550.53 end \n'\
gd-158 6 Den=9.87 0 1.7042E-006 1550.53 end \n'\
gd-160 6 Den=9.87 0 0.000000138 1550.53 end \n'\
ge-70 6 Den=9.87 0 5.6183E-0131550.53 end \n'\
ge-72 6 Den=9.87 0 1.48E-009 1550.53 end \n'\
ge-73 6 Den=9.87 0 3.2365E-0091550.53 end \n'\
ge-74 6 Den=9.87 0 7.7483E-009 1550.53 end \n'\
ge-76 6 Den=9.87 0 3.7361E-008 1550.53 end \n'\
h-1 6 Den=9.87 0 1.4751E-008 1550.53 end \n'\
h-2 6 Den=9.87 0 1.5789E-009 1550.53 end \n'\
h-3 6 Den=9.87 0 1.5247E-007 1550.53 end \n'\
he-3 6 Den=9.87 0 1E-020 1550.53 end \n'\
he-4 6 Den=9.87 0 0.0000112551550.53 end \n'\
hf-174 6 Den=9.87 0 1E-020 1550.53 end \n'\
hf-176 6 Den=9.87 0 1.0187E-0201550.53 end \n'\
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hf-177 6 Den=9.87 0 1E-020 1550.53 end \n'\
hf-178 6 Den=9.87 0 1.5493E-0201550.53 end \n'\
hf-179 6 Den=9.87 0 1.8251E-0201550.53 end \n'\
hf-180 6 Den=9.87 0 1.3577E-0201550.53 end \n'\
hg-196 6 Den=9.87 0 1E-020 1550.53 end \n'\
hg-198 6 Den=9.87 0 1.6672E-0201550.53 end \n'\
hg-199 6 Den=9.87 0 1E-020 1550.53 end \n'\
hg-200 6 Den=9.87 0 1.8498E-0201550.53 end \n'\
hg-201 6 Den=9.87 0 1E-020 1550.53 end \n'\
hg-202 6 Den=9.87 0 1.0188E-0201550.53 end \n'\
hg-204 6 Den=9.87 0 1E-020 1550.53 end \n'\
ho-165 6 Den=9.87 0 4,.2259E-0091550.53 end \n'\
i-127 6 Den=9.87 0 4,.2582E-0061550.53 end \n'\
i-129 6 Den=9.87 0 0.000012957 1550.53 end \n'\
i-130 6 Den=9.87 0 4.0366E-0101550.53 end \n'\
i-131 6 Den=9.87 0 4.1632E-007 1550.53 end \n'\
i-135 6 Den=9.87 0 2.5691E-008 1550.53 end \n'\
in-113 6 Den=9.87 0 6.0341E-0111550.53 end \n'\
in-115 o Den=9.87 0 2.4907E-007 1550.53 end \n'\
ir-191 6 Den=9.87 0 1E-020 1550.53 end \n'\
ir-193 o Den=9.87 0 1E-020 1550.53 end \n'\
k-39 6 Den=9.87 0 1E-020 1550.53 end \n'\
k-40 6 Den=9.87 0 1E-020 1550.53 end \n'\
k-41 o6 Den=9.87 0 1.0226E-020 1550.53 end \n'\
kr-78 6 Den=9.87 0 7.8431E-0201550.53 end \n'\
kr-80 6 Den=9.87 0 3.1714E-0111550.53 end \n'\
kr-82 6 Den=9.87 0 3.6859E-008 1550.53 end \n'\
kr-83 6 Den=9.87 0 3.3482E-006 1550.53 end \n'\
kr-84 6 Den=9.87 0 6.6682E-0061550.53 end \n'\
kr-85 6 Den=9.87 0 1.5964E-0061550.53 end \n'\
kr-86 6 Den=9.87 0 0.000010206 1550.53 end \n'\
la-138 6 Den=9.87 0 7.2579E-0101550.53 end \n'\
1la-139 6 Den=9.87 0 0.00006462 1550.53 end \n'\
1la-140 6 Den=9.87 0 1.4366E-007 1550.53 end \n'\
1li-6 6 Den=9.87 0 1E-020 1550.53 end \n'\
1i-7 6 Den=9.87 0 1.9997E-0201550.53 end \n'\
lu-175 6 Den=9.87 0 1.0558E-0201550.53 end \n'\
lu-176 6 Den=9.87 0 1E-020 1550.53 end \n'\
mg-24 6 Den=9.87 0 1.0004E-0201550.53 end \n'\
mg-25 6 Den=9.87 0 1E-020 1550.53 end \n'\
mg-26 6 Den=9.87 0 1.0002E-0201550.53 end \n'\
mn-55 6 Den=9.87 0 1E-020 1550.53 end \n'\
mo-100 6 Den=9.87 0 0.0000705 1550.53 end \n'\
mo-92 6 Den=9.87 0 1.0779E-0191550.53 end \n'\
mo-94 6 Den=9.87 0 3.7653E-0101550.53 end \n'\
mo-95 6 Den=9.87 0 0.0000432631550.53 end \n'\
mo-96 6 Den=9.87 0 1.3889E-0061550.53 end \n'\
mo-97 6 Den=9.87 0 0.0000575551550.53 end \n'\
mo-98 6 Den=9.87 0 0.000061037 1550.53 end \n'\
mo-99 6 Den=9.87 0 0.0000002381550.53 end \n'\
n-14 © Den=9.87 0 6.4493E-0131550.53 end \n'\
n-15 6 Den=9.87 0 1.731E-009 1550.53 end \n'\
na-23 6 Den=9.87 0 1E-020 1550.53 end \n'\
nb-93 6 Den=9.87 0 4.7117E-0121550.53 end \n'\
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nb-94 6 Den=9.87 0 1.43E-010 1550.53 end \n'\

