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ABSTRACT

Operating CANDU reactors can potentially produce significant quantities of
Molybdenum-99 due to their ability to be refuelled online, high thermal neutron flux
and fuel-design flexibility. A Molybdenum-producing bundle (MPB) has previously
been designed for that purpose and shown to be equivalent to the standard CANDU
bundle (SCB) under normal, steady-state, conditions. However, before an MPB can be
employed inside a CANDU reactor, steady-state characterization of MPB needs to be
supplemented by additional neutronic evaluations.

This study therefore evaluates the neutronic characteristics of the MPB relevant to
transient behaviour and refuelling, and compares the results to those of the SCB. This
includes derivation of reactivity coefficients, incremental macroscopic cross sections
for reactivity devices and refuelling strategies for the MPB. The evaluations are made
using well-established analysis methods and models where applicable, and new or
improved methods and models are developed and used where necessary. In
particular, a perturbation-theory approach is employed for evaluating the differences
between the reactivity coefficients of the MPB and the SCB, and high-resolution 2D
and 3D supercell lattice models are developed in the neutron transport code
DRAGON. The high-resolution lattice models incorporate a large number of spatial
and spectral subdivisions and account for the radial variation of fuel temperature.
The study of the reactivity feedback effects shows that the MPB and the SCB have
almostidentical (within 1.5 mKk) reactivity feedback when key reactor parameters are
perturbed over wide ranges. The study of the reactivity device incremental cross
sections for CANDU reactivity devices shows that these cross sections are very similar
for MPB and SCB with a maximum difference of less than 2% for any given device. At
the same time, this study finds that the 3D supercell model currently used in the
industry underestimates the reactivity worth of adjuster and shutoff rods by
7%-11%.

Finally, a full-core 3D model is constructed in the diffusion code DONJON and a
fuelling strategy for achieving the desired weekly yield of Molybdenum-99 is
developed. The adequacy of the proposed refuelling scheme is evaluated using a
series of time-average calculations, which show that a small increase in the core
reactivity (< 0.4 mk) results from employing a set of 4 MPBs in three different fuel
channels in the inner region of the core. The small increase in the core reactivity can
be managed by slightly increasing the discharge burnup in the non-MPB-bearing fuel
channels, thus also improving slightly the fuel utilization in the reactor.

Keywords: molybdenum-producing bundle; reactivity coefficients; incremental
macroscopic cross section; supercell; neutron transport; diffusion; time-average calculation
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Chapter 1: Introduction

1.1 Preamble

Nuclear medicine uses the radiation emitted from unstable nuclei to study the
function of specific organs in the body. In diagnostic nuclear medicine, a
radiopharmaceutical consisting of radioisotope bound to a substrate is administered
to a patient. The substrate is what controls the distribution of the
radiopharmaceutical in the body and is chosen such that it is predominantly
accumulated in the organ of interest. The amount of accumulation in the specific
organ gives information about the health and function of the organ. The
gamma-emitting radioactive isotope is what allows the distribution of the
radiopharmaceutical to be visualized using an external detection device (e.g., gamma
camera) which produces a diagnostic image. Images are then analyzed to detect

partial or excessive absorption of the isotope as an indication of organ malfunction.

Medical isotopes are used routinely in the diagnosis and treatment of various
diseases at hospitals and radiation clinics. Some of the health conditions where
various medical isotopes are used for monitoring and evaluation, reproduced from

[1], are listed below:

e Heartdisease
e Level of functioning of brain, lungs, kidneys and other organs
e Tumours

e Progression of cancer particularly when spreading to bones
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e Hormonal disorders, e.g., thyroid disease

The most commonly used radioisotope in diagnostic nuclear medicine is
technetium-99m (°°mTc), which is produced from the radioactive decay of
molybdenum-99 (°°Mo). ?°mTc is used in approximately 30 million procedures per
year, accounting for 80% of all nuclear medicine procedures worldwide [1]. ?°mTc is
an ideal radioisotope for diagnostic nuclear medicine because of its physical and
chemical properties. 2°mTc decays by isomeric transition to its ground state 2°Tc. The
6.01-hour half-life of 99mTc is neither too long nor too short for a medical procedure.
The principal gamma-emission associated with the transition from the meta-stable
state to the ground state emits a 140-keV photon that is energetic enough to pass
through the human body without significant attenuation, thus keeping the total dose
administered to patients low. Its parent radionuclide, °Mo, has a 66-hour half-life
which provides sufficient time for processing and long-distance transportation, and
thus permits shipping under the form of a Mo /9°mTc generator. Conversely, due to
its short half-life, 2°mTc cannot be stockpiled or produced directly in nuclear reactors

or through neutron activation as a final product.

99Mo is most commonly and efficiently generated in a nuclear reactor from the
fission of uranium-235 (235U) with a fission yield of 6.1% [2]. The reaction shown in
Eq. (1.1) corresponds to the production of Mo from the fission of 235U, which occurs
for approximately 6.1% of all fission reactions. Mo is formed from the nuclear

fission and consequently exists as a fission by-product in the uranium fuel matrix.

235 99 133
QU +n— Mo+ Sn+4n (1.1)
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1.2 Problem Statement

As mentioned, °°mTc is the most widely used radiopharmaceutical in diagnostic
nuclear medicine. Over the last decade, there have been a number of supply shortages
of 2Mo. The situation has deteriorated further with the permanent shutdown of the
French OSIRIS reactor in 2015 and the Canadian National Research Universal (NRU)

reactorin 2018.

CANDU (CANada Deuterium Uranium) reactors, the majority of which are
operating in Canada, can potentially play a large role in ensuring a stable supply of
99Mo. The ability to refuel online and a good thermal neutron economy in the core
give CANDUs a unique advantage in terms of producing and harvesting significant

quantities of Mo to meet the global demand of medical isotopes.

Researchers at Ontario Tech University have proposed a new 37-element fuel
bundle where each fuel pin is radially separated into two regions, one consisting of
enriched uranium fuel and another consisting of depleted uranium fuel [3]. This
modified 37-element fuel bundle is referred to in this dissertation as the
‘Molybdenum Producing Bundle’ or ‘MPB’ and the standard CANDU fuel bundle is

referred to as ‘SCB’.

The new MPB has been optimized to be neutronically and thermal-hydraulically
equivalent to the SCB for steady-state scenarios. Overall, the study in Reference [3]
demonstrated that the MPB and the SCB are neutronically and thermal-hydraulically

equivalent under normal, steady state, conditions. Consequently, for normal,
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steady-state operation, the adoption of the proposed MPB is expected to require only

few, mostly confirmatory, supplemental analyses.

However, steady state characterization of MPB is not sufficient and additional
neutronic investigations are needed before an MPB can be employed in a CANDU
reactor. The behaviour of the proposed MPB design under transient conditions,
including possible similarity to the SCB behaviour, requires additional evaluations.
This includes derivation of reactivity coefficients, incremental reactivity device

worths and refuelling strategies for the new bundle.

1.3 Research Objective

The objective of this work is to evaluate the neutronic characteristics of the new
MPB design relevant to transient behaviour and refuelling and compare them to those
of the SCB. When appropriate, the evaluations are to be made using well-established
analysis methods and simulation schemes used in the industry. Additionally, when
desirable, the existing methodology and models are to be improved to make them

more appropriate for the bundle under study.

1.4 Research Scope

The main research areas covered by this study are:

e Study of the MPB reactivity feedback effects for fuel temperature, coolant

temperature, moderator temperature, coolant density, moderator density and
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moderator poison concentration, and comparison with their respective
counterparts for the SCB

e Application of linear perturbation theory to better understand reactivity
feedback effects

e Study of the MPB reactivity-device incremental macroscopic cross sections
and comparison with their respective counterparts for the SCB

e Development ofa detailed lattice model incorporating a high number of spatial
and spectral subdivisions and variation of radial fuel pin temperatures and
study of its effect on reactivity feedback effects and incremental reactivity
device macroscopic cross sections

e Comparison of fully explicit and stylized 3D supercell lattice models

e Study of refuelling features of a core partially fuelled with MPBs and
development of a feasible fuelling scheme based on a full-core time average

model

1.5 Organization of Thesis

Chapter 2 provides the theoretical background necessary for the presentation
of the performed work, as well as the description of the MPB. Chapter 3 provides a
literature review which covers both 9°Mo production methods and advances in
analysis of lattice and core properties for advanced CANDU fuels, since the MPB is an

example of such advanced fuel.
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Chapters 4, 5 and 6 cover the performed research, corresponding to the three
main areas of work. Each area covers a segment of research work typically conducted
for advanced fuel developments. The consolidated whole ensures the
comprehensiveness of the research work and reflects a consistent overall foundation
supporting the feasibility of the MPB in a manner consistent with standard industry

practices.

The multi-phase analysis begins in Chapter 4 with presenting the neutronic
characterization of the MPB and its counterpart, the SCB, by looking at additional
bundle neutronics beyond what has been presented in Reference [3], which mainly
looked at geometries, the fuel composition, lattice reactivity and average two-group
macroscopic cross sections. Chapter 4 compares the reactivity effects of the two
bundles over a wide range of perturbations in coolant density, moderator density,
coolant temperature, moderator temperature, fuel temperature and moderator
poison concentration (boron and gadolinium), for burnups ranging from zero to
discharge burnup. For each reactivity feedback effect calculation, the subject
parameter under consideration is perturbed over a range of values around its

reference, operating conditions, and at specified intervals.

The preliminary assessment of the fuel pin radial temperatures between the
two fuel types was calculated and found to be significantly different. Therefore, the
models used for assessment employ a high-resolution lattice model incorporating the

distributed fuel pin temperature for more accurate predictions of the reactivity
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coefficient. The same methodology for high resolution models is used later in

Chapter 5 for calculating incremental macroscopic cross sections.

A detailed explanation of reactivity feedback effects using the linear

perturbation theory is also presented in Chapter 4.

Chapter 5 builds on Reference [3] to develop a full set of burnup-dependent
incremental macroscopic lattice cross sections for reactivity devices in the vicinity of
both standard and modified fuel bundles. The homogenized incremental cross
sections for the two bundles are calculated at zero burnup and 20-day burnup, which

corresponds to the maximum residence time of the MPB inside the core.

In this chapter, the single lattice transport models are advanced to produce 3D
super-cell type configurations in order to determine the incremental effect of the
interaction of reactor control devices on the lattice cell cross sections. Two
geometrical representations of fuel bundles are used: a detailed, cluster,
representation, whereby all fuel pins are modelled explicitly, and a stylized annular
representation, whereby each ring of fuel pins and corresponding coolant is
represented as a homogeneous annulus. The latter model is the one customarily used

in production calculations for finding cross-section increments for reactivity devices.

Chapter 6 involves a three-dimensional, two group neutron diffusion code that
is used to model the full core of a CANDU reactor with all relevant structures, devices
and geometry. The full set of burnup-dependent homogenized macroscopic lattice
cross sections are incorporated as building blocks to this full-core reactor model. The

full-core model uses a detailed 3D representation of an existing CANDU-6 reactor
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design in all of its specifications, operational parameters and safety limits. This
full-core model partially fuelled with Mo producing bundles is used to determine a
‘modified’ time-average configuration and properties at each bundle location in the

core accounting for the short residence time of the MPB in the core.

The time-average calculations employing MPBs in a small number of fuel
channels are used to define a suitable fuelling strategy that is appropriate for
achieving the desired °°Mo yield while ensuring that core reactivity, channel powers

and flux profiles are maintained within the reference operational envelope.



Chapter 2: Background

2.1 Overview of Methodology for Neutronics Core Analysis

2.1.1 The Particle Flux

In a reactor, each particle is defined by a set of seven variables. These quantities

are:

- Three position co-ordinates: r = xi + yj + zk
- Three velocity co-ordinates: the velocity magnitude (speed) v,, = |v,| and the
Vn

two independent components of the direction Q = o
n

- The time: t

The neutron population is described by its density n(r,v,,Q,t) where
n(r,vy, Q, t)d3rdvnd2£2 is the number of particles at time t, in the volume element
d3r surrounding r, in the velocity element dv,, surrounding v, and in the solid angle
d?Q surrounding Q. From this definition, we can introduce the particle angular flux

as:

o(r, vy, Q,t) = v, n(r,v,, Q,t) (2.1)
In many applications, knowing the angular dependence is not important so the

flux distribution can be reduced by integrating Eq. (2.1) to get the integrated flux as:
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o, vy, t) =f a?Q¢(r,v,, Q,t) (2.2)

41T

Another fundamental quantity is the angular current. The current is a

distribution defined as:

J(r,v, Qt) = Q¢(r,v, Q,t) (2.3)
In a similar manner to flux, the angular current is integrated to dispose of the

angular dependence in Eq.(2.3).

(2.4)
J@r,v,,t) = d2Qj(r,v, Q,t) = | d*QQ¢(r,v,, Q,t)

41T 41T

2.1.2 Cross Sections and Reaction Rates

When fission of 235U nuclei occurs, prompt high-energy neutrons are emitted. In
thermal reactors, in order to take advantage of the higher neutron-nuclear interaction
probability, these neutrons are moderated to energies of less than 1 eV. This
neutron-nuclear interaction probability is known as ‘cross-section’ and is measured

in units of barns (1b = 10-24 cm?) and is dependent on incident neutron energy.

We can define the macroscopic cross sections of a reaction x for isotope i with a

number density, N;, given in target nuclei per unit volume:

Zxi(E) = oy (E)N; (2.5)
For a material composed of different isotopes, the resulting macroscopic cross

section is:

10
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2 (E) = Z 2 i(E) (2.6)

The total macroscopic cross section of a region taking into account all nuclear

reactions is:

5(E) = Z 5, (E) (2.7)

Neutron cross sections are used to characterize the neutron-nuclide interaction
at different neutron energies, which occurs when a neutron collides with a nucleus.
The most important of all neutron-nuclide interactions in reactor physics is the
interaction resulting in fission of the target nuclide. Figure 2-1 and Figure 2-2 show
the energy-dependent fission cross sections for the two most important fissile
isotopes in nuclear reactor fuel, which are 23°U and plutonium-239 (%3°Pu),

respectively.

Knowledge of neutron-nuclide cross section, nuclide density, neutron

population and neutron velocity lead to determining neutron reaction rates.