nb-95 6 Den=9.87 0 2.4524E-006 1550.53 end \n'\

nd-142 6 Den=9.87 0 5.1041E-007 1550.53 end \n'\
nd-143 6 Den=9.87 0 0.0000432891550.53 end \n'\
nd-144 6 Den=9.87 0 0.000034828 1550.53 end \n'\
nd-145 6 Den=9.87 0 0.0000321461550.53 end \n'\
nd-146 6 Den=9.87 0 0.0000309721550.53 end \n'\
nd-147 6 Den=9.87 0 3.3274E-007 1550.53 end \n'\
nd-148 6 Den=9.87 0 0.0000189461550.53 end \n'\
nd-150 6 Den=9.87 0 0.0000110211550.53 end \n'"\
ni-58 6 Den=9.87 0 1E-020 1550.53 end \n'\

ni-59 6 Den=9.87 0 1E-020 1550.53 end \n'\

ni-60 6 Den=9.87 0 1.1192E-0201550.53 end \n'\

ni-61 6 Den=9.87 0 1.0002E-0201550.53 end \n'"\

ni-62 6 Den=9.87 0 1E-020 1550.53 end \n'\

ni-64 6 Den=9.87 0 1.0024E-0201550.53 end \n'\

np-236 6 Den=9.87 0 7.6727E-0141550.53 end \n'\
np-237 6 Den=9.87 0 8.3424E-008 1550.53 end \n'\
np-238 6 Den=9.87 0 1.2924E-0101550.53 end \n'\
np-239 6 Den=9.87 0 3.344E-011 1550.53 end \n'\
o-16 6 Den=9.87 0 0.044888 1550.53 end \n'\