11
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1E4

Cross Section (b)

1E-5 1E-4 1E-3 1E-2 1E-1 1E0 1E1 1E2 1E3 1E4 1E5 1E6 1E7
Incident Neutron Energy (eV)

— U-235(n,total fission) ENDFB-8.0

Figure 2-1: Neutron fission cross section for 235U [4]

1E4

1E3

Cross Section (b)

1E1

1E0

1E-5 1E-4 1E-3 1E-2 1E-1 1E0 1E1 1E2 1E3 1E4 1E5 1E6
Incident Neutron Energy (eV)

— Pu-239(n,total fission) ENDFB-8.0

Figure 2-2: Neutron fission cross section for 23°Pu [4]

12
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2.1.3 CANDU Neutronics Calculations

CANDU reactors are pressurized heavy water reactors using heavy water as
coolant and moderator and natural uranium as fuel. The moderator is contained in a
large horizontal cylindrical tank called the calandria. The calandria is penetrated by
hundreds of horizontal fuel channels which contain natural uranium oxide fuel in the

form of fuel bundles.

The basic building block of a CANDU pressure tube type reactor is the fuel
channel. The fuel channels are arranged in a rectangular lattice with a lattice pitch of
28.575 cm. Since there is a repeating array of these assemblies throughout the core,
the fundamental neutronic characteristics can be determined by considering only one
channel surrounded by the appropriate volume of heavy water moderator. This
constitutes the ‘lattice cell’. A lattice cell is thereby a small section of the reactor that
can be translated multiple times in order to produce a full reactor core. The neutronic
characteristics of a lattice cell are called lattice parameters. A lattice cell is typically
analyzed using the multigroup transport equation with specular reflective boundary

conditions.

A CANDU reactor core is most commonly analyzed in a full-core representation
of the reactor using a neutron diffusion code that derives its few-group homogenized
macroscopic cross-sections from two-dimensional (2D) lattice cell calculations.
Reactivity devices are modelled using macroscopic cross-section increments based
on a few-neutron energy groups, which are added to the lattice-homogenized

macroscopic cross-sections in the volumetric representations that include reactivity

13
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devices. The macroscopic cross-section increments are determined from
three-dimensional (3D) supercell calculations using the multigroup transport
equation. The full set of macroscopic cross sections required to solve the neutron
diffusion equation for a full-core CANDU model are depicted in the computational

scheme in Figure 2-3.

Use of a 2D single lattice-cell transport calculations for bare-lattice
cross sections generation

Use of a 3D supercell transport calculation for macroscopic
cross section increments for reactivity devices located between

fuel channels and perpendicular to reactor axis

Use of the cross-section increments and bare lattice few group
cross sections for appropriate burnup values as building blocks
to construct a full-core neutron-diffusion model

Figure 2-3: Standard computational scheme

2.1.4 Lattice Calculations

A lattice calculation is a collection of numerical algorithms and models capable
of representing the neutronic behaviour of a unit cell. For CANDU, a unit cell is the
lattice cell that contains explicit representation of all fuel pins arranged in concentric
rings contained within a coolant region surrounded by a pressure tube, an annulus

gas gap, a calandria tube and a rectangular area of moderator.

14
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The lattice calculation provides neutronic properties of the fuel channel. One
aspect of lattice calculations is determination of the many-group neutron flux. In
addition to the flux, the lattice calculations can provide information on variation of
cross sections and isotopic compositions with fuel burnup, the lattice reactivity
coefficients, the power distribution across the fuel bundle, and the set of fewer group

macroscopic cross sections to be used in full-core calculations.

The neutron flux is the solution of a transport equation defined over the lattice
cell. The transport equation is a balance relation of the neutron population in a finite
volume dv, d3rd?Q surrounding {v,, T, }. The time-dependent transport equation is

given as:

10
P o(r, v, Q,t) + V- Qp(r,v,, Q,t) + Z(r, v, Q, t)p(r, v, Q, t)
n

(2.8)
=Q(r, v, Q,t)

where

%% ¢(r,v,, Q,t) represents the time-rate of change in the neutron density. This
term is absent in steady-state conditions.

V- Qp(r,v,, Q,t) represents the neutron streaming (transport term).

I(r, v, Qt)p(r, v, Q,t) represents all interactions that cause the loss of

neutrons.

Q(r,v,, Q,t) represents the source term. This term is composed of fission,

scattering and delayed neutron production terms.

15
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In steady-state conditions, the first term of the left-hand side of the transport

equation disappears to obtain the following equation:

Q-Vop(r,v,, Q) + Z(r,v, Q)p(r,v,, Q) = Q(r,v,, Q) (2.9)

1 :
Here, the neutron energy E = Emvrzl can be used instead of the neutron speed

Q-Vo(r,E, Q)+ 2(r,E, Q) ¢(r,E,Q) = Q(r,E, Q) (2.10)

The source term Q is composed of fission and scattering terms. The scattering
terms are composed of elastic or inelastic collisions, and (n,xn) reactions. To write the
terms of source, we consider that the scattering cross section Z takes into account
the different phenomena. Generally, this cross section is not isotropic and depends on
incident neutron energy and direction.

+00
Qscat(rr E, Q) = dZ‘Q‘IJ dE’ Zs(r' E, — E; QI — ﬂ) ¢(r' E,rﬂ’) (211)
0

41T

where

I, (r,E' — E, Q" — Q) is the macroscopic differential scattering cross section
from energy E' to energy E and from direction Q' to direction Q. Isotropy of materials
is assumed, so the scattering cross sections depend only on the scattering angle Q -

Q'. In this case, Eq. (2.11) can be written as:

+00
Qscar(T,E, Q) = J d2q/ J dE'S(r,E' — E, Q- Q") ¢(r,E', Q) (2.12)
0

41T

For the fission source term, the fission neutrons are emitted isotropically and

therefore the corresponding source terms are independent of €.

16
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QrissB) =3 D (E) [ dEVE (B 9, ) (213)
4nkeff = 0
where

x;j(E) represents the fission spectrum. This is the probability density that the

fission of the j-th isotope produces a neutron of energy E within interval dE.
Ef,j(r, E") is the fission cross section.
v the average number of neutrons emitted per fission.
] is the number of fissile isotopes.

kefs is the effective multiplication factor used to divide the fission source in

order to maintain steady-state conditions.

Note that we have the following relation:

Q(r E, Q) = Qscat (1, E, @) + Qpis5(1, E) (2.14)

In certain situations, such as when using perturbation theory to determine the
effect of small changes in the macroscopic cross-section values on reactivity, the
adjoint flux is needed. The adjoint flux is obtained by solving the adjoint Boltzmann

equation given by:

—Q-Vo*(r,E,Q) + 2(r,E,Q)¢p*(r,E, Q)
= Qscat(T E, Q) + Q}k‘iss(r' E) (2.15)

The adjoint scattering source term, Q;.,:(r, E, Q), is defined as:

17
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400
Qicat(r E, Q) = f dzﬂ'f dE'2,(r,E = E',Q — Q)¢*(r,E', Q") (2.16)
T 0

4

The main difference between the direct and adjoint scattering source is the
swapping of the incoming and outgoing neutron energies, E and E’, as well as, the

incoming and outgoing directions Q and Q.

The adjoint fission term, Q}‘iss(r, E), is defined as:

1 e
Qpus(rE) = =v5, ) [ a0 [ ab' (e () (217)
4T 0

eff

The adjoint fission source has the same energy dependence as the
fission-neutron spectrum, y(E"), and its spectrum follows the energy dependence of

the fission cross section, Z¢ (1, E).