o-17 6 Den=9.87 0 6.908E-009 1550.53 end \n'\

p-31 6 Den=9.87 0 1.0003E-0201550.53 end \n'\

pa-231 6 Den=9.87 0 1.7292E-006 1550.53 end \n'\
pa-232 6 Den=9.87 0 2.2294E-009 1550.53 end \n'\
pa-233 6 Den=9.87 0 0.0000147991550.53 end \n'\
pb-204 6 Den=9.87 0 1.0114E-0201550.53 end \n'\
pb-206 6 Den=9.87 0 3.6848E-0141550.53 end \n'\
pb-207 6 Den=9.87 0 1.1895E-0121550.53 end \n'\
pb-208 6 Den=9.87 0 9.4192E-0101550.53 end \n'\
pd-102 6 Den=9.87 0 1.9681E-0111550.53 end \n'\
pd-104 6 Den=9.87 0 0.0000100721550.53 end \n'\
pd-105 6 Den=9.87 0 0.0000551631550.53 end \n'\
pd-106 6 Den=9.87 0 0.0000327361550.53 end \n'\
pd-107 6 Den=9.87 0 0.0000378511550.53 end \n'\
pd-108 6 Den=9.87 0 0.000026766 1550.53 end \n'\
pd-110 6 Den=9.87 0 8.9565E-006 1550.53 end \n'\
pm—-147 6 Den=9.87 0 0.0000105521550.53 end \n'\
pm-1438 6 Den=9.87 0 4.4464E-008 1550.53 end \n'\
pm-149 6 Den=9.87 0 5.087E-008 1550.53 end \n'\
pm-151 6 Den=9.87 0 1.2751E-008 1550.53 end \n'\
pr-141 6 Den=9.87 0 0.000054777 1550.53 end \n'\
pr—-142 6 Den=9.87 0 1.3614E-0091550.53 end \n'\
pr-143 6 Den=9.87 0 9.509E-007 1550.53 end \n'\
pu-236 6 Den=9.87 0 2.1342E-011 1550.53 end \n'\
pu-237 6 Den=9.87 0 9.9256E-011 1550.53 end \n'\
pu-238 6 Den=9.87 0 0.000055038 1550.53 end \n'\
pu-239 6 Den=9.87 0 0.00038923 1550.53 end \n'\
pu-240 6 Den=9.87 0 0.00059028 1550.53 end \n'\
pu-241 6 Den=9.87 0 0.00025082 1550.53 end \n'\
pu-242 6 Den=9.87 0 0.00024757 1550.53 end \n'\
pu-243 6 Den=9.87 0 1.7908E-008 1550.53 end \n'\
pu-244 6 Den=9.87 0 6.7476E-009 1550.53 end \n'\
rb-85 6 Den=9.87 0 5.8964E-006 1550.53 end \n'\
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rb-86 6 Den=9.87 0 1.0859E-0091550.53 end \n'\
rb-87 6 Den=9.87 0 0.000013391 1550.53 end \n'\
re-185 6 Den=9.87 0 1E-020 1550.53 end \n'\
re-187 6 Den=9.87 0 1.0405E-0201550.53 end \n'\
rh-103 6 Den=9.87 0 0.00005767 1550.53 end \n'\
rh-105 6 Den=9.87 0 9.8648E-008 1550.53 end \n'\
ru-100 6 Den=9.87 0 5.3243E-0061550.53 end \n'\
ru-101 6 Den=9.87 0 0.000062464 1550.53 end \n'\
ru-102 6 Den=9.87 0 0.000067797 1550.53 end \n'\
ru-103 6 Den=9.87 0 3.4516E-0061550.53 end \n'\
ru-104 6 Den=9.87 0 0.0000660991550.53 end \n'\
ru-105 6 Den=9.87 0 1.3171E-008 1550.53 end \n'\
ru-106 6 Den=9.87 0 0.0000212291550.53 end \n'\
ru-96 6 Den=9.87 0 1E-020 1550.53 end \n'\
ru-98 6 Den=9.87 0 4.067E-014 1550.53 end \n'\
ru-99 6 Den=9.87 0 2.4005E-009 1550.53 end \n'\
s-32 6 Den=9.87 0 1E-020 1550.53 end \n'\
s-33 6 Den=9.87 0 1E-020 1550.53 end \n'\
s-34 6 Den=9.87 0 1.0004E-0201550.53 end \n'\
s-36 6 Den=9.87 0 1E-020 1550.53 end \n'\
sb-121 6 Den=9.87 0 3.3513E-007 1550.53 end \n'\
sb-123 6 Den=9.87 0 4.3692E-007 1550.53 end \n'\
sb-124 6 Den=9.87 0 1.7258E-0091550.53 end \n'\
sb-125 6 Den=9.87 0 7.1786E-007 1550.53 end \n'\
sb-126 6 Den=9.87 0 3.2007E-010 1550.53 end \n'\
sc-45 6 Den=9.87 0 1E-020 1550.53 end \n'\
se-74 6 Den=9.87 0 2.2501E-014 1550.53 end \n'\
se-76 6 Den=9.87 0 3.8865E-0101550.53 end \n'\
se-77 6 Den=9.87 0 7.9818E-008 1550.53 end \n'\
se-78 6 Den=9.87 0 2.2043E-007 1550.53 end \n'\
se-80 6 Den=9.87 0 9.7047E-007 1550.53 end \n'\
se-82 6 Den=9.87 0 2.60006E-006 1550.53 end \n'\
si-28 6 Den=9.87 0 1.0001E-0201550.53 end \n'\
si-29 6 Den=9.87 0 1.0006E-0201550.53 end \n'\
si-30 6 Den=9.87 0 1.0029E-0201550.53 end \n'\
sm—144 6 Den=9.87 0 5.0852E-0191550.53 end \n'\
sm—-147 6 Den=9.87 0 4.3725E-0061550.53 end \n'\
sm-148 6 Den=9.87 0 5.5691E-006 1550.53 end \n'\
sm-149 6 Den=9.87 0 1.9433E-007 1550.53 end \n'\
sm-150 6 Den=9.87 0 0.000014298 1550.53 end \n'\
sm—-151 6 Den=9.87 0 1.0886E-0061550.53 end \n'\
sm—-152 6 Den=9.87 0 8.7975E-006 1550.53 end \n'\
sm-153 6 Den=9.87 0 4.5625E-008 1550.53 end \n'\
sm-154 6 Den=9.87 0 3.1045E-006 1550.53 end \n'\
sn-112 6 Den=9.87 0 1.688E-016 1550.53 end \n'\
sn-114 [ Den=9.87 0 6.0732E-0121550.53 end \n'\
sn-115 6 Den=9.87 0 2.1674E-008 1550.53 end \n'\
sn-116 6 Den=9.87 0 0.000000114 1550.53 end \n'\
sn-117 [ Den=9.87 0 4.2148E-007 1550.53 end \n'\
sn-118 6 Den=9.87 0 3.4013E-007 1550.53 end \n'\
sn-119 6 Den=9.87 0 3.3251E-007 1550.53 end \n'\
sn-120 6 Den=9.87 0 0.000000338 1550.53 end \n'\
sn-122 6 Den=9.87 0 4.4687E-007 1550.53 end \n'\
sn-123 6 Den=9.87 0 0.0000000161550.53 end \n'\
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sn-124 6 Den=9.87 0 7.2308E-007 1550.53 end \n'\
sn-125 6 Den=9.87 0 6.1087E-009 1550.53 end \n'\
sn-126 6 Den=9.87 0 1.8409E-0061550.53 end \n'\
sr-84 6 Den=9.87 0 2.5147E-0131550.53 end \n'\
sr-86 6 Den=9.87 0 1.8682E-008 1550.53 end \n'\
sr-87 6 Den=9.87 0 2.7115E-0101550.53 end \n'\
sr-88 6 Den=9.87 0 0.0000176051550.53 end \n'\
sr-89 6 Den=9.87 0 1.7657E-006 1550.53 end \n'\
sr-90 6 Den=9.87 0 0.000025034 1550.53 end \n'\
ta-181 6 Den=9.87 0 1E-020 1550.53 end \n'\
ta-182 6 Den=9.87 0 1E-020 1550.53 end \n'\
tb-159 6 Den=9.87 0 2.9457E-007 1550.53 end \n'\
tb-160 6 Den=9.87 0 5.7471E-009 1550.53 end \n'\
tc-99 6 Den=9.87 0 0.000061904 1550.53 end \n'\
te-120 6 Den=9.87 0 7.1844E-017 1550.53 end \n'\
te-122 6 Den=9.87 0 1.7864E-008 1550.53 end \n'\
te-123 6 Den=9.87 0 1.4103E-0101550.53 end \n'\
te-124 6 Den=9.87 0 1.0334E-008 1550.53 end \n'\
te-125 6 Den=9.87 0 0.000000287 1550.53 end \n'\
te-126 6 Den=9.87 0 3.372E-008 1550.53 end \n'\
te-128 6 Den=9.87 0 0.000007212 1550.53 end \n'\
te-130 6 Den=9.87 0 0.000024008 1550.53 end \n'\
te-132 6 Den=9.87 0 2.276E-007 1550.53 end \n'\
th-228 6 Den=9.87 0 3.3117E-0091550.53 end \n'\
th-229 6 Den=9.87 0 1.6527E-0091550.53 end \n'\
th-230 6 Den=9.87 0 1.6514E-008 1550.53 end \n'\
th-232 6 Den=9.87 0 0.019455 1550.53 end \n'\
ti-46 6 Den=9.87 0 1.0181E-0201550.53 end \n'\
ti-47 6 Den=9.87 0 1E-020 1550.53 end \n'\
ti-48 6 Den=9.87 0 1E-020 1550.53 end \n'\
ti-49 6 Den=9.87 0 1.0058E-0201550.53 end \n'\
ti-50 6 Den=9.87 0 1.0014E-0201550.53 end \n'\
u-232 6 Den=9.87 0 4.9394E-007 1550.53 end \n'\
u-233 6 Den=9.87 0 0.00022747 1550.53 end \n'\
u-234 6 Den=9.87 0 0.000015726 1550.53 end \n'\
u-235 6 Den=9.87 0 1.6787E-0061550.53 end \n'\
u-236 6 Den=9.87 0 2.4676E-007 1550.53 end \n'\
u-237 6 Den=9.87 0 3.4945E-010 1550.53 end \n'\
u-238 6 Den=9.87 0 1.1495E-0091550.53 end \n'\
w—-182 6 Den=9.87 0 1.1367E-0201550.53 end \n'\
w-183 6 Den=9.87 0 1.8148E-0201550.53 end \n'\
w—-184 6 Den=9.87 0 1.3202E-0201550.53 end \n'\
w-186 6 Den=9.87 0 1E-020 1550.53 end \n'\
xe-124 6 Den=9.87 0 1E-020 1550.53 end \n'\
xe-126 6 Den=9.87 0 8.1819E-012 1550.53 end \n'\
xe—-128 6 Den=9.87 0 2.0061E-007 1550.53 end \n'\
xe-129 6 Den=9.87 0 7.9265E-0101550.53 end \n'\
xe-130 6 Den=9.87 0 2.8614E-007 1550.53 end \n'\
xe-131 6 Den=9.87 0 0.0000326131550.53 end \n'\
xe-132 6 Den=9.87 0 0.000062908 1550.53 end \n'\
xe—-133 6 Den=9.87 0 4.9119E-007 1550.53 end \n'\
xe-134 6 Den=9.87 0 0.000084206 1550.53 end \n'\
xe-135 6 Den=9.87 0 1.561E-008 1550.53 end \n'\
xe-136 6 Den=9.87 0 0.00011946 1550.53 end \n'\
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y-89 6 Den=9.87 0 0.000020114 1550.53 end \n'\
y-90 6 Den=9.87 0 6.4533E-0091550.53 end \n'\
y-91 6 Den=9.87 0 2.5518E-0061550.53 end \n'\
zr-90 6 Den=9.87 0 8.4562E-007 1550.53 end \n'\
zr-91 6 Den=9.87 0 0.000026618 1550.53 end \n'\
zr-92 6 Den=9.87 0 0.000034367 1550.53 end \n'\
zr-93 6 Den=9.87 0 0.000041976 1550.53 end \n'\
zr-94 6 Den=9.87 0 0.0000470631550.53 end \n'\
zr-95 6 Den=9.87 0 4.5014E-006 1550.53 end \n'\
zr-96 6 Den=9.87 0 0.000052934 1550.53 end \n'\