2.1.5 Multigroup Energy Discretization and Boundary Conditions

The resolution of the transport equation is defined by its multigroup
discretization of the energy spectrum. The multigroup approach consists of dividing
the energy spectrum to produce a set of G groups. That means that neutrons are
assumed to behave as one-speed particles within the group. The energy dependent

quantities are calculated by condensing over the energy groups. The lethargy variable

E
pn= ln(fo) can also be used, where Eo is the highest possible energy of neutrons in the
system.

We can write the transport equation in the multigroup form:

18
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Q-Vo,(r, Q) +Z,(r) ¢pg(r, Q) = Q,(1, Q) (2.18)

where g € {1, ...,G}.

In the multigroup approach, the group-average values of the flux, the current

and the source are respectively defined as:

Py (1, Q) = fﬂg ¢(r,u, Q)du (2.19)
Hg-1

Jo(r, Q) = jﬂg J(r,u, Q)du (2.20)
Hg-1

(2.21)

Hg
Qy(r Q) = f Q(r,p, Q)du

Hg-1
The average cross sections for each group are defined in such a way as to

preserve the reaction rates.

(2.22)

Kg
2:x,g (T, Q) = f z:x (1', u, Q)d) (1', u, 'Q) d.u

()bg (r, ﬂ) Hg—l
Zs,h_)g(r,ﬂ Q")

1

Hg HUh
S — d j du's.(r,u' — u, Q- Q' r,u,Q)d
¢>h(r,ﬂ)J p WE(ru' —p ) p(r, 1, Q)du

Hg-1 Hh-1

(2.23)

where u,_; and ug4 are the limits of the energy group g, and u,_, and uy, are the

limits of the energy group h.

Before we can attempt to solve the transport equation, we need to define the
boundary conditions to close the system of equations. Depending on the nature of the

problem, different types of boundary conditions can be imposed. Considering a

19
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domain V that is surrounded by a boundary dV where boundary conditions are to be
applied, solution of the transport equation requires the knowledge of the incoming

flux.

An albedo boundary condition provides a relation between the incoming flux at

the boundary and the outgoing flux. An explicit form of this relation is given by:

P(rg, v, Q) = a ¢(rg,v,, Q),Vr, € OV (2.24)

where
75 is a point on the boundary dV.
Q' is the direction of the outgoing particle.

Q is the direction of the incoming particle, and satisfies

Q=Q" - 2[Q" - n(r;)]n(r;), where n(ry) is the normal vector.

A boundary condition with @ = 1 is a reflective boundary condition. A reflective
boundary condition can be used to evaluate the behaviour of a cell surrounded by

infinite lattice of the same cell. @ = 0 is called a vacuum boundary condition.

2.1.6 Reactivity Device Increments

The CANDU reactivity devices are orthogonally oriented to its fuel channels.
These reactivity devices therefore require a 3D supercell model which generally
consists of two adjacent horizontal lattice cells and a vertically oriented reactivity
device between them. Reactivity devices are accounted for in the full-core model by

‘incremental cross sections’ to the basic-lattice properties from lattice calculations.

20
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The increment of a given lattice property for a particular reactivity device is
defined as the difference between the homogenized supercell cross section in the
presence of the reactivity device and the same cross section in the absence of the
device. The homogenized and energy-condensed cross sections are calculated based
on the higher resolution cross sections using Eq. (2.25):

5 _ ZreVdeGV;' Zx(v;"Eg)d)(Vr’Eg) (2'25)
" Srev Sgec Vr (V. Eg)

where

X, is the homogenized and condensed cross section for reaction x for

condensed energy group G.
I is the volume of subregion r.

Z,(V;, Eg) is the macroscopic cross section of reaction x in subregion V. for
energy group g.

¢V, Eg) is the flux in subregion V;. for energy group g.

Two sets of homogenized cross sections are calculated for each reaction x
(absorption, fission, etc.): one in the absence of the reactivity device Z, ;, and one in
its presence f,‘ci_a, where d denotes the reactivity device. The macroscopic

cross-section increments are then calculated as:

Eg,a = Eg,a —Zxg (2.26)
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The supercell reactivity increments can be calculated as the difference between
the supercell reactivity in the presence, p?, and in the absence, p, of the reactivity

device:

Ap=p? —p (2.27)

2.1.7 Static Core Calculations

When cell average cross sections and incremental cross sections for reactivity
devices are known, core calculations can be performed as outlined in Figure 2-3. This
calculation is an assembly of homogenized cells with energy-condensed lattice
homogenized properties with the reactivity device properties superimposed at
volumetric representations containing reactivity devices. The full-core calculations
can provide the global flux distribution, reaction rates and bundle and channel

powers in the core.

The full-core calculation consists of solving the diffusion equation, which is only
an approximation of the transport equation. This solution can be performed either in
transient or static conditions using a small number of energy groups (generally, G = 2

is sufficient).

To obtain the diffusion equation from the multigroup transport equation given
in Eq. (2.18), we introduce Fick’s law into the transport equation. Fick’s law is an
empirical application based on the consideration that neutrons migrate globally from

aregion where their concentration is higher to a region where it is weaker. It gives a
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directional relationship between the total neutron current and the flux gradient. The

proportionality coefficient Dy is called the diffusion coefficient.

]g(r) = _Dg (r)qug(r) (2.28)

The diffusion equation is then written as:

=V - Dy (1) (1) + Zg (1) (1) = Qg (1) (2:29)

The diffusion equation can be solved using the standard finite-different method
numerical technique. The static core calculations are a solution of the static diffusion
equation based on an instantaneous snapshot of the fuel burnup distribution and

corresponding lattice cell properties.
2.1.8 Time-Average Calculations

The time average model calculates the lattice properties that are averages of
their values over the burnup cycle and provide a target power distribution for
operational considerations. The time-average model, when completed, provides the
targets for 3D flux, power, burnup and fuelling frequency for standard operations.
The time-average power distribution, channel fuelling frequencies and the fuel

discharge burnup values also provide a guide for core follow simulations.

Time-average nuclear cross sections can be defined at each bundle position in
core by averaging the lattice cross sections over the irradiation range [w;,, ®Woyuel
corresponding to the residence time of the fuel at a specific position in the core, where
Wy is the value of the fuel irradiation when the fuel enters that position in core and

Wy 1 the fuel irradiation when the fuel leaves that position. The cross sections are
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defined such that they preserve the average reaction rate over the irradiation range
Win t0 Wy In this case, the time-average cross section for reaction x at some bundle

position r is:

fww.out‘r Zx,r ((‘))d(‘) 1 Wout,r
3= inr - f 5. (w)dw (2.30)
ortav f(z)_out'r dw ((‘)out,r - (‘)in,r) Winr wr

Since consistency must be achieved between the time-average flux, the channel
dwell times, the individual-bundle irradiation ranges [w;,, ®,y¢], and the lattice
properties, an iterative scheme between the solution of the diffusion equation and of
the other supplementary equations is employed until all quantities converge.
Typically, the user iterates on the values of exit irradiation w,,;(r) in the various

regions to obtain a critical reactor and the desired flux shape.