'wtpt-zr310ssFCO\n'\

! 7 7.90 10\n'\

! 6000 0.034\n"\

' 14000 0.5I\n"\

' 25055 0.74\n"\

' 15031 0.016\n"\

' 16000 0.002\n"\

' 28000 20.82\n'\

' 24000 25.04\n"\

' 26000 51.738\n'\

' 42000  0.51\n"\

' 40000 0.59\n"\

"1 781.38 end\n'\

'wtpt-zr310ssIL\n'\

! 8 7.90 10\n"'\

! 6000 0.034\n"\

' 14000 0.51\n"\

' 25055 0.74\n"\

' 15031 0.016\n"\

' 16000 0.002\n"\

' 28000 20.82\n'\

' 24000 25.04\n'\

' 26000 51.738\n'\
' 42000 0.51\n"\

' 40000 0.59\n"\
"1 678.65 end\n'\
'wtpt-Inslator\n'\

! 9 5.83 3\n"'\
' 40000 66.63\n'\

' 39089 7.87\n"\

! 8016 25.5\n'"\
''1 561.45 end\n'\
'wtpt-zr310ssOL\n"\

! 10 6.52 4\n"'\
' 50000 3.5\n"\

' 42000 0.8\n"\

' 410093 0.8\n"\

' 40000 94.9\n'\
''1 418.11 end\n'\
'wtpt-zr310ssPT\n'\

! 11 6.52 4\n'\
' 50000 3.5\n"\

' 42000 0.8\n"\

' 410093 0.8\n'"\
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' 40
'l

'd2o
'h2o
'h2o
'h2o
'end

000 94.9\n"\

418.11 end\n'\

12 den=1.0851 0.99833 342.16 end\n"'\
12 den=1.0851 0.00167 342.16 end\n'\
13 den=0.4 1 692.35 end\n'\

14 den=0.4 1 692.35 end\n'\
composition\n'\

'read celldata\n '\

'latt

icecell squarepitch pitch=1.3621 13 fueld=0.83 4\n

'cladd=0.95 5 end\n '\

'cent
'latt

rmdata dan2pitch(4)=0.4362519063 end centrmdatal\n '\

icecell squarepitch pitch=1.53 14 fueld=0.88 6\n '\

'cladd=1.0 7 end\n '\

'cent
'end

rmdata dan2pitch(6)=0.3818353438 end centrmdatal\n '\

celldata\n'\

'end\n'\

'=new

'SCWR Lattice Cell

channel)\n'

t parm=centrm\n'\

\

'read parm\n '\

'time

d=yes echo=yes solntype=keff\n '\

'cmfd=yes xycmfd=5 sn=6\n '\

'coll
'conv

apse=yes kguess=1.28\n '\
erg=mix\n"'\

'end parm\n'\
'read materials\n '\

'mix=
'mix=
'mix=
'mix=
'mix=
'mix=
'mix=
'mix=
'mix=
'mix=
'mix=
'mix=

12 pn=3 com=\" Moderator\"
11 pn=1 com=\" Pressure Tube\"
10 pn=1 com=\" Outer Liner\"

9 pn=1 com=\" Insulator\"

8 pn=1 com=\" Inner Liner\"
pn=1 com=\" Outer Ring Fuel Cladding\"
pn=1 com=\" Outer Ring Fuel\"
pn=1 com=\" Inner Ring Fuel Cladding\"
pn=1 com=\" Inner Ring Fuel\"
pn=3 com=\" Fuel Assembly Coolant\"
pn=1 com=\" Flow tube\"
1 pn=3 com=\" Coolant inside Central Flow Tube\"

N Wb 0oy J

'end materials\n'\
'read geom\n'\

'unit

I\n'\

'cylinder 100 0.300 sides=32\n'\

'cyli

nder 101 0.415 sides=32\n"'\

'cylinder 102 0.475 sides=32\n'\

'medi
'medi
'boun
'unit

a 4 1 101\n"'\
a 51 102 -101\n"\
dary 102\n"'\

2\n"\

'cylinder 200 0.300 sides=32\n'\

'cyli

nder 201 0.440 sides=32\n"'\

'cylinder 202 0.5 sides=32\n"\

'medi
'medi
'boun

a 6 1 201\n"\
a 7 1 202 -201\n"\
dary 202\n"'\
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end\n '\
end\n '\
end\n '\
end\n '\
end\n '\
end\n '\
end\n '\
end\n '\
end\n '\
end\n '\
end\n '\
end\n"'\
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'global unit 100\n'\

'wedge 101
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'hole 1
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'hole
'media
'media
'media
'media
'media

NN NDNNDNNNNRERRERERRRRE

1

O 00 W N

origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin
origin

12.5 12.
3 1.138
.61
.972
L2717
.546
.789
.012
.22
.415
.7

O J oy U b

9
10
11
12
13
14
15
16
20
21 5
22 4.70
100 4.8
30 4.925
32 5.4
32 5.875
34 6.075
35 6.575
36 7.075
37
40
50
60
70

DD D W WWWwWwNdNdND PP

~ o o) U1 W WO

O J J J ~JJoyo U0l Wb

.05

XXX X M X XX
PN WWws D> OO

XX X X X X XX
RN W 0oy Oy

1 20\n'"\
22 =20
37 =22
40 =37

50 -40

=

5 12.5\n"\

sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\

L4\n"\

.296241
.988949
.4899306
.818377
.000079
.006491
.053488

MK KKKKKK
O od D wwN e

.575\n"\
.448663
.074508
.466913
.649227
.652874
.516144
.282719

MK KKK KKK
oYY Ul W N

\n'\
\n'\
\n'\
\n'\

.053488\n"\
.066491\n"\
.000079\n"\
.818377\n"\
.489936\n"\
.988949\n"\
.296241\n"\
.4\n'\

.282719\n"\
.516144\n"\
.652874\n"\
.649227\n"\
.466913\n"\
.074508\n"\
.448663\n"\
.575\n"\

124



Ph.D. Thesis — Ahmad Moghrabi McMaster University - Engineering Physics

'media 10 1 60 =-50\n"\
'media 11 1 70 -60\n"'\
'media 12 1 101 -70\n"\
'boundary 101 20 20\n"'\
'end geom\n'\
'read bounds\n '\
'all=refl\n'\
'end bounds\n'\
'read homog\n '\
'100 Cell 1 2 3456 7 8 910 11 12 end\n'\
'end homog\n'\
'read collapse\n'
#print (Middle inputfile top template)
Middle inputfile bottom template ='\n' \
'end collapse\n'\
'end \n'\
'=newt\n'\
'SCWR Lattice Cell (at 250 cm from
bottom Channel) using collapsed x-s\n'\
'read parm\n '\
'xnlib=30 collapse=no restart=no
timed=yes echo=yes wtdlib=4 kguess=1.28\n'"\
'end parm\n'\
'read materials\n '\
'mix=12 pn=3 com=" Moderator"