Most reactors in the world use batch refuelling. To maintain steady core
reactivity over the refuelling cycle, light water reactors (LWRs) utilize a burnable
poison in the moderator and/or in the fuel to compensate for initial excess reactivity
of the fresh fuel. In contrast, a CANDU reactor is refuelled online and maintains core
reactivity by fuelling a few channels each day. From a refuelling point of view, the
CANDU reactor core is typically subdivided into multiple (usually two) refuelling
regions. For each of the refuelling regions, a specific exit irradiation is set, which
determines the channel fuelling frequency for that region. Starting from a fresh fuel
core, if the reactor is refuelled regularly to maintain necessary core reactivity, after a
period of time, the reactor can be considered to reach equilibrium conditions, which

are typically assessed for compliance with its time-averaged results.
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2.1.9 Core-Follow Calculations

Core-follow calculations are performed to track the actual operating history of
areactor and composed of a sequence of ‘instantaneous’ or ‘snapshot’ calculations in
the life of the reactor. The duration of the burn step between simulations is a user
input. Typical burn steps are of the order of 1-3 full power days. At each step,
individual channel refuellings are simulated and the core irradiation is advanced from
the previous step using the previous flux and irradiation distribution and the length
of the burn step. A full-core model in a diffusion code is most suitable to carry out

core-follow simulations.

At the reactor design stage, core-follow simulations can be used to simulate the
initial transient from start-up to equilibrium to investigate the effect of various
refuelling schemes, to obtain estimates of likely maximum channel and bundle

powers and discharge burnups, etc.

2.1.10 Kinetics Calculations

In modern reactor transient analyses, the space-time dependency of neutron in
Eq. (2.8) is solved using kinetic methods. The most commonly used kinetic method in
full-core simulations is the flux factorization method which can be further subdivided,
in inverse order of accuracy, into improved quasi-static, quasi-static, adiabatic and

point kinetics.

In flux factorization, the first step is to factorize the time-, energy- and

space-dependent solution into a function dependent only on time and a vector
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dependent on energy, space and time. The function that is dependent only on time is
called an amplitude function P(t), and the vector that is dependent on space, energy

and time is called a shape function ¥(r, v, t).

d(r,vp, t) = P(OP(r, vy, t) (2.31)

The amplitude function can be defined as follows:

P(t) = (w(r,vp), v p(r, vy, 1)) (2.32)

Where w(r,v,,) is an arbitrary weight vector dependent only on position and
energy. P(t) can therefore be interpreted as a generalized neutron population. In the
case where the weight function is chosen to be unity, P(t) would be exactly equal to

the neutron population.

For full-core kinetics simulations using the flux factorization method, the
calculation of the flux shape function is computationally expensive, whereas
calculation of the amplitude function is relatively inexpensive. In many problems, the
shape function is only weakly time-dependent. Therefore, calculation of the shape
function at every time step may not be needed. If it is assumed that the shape function
does not change during a transient and holds its initial unperturbed shape then
integrating over volume and summing over energy groups results in the point kinetics
formulation for the amplitude function. Other factorization methods such as adiabatic
and quasistatic method are improvements over standard point kinetics since they

allow for shape change to certain extents.

In the adiabatic method, the shape functions are recalculated at some

macro-intervals during the transient. The updated flux shapes are the solution of the
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static equation corresponding to the instantaneous condition of the perturbed

reactor, which is artificially made critical by adjusting the fission source.

The quasi-static method is a generalization of the adiabatic method where
instead of using a static calculation for the shape function, a full space-time kinetic
calculation is performed to determine the shape function. Since the fast-varying
amplitude part is factored out, the shape function varies much more slowly. This
makes it possible to use large time steps for calculating shape function. This is to say
that the time progression scheme is a two-tier scheme, since the amplitude function
is calculated in every micro-interval using point kinetics, and the flux shape is

calculated at much longer macro-intervals.

The improved quasi-static method, like all methods based on flux factorization,
relies on calculating effective point-kinetic parameters, which dominate the time

behaviour of the flux, using adjoint-weighted integrals.

2.1.11 Lattice-Level Reactivity Coefficients

In a reactor, macroscopic cross sections can change as a consequence of various
parameters, and in turn, these changes can perturb the overall reactivity. The key
parameters that influence reactivity are fuel, coolant and moderator temperature,

coolant and moderator density and moderator poison.

Changes in reactivity induced by any one of the aforementioned parameters

pare referred to as the reactivity effect of that parameter and denoted as dp(p) The
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N . : : (D) .
derivation of the reactivity with respect to the change in the parameter % is called

the parameter’s reactivity coefficient.

CANDU reactivity coefficients depend on the specific characteristic of the
CANDU lattice. The reactivity coefficients can be calculated using a single lattice
model where the subject parameter is varied within it limits while all other

parameters are kept constant. This method is further discussed in Chapter 4.

2.2 The Molybdenum Producing Bundle

Researchers at Ontario Tech University have proposed a 37-element fuel bundle
where each fuel pin is radially separated into two regions, one consisting of
high-assay low-enriched uranium (HALEU) fuel and another consisting of depleted
uranium fuel [3]. This modified 37-element fuel bundle is referred to in this
dissertation as the ‘Molybdenum Producing Bundle’ or ‘MPB’ and the standard CANDU
fuel bundle is referred to as ‘SCB’. A schematic of the MPB considered for this

dissertation is shown in Figure 2-4.

All 37 fuel pins of the MPB are identical and are divided radially into two
regions. The inner region consists of 0.2 wt% depleted UOz while the outer region
consists of 19.5 wt% HALEU UOz. The thickness of the outer, enriched-uranium,

region of the pin is 79.36 um.
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19.5 wt% Enriched UOz2
Thickness: 79.36 um

0.2 wt% Depleted UO2
Radius: 0.60 cm

Figure 2-4: Schematic of the new MPB design

Outside of the heterogeneous fuel pins, the overall bundle geometry of the new
MPB is dimensionally identical to that of the SCB. The MPB has the same fuel pin and
sheath diameters as the SCB. This allows the MPB to have the same hydrodynamic
properties as the SCB and ensures compatibility with the fuel handling devices, most
notably, the fuelling machine. Hence, the MPB presented in Figure 2-4 has the same

fuel pellet and sheath diameters as the SCB.

For an MPB, neutronic equivalence with the standard bundle was achieved by
strategically designing the volumetric sizes of the enriched and depleted fuel regions
inside each fuel pin. The addition of enriched uranium in the fuel pins causes an
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increase in the fission rate resulting in higher reactivity in the region. To compensate
for this increased reactivity, the remainder of the fuel pin is composed of depleted

uranium (DU).

The preliminary study in Reference [3] compared the lattice cell reactivity,
two-group homogenized macroscopic cross sections, linear heat rating and radial
temperature profiles using transport calculations for static lattice cell models of MPB
and SCB. The two-group homogenized cross sections were observed to match within
~1% and reaction rates at the fuel pin surface level were found to be similar among
the two bundles. In addition, a stylized 3x3 diffusion model was produced to equate
effective reactivities and normalized bundle powers at varying burnups with the SCB
results. The differences in nodal power induced by the use of an MPB were smaller
than 0.6% and the corresponding maximum change in the model reactivity was
~0.16 mk. It was therefore concluded that the newly designed MPB is equivalent to

the SCB for all practical purpose during normal, steady-state, conditions.