end\n "\

'mix=11 pn=1 com=" Pressure Tube"
end\n "\

'mix=10 pn=1 com=" Outer Liner"
end\n "\

'mix= 9 pn=1 com=" Insulator"
end\n '\

'mix= 8 pn=1 com=" Inner Liner"
end\n '\

'mix= 7 pn=1 com=" Outer Ring Fuel
Cladding" end\n '\

'mix= 6 pn=1 com=" Outer Ring Fuel"
end\n '\

'mix= 5 pn=1 com=" Inner Ring Fuel
Cladding" end\n '\

'mix= 4 pn=1 com=" Inner Ring Fuel"
end\n "\

'mix= 3 pn=3 com=" Fuel Assembly
Coolant" end\n '\

'mix= 2 pn=1 com=" Flow tube" end\n

'mix= 1 pn=3 com=" Coolant inside
Central Flow Tube" end\n'\

'end materials\n'\

'read geom\n'\

'unit 1\n'\

'cylinder 100 0.300 sides=32\n'\

'cylinder 101 0.415 sides=32\n"'\

'cylinder 102 0.475 sides=32\n'\

'media 4 1 101\n"'"\
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.053488\n"\
.066491\n"\
.000079\n"\
.818377\n"\
.489936\n"\

.988949\n"\

'media 5 1 102 -101\n'"\
'boundary 102 \n'\

'unit 2\n'

'cylinder
'cylinder
'cylinder

'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder
'cylinder

\

200 0.300 sides=32\n"\
201 0.440 sides=32\n'\
202 0.5
'media 6 1 201\n'\
'media 7 1 202 -201\n"'\
'boundary 202 \n'\
'global unit 100\n'\
'wedge 101 12.5 12

'hole 1 origin
'hole 1 origin

'hole 1 origin

'hole 1 origin

'hole 1 origin

'hole 1 origin

3 1.138
4 1.61
51.972
6 2.277
7 2.546
8 2.789
9 3.012
10 3.22
11 3.415
12 3.7
13 3.9
14 4.1
15 4.3
16 4.5
20 4.60
21 4.65
22 4.70
100 4.8
30 4.925
32 5.4
32 5.875
34 6.075
35 6.575
36 7.075
37 7.2
40 7.25
50 7.80
60 7.85
70 9.05
x=5
x=5.
x=4
x=4
x=3
x=3
xX=2

'hole 1 origin
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sides=32\n"\

5 12.5 \n'"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\
sides=32\n"\

.4\n'"\

296241

.988949

.489936

.818377

.000079

.066491
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'hole 1 origin x=1.053488
v=5.296241\n"\

'hole 1 origin y=5.4\n"\
'hole 2 origin x=6.575\n"'\
'hole 2 origin x=6.448663

y=1.282719\n"\

'hole 2 origin x=6.074508
y=2.516144\n"\

'hole 2 origin x=5.466913
yv=3.652874\n"\

'hole 2 origin x=4.649227
y=4.649227\n"\

'hole 2 origin x=3.652874
v=5.466913\n"\

'hole 2 origin x=2.516144
y=6.074508\n"\

'hole 2 origin x=1.282719
y=6.448663\n"\

'hole 2 origin y=6.575\n"\
'media 1 1 20\n'\

'media 2 1 22 -20\n"'\

'media 3 1 37 -22\n'\

'media 8 1 40 -37\n'"\

'media 9 1 50 -40\n"'\

'media 10 1 60 -50\n'\

'media 11 1 70 -60\n"'\

'media 12 1 101 -70\n"'\

'boundary 101 20 20\n'\

'end geom\n'\

'read bounds\n '\

'all=refl\n'\

'end bounds\n'\

'read homog\n '\

'200 Cell 1 2 3456 78 9 10 11 12
end\n"'\

'end homog\n'\

'end\n'
#print (Middle inputfile bottom template)
FHAH A A
iEas T LI LA EEEEEEEEEE
# Creating all possible 2 Collapsed Energy Groups options and their input
files at Middle of Channel
idgdststasdssatssdddstdsdddssdtdsdtsdtatdsdstdtdddasatanARaARARAEEEEEEREE
FhAHH S H RS

group2 raw = [1,237]

groups_number = len(groupZ raw)

#print (groups number)

all2groups = []

r num = 'r' * 2

#print (r num)

r = list(r num) # creating list of rs equal to the number of energy
groups (Here 2 groups)

#print (r)

for i in range(0,237):
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groups2 = [0,0]
groups2[0]=group2 raw[0]+i
groups2[l]=group2 raw[l]-i

groups?2 = [str(groups2[i]) + r[i] for i in range(len (groups2))] #
adding r to the energy groups

num = list(range(l, groups number+l)) # creating number list of
number of energy groups [1,2]

#print (num)

groups2 = [(groups2[i]) + str(num[i]) for 1 in range (len(groups2)) ]

# adding the group order to the energy group list
all2groups.append (groups?2)
#print (groups2)
#print (all2groups)
#print (len(all2groups))
for i in range(len(all2groups)) :
fprint (1)
creat inputfile = open('' + str((i+l)) + ' ' + str((237-1i)) + "-
Middle.input", "w")
# print top part of input file
creat inputfile.write (Middle inputfile top template)
count = 0;
for s in all2groups[i]:
count += 1
creat inputfile.write(s)
if (count % 10 == 0):
creat inputfile.write('\n")
else:
creat inputfile.write(' ')
# print bottom part of input file
creat inputfile.write (Middle inputfile bottom template)
creat inputfile.close()
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2. Diffusion full-core analysis with PARCS

The proposed model in this work for the energy group discretization analysis
identifies the optimum two and three energy group structures using the infinite
lattice cell and utilizing the transport approach. The full-core diffusion simulations
using PARCS [1] were performed to validate the outcomes of the transport model
explained earlier. At the lattice transport level, it was proved that the 0.625eV is not
a proper or suitable thermal cut-off barrier for the Canadian PT-SCWR that fuelled
with a mixture of Pu and Th. Rather, a higher thermal energy cut-off was
recommended and it was found to be 2.87 eV. The full-core simulations were
executed using the Purdue Advanced Reactor Core Simulator (PARCS) [1] that
uses the condensed and homogenized cross-sections calculated by SCALE. The US
Nuclear Regulatory Commission used PARCS to performs the 3D reactor core
neutronic simulations and analysis. GENPMAX [2] is used to convert the SCALE
output files into the suitable and acceptable format required by PARCS. To account
for the significant axial variations of coolant density and temperature along the
vertical channel, it was divided into 20 nodal positions with materials temperatures
and densities given in Hummel [3]. As a result, the lattice cell simulations were
performed for each of the 20 locations using the specific materials specifications
and temperatures. A multi-cell geometry was created with a set of fuel and
reflectors cells to obtain the homogenized cross-sections within the reflector which
were employed in PARCS simulations. The refueling scheme introduced by Salaun
et al [4] was used along with the same axial and radial heavy water reflector

thickness.

The effects of the proper selection of the thermal cut-off barrier for the two-
group structure was investigated through the diffusion model using PARCS. The
refuelling scheme introduced by Salaun et al [4] was used and an equilibrium core
was achieved after multiple refuelling steps. The variation of the calculated radial
peak power, axial peak power, and maximum channel nodal power after attaining
an equilibrium core using two-group structure for selected thermal cut-off barrier
are presented in Figure 1. The diffusion simulations confirm the infinite lattice
transport model. The effectiveness of higher thermal energy cut-off is demonstrated
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in the calculations of the maximum channel power, radial and axial peak powers
for an equilibrium core. Moreover, it shows that the selection of the 0.625 eV is a
poor cut-off barrier for the two-group structure. However, the diffusion approach

shows a convergence (Plateau) with higher thermal energy barrier (more than 2 eV).
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Figure 1: Radial peak power, axial peak power, and maximum channel power for
equilibrium core using two-group structure with selected thermal energy cut-off in
PARCS.

As shown in Figure 2, the fresh full-core excess reactivity was calculated
employing the diffusion model for the optimum two and three energy group
structures previously identified. The impacts of the proper selection of the thermal
energy cut-off for the two-group structure was investigated and also presented in
Figure 2 through a comparison between optimum two-group structure with thermal

energy barrier set at 2.87 eV and the conventional energy barrier set at 0.625 eV
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using the diffusion approach for fresh fuel-core. It was found at the lattice level that
the two-group structure with an energy barrier set at 0.625 eV is characterized by
less accurate results with an error that worth ~ 4 mk from the reference solution.
While a two-group structure with an energy barrier set at 2.87 eV has the least error
which is equivalent to ~ 0.4 pcm. The diffusion results confirm the transport
analysis at the lattice level with less sensitivity where the difference calculated
between the two energy barriers (0.625eV and 2.87 eV) at the diffusion level
computed to be ~ 1.5 mk. The optimum three-energy group structure identified at
the lattice level were investigated using the diffusion model with PARCS. The
predicted solution shows a convergence between two and three energy group
structure with full-core simulations as shown in Figure 2. However, the second
barrier set at 820 keV was added due to ICVR transient case which its validation
requires a transient full-core study analysis which is beyond the scope of this work.
The comparison of the results of the fresh fuel full-core using the optimum two and
three energy group structure with PARCS confirms the accuracy and the
effectiveness of the selected optimum energy group structures. Moreover, the
sensitivity of the results to the energy group structure presented in Figure 2 shows
that a higher thermal cut-off energy is recommended for the Canadian PT-SCWR

which characterized by a high coolant temperature and high propensity to up-scatter.
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Figure 2: Full-core excess reactivity using PARCS for selected energy group

structure
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