The 19.5 wt% enrichment has been chosen to be just below the upper limit for
low-enriched uranium (LEU), to avoid proliferation concerns. Moreover, the
19.5 wt% enrichment of the outer region is sufficiently high to allow ?°Mo extraction
by existing irradiated fuel treatment processes. Aside from the slight modifications
needed to accommodate the larger masses of LEU target material as compared to the
HEU target for the equivalent output of °°Mo, the rest of the chemical processing
involved for the production of ®?Mo using LEU targets is similar to the acid dissolution

technique presently used for obtaining Mo using HEU [5]. The use of LEU for Mo
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production has been successfully demonstrated at many research reactors currently

producing ?°Mo using LEU targets.

The worldwide demand for ?°Mo is approximately 12,000 six-day Curies per
week [6], [7]. When accounting for the processing time and efficiency, 12,000 six-day
Curies is equivalent to approximately 77,000 end-of-bombardment Curies, which is

160 mg of °Mo at the end of the irradiation stage [8].

Curie is the unit of radioactivity (1 Curie = 3.7x1010 disintegrations per second
or Becquerels, Bq). A six-day Curie is a unit of measure most commonly used in the
industry which equates to the amount of Mo remaining in a ?°mTc generator six days
after shipment from the producer’s facility. In other words, the producers usually
calibrate a shipment value to the activity of the °Mo isotopes 6 days after it leaves

the production facility [9].

The new MPB was evaluated to produce approximately 4,000 six-day Curies of
99Mo activity per bundle when irradiated in the peak-power channel of a CANDU core
[3]. Accounting for the lower channel flux away from the core center, a production

rate of ~4 bundles per week is estimated to meet the global demand of ?°Mo.
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Chapter 3: Review of Literature

3.1 An Overview of Molybdenum-99 Production

Historically, Mo has been produced at various research reactor facilities,
where specially designed highly-enriched-uranium (HEU) targets are irradiated at
dedicated high flux regions in these reactors. In some cases, the HEU targets were
enriched to 90-wt% of 235U or higher. Although some %Mo is produced in natural
uranium (NU), the NU fuel composition is not suitable for producing significant
quantities of °Mo since the ratio of *°Mo yield to fuel volume processed is generally
low. Therefore, the use of enriched fuel is desirable from the perspective of Mo

production [9].
3.1.1 Past and Current Molybdenum Producing Reactors

Until the end of 2015, five nuclear research reactors were producing
approximately 95% of the world’s supply of ®?Mo [10]. The five were the NRU reactor
in Canada, the High Flux Reactor (HFR) in the Netherlands, BR2 in Belgium, OSIRIS in
France, and the SAFARI-1 in South Africa. Prior to its shutdown, the NRU reactor was
producing approximately 35% of the global demand for °Mo. In 2016, the NRU
reactor ceased production of Mo and in March of 2018, the reactor was permanently
closed down after operating for 61 years [11]. The OSIRIS reactor in France was

shutdown at the end of 2015 [12].
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Currently, the world’s supply of ??Mo comes from six reactors, five of which are

over 50 years old [10].

The typical production capacity of these six major isotope-producing reactors is
shown in Table 3-1. In addition to the production of medical isotopes, these
multi-purpose reactor facilities provide other services such as nuclear fuel testing and
material research. The four European reactors have the capacity to produce
approximately 70% of the global demand for °Mo. Five of these six reactors are using
low-enriched uranium (LEU) targets for Mo production. The OPAL reactor in
Australia and the SAFARI-1 in South Africa, both of which use LEU targets, have the
capacity to produce approximately 25% of the ?°Mo supply. The smaller reactors
around the world support approximately 5% of the global demand. Table 3-1 also

provides information on estimated reactor stop dates for these six reactors.

The majority of the smaller Mo producing reactors accommodate the local or
regional medical isotope markets. Some regional producers of Mo are Argentina,
Germany, Indonesia, Poland and Russia. The research reactors in the aforementioned
countries do not produce the commercial quantities necessary to compensate for the
closure of one or more of the big six-reactors. However, they can act as a short-term
buffer when one of the big-six reactors experiences an outage. The regional reactors

are listed in Table 3-2.

Consequently, alternative production methods and radioisotope production

facilities need to be developed for a more stable supply of °°Mo.
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Table 3-1: Worldwide Production Capacity of Molybdenum-99 [10], [7], [13], [14]

Reactor Typical Thermal Thermal Target Estimated
Capacity (Six- Power Neutron Type Stop Date
day Curies) (MW) Flux

(cm-2s-1)

BR2 (Belgium) 6500 100 1x1015 LEU 2026

HFR (Netherlands) 6200 45 2.7x1014 LEU 2022

OPAL (Australia) 3500 20 3x1014 LEU 2030+

LVR-15 (Czech 3000 10 1.5x1014 HEU 2028

Republic)

SAFARI-1 (South 3000 20 2.4x1014 LEU 2025

Africa)

MARIA (Poland) 2200 10 1.5x1014 LEU 2030

Table 3-2: Small-scale Producers of Molybdenum-99 in 2011 [10], [9], [14]

Reactor Typical Thermal Thermal Target Type
Capacity (Six- Power (MW) Neutron Flux
day Curies) (cm-2s-1)
MURR (USA) 750 10 6.0x1014 HEU
ETTR-2 (Egypt) 250 22 2.8x1014 LEU
RECH-1 (Chile) 250 5 7x1013 LEU
RA-3 (Argentina) 200 5 4.8x1013 LEU
RSG-GAS 150 30 2.5x1014 HEU
(Indonesia)
PARR-1 (Pakistan) 20 10 1.7x1014 HEU
WWR-TS (Russia) 15 1.0x1014 HEU
RBT-6 (Russia) 6 2.2x1014 HEU
RBT-10/2 (Russia) 7 2.2x1013 HEU
FRM-II (Germany) 20 8x1014 HEU
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3.1.2 Alternative Methods for Producing Molybdenum-99

Fission of 235U-based targets inside a nuclear reactor is not the only method for
producing ??Mo. An accelerator can also be utilized to generate °?Mo by photo-fission
of the 238U atoms present in NU. Alternative options for the production of Mo include
eliminating uranium from the process by using other isotopes of molybdenum and
converting them to °?Mo. This consists of four possible reactions: 8Mo(n,y)?°Mo
(neutron activation) occurring inside a reactor, 19°Mo(y,n)?°Mo, 10°Mo(p,pn)?°Mo and

100Mo(p,2n)?°mTc (neutron emission) using accelerators.

3.1.2.1 Photo-fission Process 238U(y,f)?°Mo

In this method, a high intensity beam of photons is generated and directed at
2381, This reaction results in nearly the same 6.1% fission yield for Mo as the fission
yield of 235U in nuclear reactors. The cross section for this reaction is 0.16 barn which
is about 3700 times smaller than the fission cross section of 235U [15]. As a result, a
relatively large number of accelerators would be required to produce significant
amounts of 2°Mo. The authors in Reference [9] estimated that half a dozen
accelerators are needed to supply 30% to 50% of North American demand. In this
method, after the irradiation process is complete, Mo is chemically separated from
the uranium targets in the same way as irradiated HEU or LEU targets in nuclear

reactors.

3.1.2.2 Neutron Activation of Molybdenum-98
The reaction, 8Mo(n,y)?°Mo (neutron activation), requires thermal (~0.025 eV)

or epithermal (0.025 - 1.0 eV) neutrons. However, only a small portion of this target
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is converted to ??Mo because the cross section of this reaction is small (Othermal
~0.14 barns). In addition, although neutron activation of molybdenum generates the
desired radionuclide with little to no waste stream, Mo produced through this
method is not ‘carrier-free’ as it contains °8Mo (natural molybdenum contains
approximately 24% of °8Mo) which is chemically identical to Mo and behaves as a
contaminant [16]. Therefore, the potential exists for increased elution of undesirable

98Mo when formulating patient dosages.

The °°Mo produced through neutron activation has low specific activity and
requires a large number of targets to produce significant quantities of °?Mo. A nuclear

reactor would still be required to provide the necessary neutron flux for this method.

3.1.2.3 Neutron Emission from Molybdenum-100

The three neutron emission-based methods (19°Mo(p,pn)?°Mo, 100Mo(y,n)?°Mo
and 19°Mo(p,2n)?°mTc) require accelerators that can generate very high intensity
beams of protons (500 pA) or electrons, in order to create photons powerful enough

to overcome the significantly smaller cross sections for these reactions.

When the 190Mo(y,n)?°Mo reaction is employed, high energy photons known as
Bremsstrahlung radiation are produced by the electron beam as it interacts and loses
energy in the ‘converter’ target. The photons are subsequently used to irradiate
another target material (1°°Mo) placed just behind the converter to produce ?°Mo via

neutron emission.

The 190Mo(p,2n)?°mTc neutron emission method results in the direct production

of 2mTc which has a significant disadvantage due to its short half-life. It is not an ideal

36



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 3 FEAS

method to produce ?°mTc because any need to ship the ?°mTc generators over long

distances would reduce the usefulness to the end-user and by extension, to the patient

[9]-

3.1.3 Power Reactors and Production of Molybdenum-99

Production of Mo using commercial power reactors is a novel idea considering
nuclear reactors that are purposed for power production are not normally used to
produce radioisotopes. In the past, a few other radioisotopes have been produced in
power reactors, particularly in CANDUs. For example, tritium is recovered from the
heavy water coolant in some CANDU stations [17]. The cobalt-based adjuster rods
used in some CANDU stations are also processed to produce cobalt-60 sources for
industrial radiation processing and radiosurgery. However, most commercial power

reactors generally restrict their use solely to the generation of electricity.

It is possible to irradiate targets in the irradiation channels that exist in some
pressure tube type reactors to produce molybdenum and other radioisotopes. For
instance, unused instrumentation channels can be used to irradiate targets in CANDU
reactors. However, this may be a challenging task requiring reconfiguration of the
reactor instrument calibration and possibly the core neutronics. Production of
lutetium-177 (177Lu) has been recently achieved through irradiation of specially
designed targets inside a CANDU irradiation channel [18]. Another CANDU station has
retrofitted an isotope irradiation system for the purpose of producing °°Mo via

irradiation of natural molybdenum targets inside the core [19].
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Production of 9°Mo through irradiation of uranium fuel in CANDU has been
explored by other researchers in the past [20], [8], [21]. Researchers at McMaster
University have analyzed a new 37-element fuel bundle containing a combination of
slightly enriched/depleted uranium pins that, when irradiated inside a CANDU
reactor, could yield 100% to 120% of the world’s demand of ?°Mo [8], [21]. These
researchers proposed modifications to the standard 37-element fuel bundle that
would contain 1.5% to 3% enriched uranium dioxide fuel either in the second and
third ring, or in the fourth ring of the fuel bundle, with the rest of fuel pins containing
depleted uranium. Neutronic calculations using the WIMS-AECL lattice code showed
a reactivity difference of +10 mk to +15 mk from the reference SCB. Although these
proposed modified bundles were shown to produce significant amounts of *?Mo when
irradiated in the central and/or periphery channels, the significant reactivity increase
of 10 mk to 15 mk per bundle have the potential to adversely affect important reactor

safety parameters and potentially the existing operational envelope of the plant.

Whenever a bundle design deviates from the standard bundle design either
neutronically or thermal-hydraulically, some of the neutronics and thermal-hydraulic
safety analyses need to be repeated using the new bundle specifications in order to
prove the safety case for the new bundle design. In particular, the power distribution
in the core and inside the bundle, the coolant temperature, density and pressure at all

locations in the core and fuel temperatures need to be re-calculated.

A better alternative to producing °°Mo in the CANDU reactor fuel is to use

modified 37-element fuel bundles that do not affect important reactor safety
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parameters and existing operational envelope and safety margins. The challenge lies
in developing a fuel design that has similar neutronics and thermal-hydraulic
characteristics to the SCB and is able to produce significant quantities of °Mo. One
such fuel bundle is the MPB, which has been developed by authors of Reference [3]
and presented in Figure 2-4. This dissertation further evaluates the neutronic
characteristics of the MPB particularly from the view point of its transient behaviour

in the core and refuelling strategy.

3.2 Standard Methodology for Characterization of CANDU Bundles

In reactor physics, the process for characterizing fuel is a multi-phased one as
briefly described in Chapter 2. The physics of CANDU design is based on a large
number of accurate measurements of detailed physical parameters in lattices of a
wide range of bundle design and channel separations, etc. To assist in these design
exercises, several lattice codes have been written over the years to treat the intricate
geometrical layout of fuel bundles in a pressure tube, which in turn is surrounded by
a gap and a calandria tube separating the moderator from the hot coolant in the

pressure tube.

There are several variations of fuel bundles that have been analyzed for use in
CANDU reactors. These bundles vary in the number and size of fuel elements. The SCB
contains 37 elements comprised of NU and is arranged in four concentric rings of 1,

6, 12 and 18 elements. The pin cladding, the pressure tube and the calandria tube are
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made of zirconium alloys. A pictorial representation of the 37-element fuel lattice is

shown in Figure 3-1.

D20
Primary
Coolant

Gas Annulus . 7

Fuel Elements
Pressure Tube

Calandria Tube Moderator

Figure 3-1: 37-Element standard CANDU bundle lattice cell

Each lattice is a basic unit in building a reactor core model, with its neutronics
characteristics represented by a set of homogenized nuclear reaction cross sections
determined by lattice-cell calculations. Due to the highly heterogenous nature of the
CANDU lattice cell, an extremely detailed spectral information must be accurately

modelled [22].

Since the early days of CANDU fuel prototypes, there has been a need for a fast
and reasonably accurate lattice code for assessment and design purposes. Lattice

codes allow for heterogeneity of lattice geometry to be explicitly represented. In
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regular lattice calculations, the fuel elements are discretized to capture the evolution
of the fuel composition during burnup and to capture the ‘rim effect’. Applicable
self-shielding models are also employed. The outermost moderator region is
discretized in order to ensure spatial convergence of the flux for transport
calculations using the most applicable solution technique, e.g., the collision

probabilities (CP) method.

Several organisations have developed numerous lattice codes over time. A
commonly used lattice code in the CANDU industry is WIMS-AECL [23], [24]. The
WIMS code was initially developed at Winfrith for its general purpose and later
developed at Chalk River Nuclear Laboratories with the focus on code applicability to
CANDU lattice requirements. WIMS-AECL comprises of complete functionality of a
lattice code which includes treatment of the complete energy domain, a resonance

self-shielding model and diffusion coefficient calculation.

Another noteworthy mention is the lattice code DRAGON, which has been
developed at the Ecole Polytechnique and is considered as one of the recommended
codes by the Canadian nuclear industry to be used for lattice calculations. The
DRAGON code solves the integral neutron transport equations using 2D or 3D integral
neutron transport equations using either the CP method or the Method of
Characteristics (MOC). The code is capable of handling nuclear data in various

formats.

The DRAGON code is an assembly of calculation models which can simulate the

neutron behaviour in a pincell or fuel assembly. The calculation models are
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implemented in the form of various modules that include modules to read the
geometry, read the microscopic cross section libraires from various sources, perform
self shielding calculations, track geometry, obtain collision probabilities and solve for
a flux. Other modules are capable of performing burnup calculations of various fuel
types, merging of fluxes in multiple regions and generating new homogenized cross
section libraries. The sequence of modules most commonly used in DRAGON as well
as information transfer are shown in Figure 3-2. It should be noted that one or
multiple module calls can be made throughout the calculations. Furthermore, the list
of the module shown in Figure 3-2 are only a subset of modules available to DRAGON
users. A detailed description of key modules can be obtained from the DRAGON User

Manual [25].

(geometry) GEO: NXT:
(tracking info)
(CP matrices) (fluxes)
ASM: FLU: —_— EDI:
(macro XS) (fluxes) (macro XS)
(microscopic XS) J (microscopic XS) (isotope conc.)
(microscopic XS)  LIB: ——— SHI _—— EVO: —_—

Figure 3-2: Sequence of modules in DRAGON

The standard methodology for neutronic characterization of advanced fuel

bundles is based on the following steps:
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1. Use of a lattice code (WIMS-AECL, DRAGON, e.g.) for all neutron transport
calculations in space and energy in 2D.

2. Use of homogenization techniques to process multi-region flux distributions
and cross sections calculated by the transport calculations in space and energy
into homogenized properties and a smaller number of condensed energy
groups, typically two energy groups.

3. Use of a 3D lattice code to simulate the 3D representation of fuel lattice and
the orthogonally oriented reactivity device, and the use of similar
homogenization techniques to represent reactivity devices using incremental
macroscopic cross sections.

4. Use full-core 3D models based on state-of-the-art diffusion theory-based codes
incorporating homogenized cross sections from Step 2 and 3 to characterize a

reactor core including solution of reactor core flux and reactivity.

The above methodology has been documented in detail in References [23], [26].

The standard methodology employed by the CANDU industry typically relies on
a 2D fuel lattice calculation to generate the few group fuel properties either using
WIMS-AECL or DRAGON and on a 3D supercell calculation using DRAGON for the
analysis of the reactivity devices present in the core [27]. DRAGON provides a higher
degree of flexibility in terms of modelling options and state-of-the art resonance
self-shielding calculations that goes beyond WIMS-AECL based models. Although the
WIMS-AECL is still being utilized in the CANDU industry as the ‘Industry Standard

Toolset’ for generation of latticed homogenized and energy condensed cross sections,
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these functionalities are also available in DRAGON. Due to this, WIMS-AECL is not

utilized in this study.

The CANDU core consists of 380 horizontal fuel channels, each containing 12
37-element fuel bundles. Each of the fuel bundles used in the core has identical
geometry and is typically marked by a serial number. The lattice conditions at which
the design calculations are performed are typically representative of a core at the
nominal operating conditions (100% full-power hot operation). The moderator and
coolant temperatures are usually assumed core-average values. The fuel temperature
is a weighted core average temperature [28]. With the advent of high-speed and
high-memory computers, it is now feasible to analyze rector lattices with a high

degree of spatial and spectral subdivisions.

3.3 Methods and Models for Calculating Reactivity Coefficients

The reactivity coefficient is a measure of feedback reactivity. It is defined as the

: . . . ]
change in system reactivity due to a change in a key lattice or core parameter, 20 (@)

Introducing the definition of p namely,

k-1 1 (3.1)

And differentiating gives

9p _ 10k (3.2)
op k2dp
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In all cases of interest, the multiplication factor, k, is close to unity and so

Eqg. (3.2) can be written approximately as

9 _ 10k (3)

dp kop

A precise knowledge of the reactivity coefficients due to change in the physical
properties of the core such as material temperature or density, and their variation
with fuel irradiation is desirable as they are important parameters in the
development of a new fuel bundle design. The dynamics of nuclear reactors are
strongly dependent on the nuclear properties of the materials from which they are
built. These properties are strongly coupled to the thermodynamic and physical
status of the materials involved. Because of the complex nature of the phenomena
involved in parameter-induced reactivity changes, these calculations are typically
performed in a transport code [29]. In certain situations where spatial effects are
strong, the reactivity changes are often calculated in static core diffusion calculations
where the findings can be compared against experimental values to test the accuracy

of the methods used.

The reactivity coefficients are calculated as small changes about the nominal
operating conditions, i.e., as differences between given initial and final operating
states. Reactivity effects are used to model the reactor-power feedback in reactor
kinetics calculations. The most important reactivity coefficients are those associated
with changes in temperature, density and poison concentration in key reactor
parameters, namely coolant density, moderator density, coolant temperature,

moderator temperature, fuel temperature and moderator poison concentration.
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At the dawn of advanced deterministic codes for use in lattice calculations, a
researcher at Chalk River Nuclear Laboratories used a legacy version of WIMS and 47
energy group ENDF/B-V nuclear library data to benchmark the coolant density (void)
reactivity coefficient among other lattice phenomena [30]. Six different 2D models of
37-element cluster of UO2 fuel with a heavy water coolant and a square lattice pitch
of 28.6 cm were created where each model represented a specific static lattice state
with parameters set to values of particular interest. The reactivity effects due to
voiding of coolant in the lattice from WIMS were compared with a Monte Carlo

calculation and they were found to be in good agreement.

In the study documented in Reference [31], the fuel temperature coefficient of
the SCB was calculated by WIMS-AECL with ENDF/B-V cross section library and
compared with a variant of the SCB. Details of the lattice model used for calculation
of the fuel temperature coefficient of the two bundles were not given as the focus of
the study was to analyze the effect of fuel temperature coefficient on core

performance.

Coolant void reactivity is a very important safety parameter for CANDU
reactors. This is because, unlike LWR designs, the pressure-tube design of a CANDU
physically separates the D20 coolant from the D20 moderator, allowing substantial
moderation to occur even when the entire or partial coolant supply is lost. In
Reference [32], coolant void reactivity calculations were performed for SCB and a
variant of the SCB using WIMS-AECL with cross sections derived from ENDF/B-VI.

Only a one-quarter segment of the lattice cell of half the full lattice height was
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modelled explicitly with reflective-boundary conditions applied to all cell-boundary
surfaces except for the cases with leakage, which had a vacuum-boundary condition
at one axial end. The coolant and moderator were modelled with the same isotopic
purity of 99.65 wt% D20. The models used a 33-energy group library and employed
the collision probability method. The calculated coolant void reactivity affects were
calculated to be in good agreement between WIMS-AECL and the results obtained

using Monte Carlo based calculations.

At the onset of the 215t century, the designers of CANDU reactors were looking
at the “Next Generation” CANDU reactors based on CANFLEX fuel bundles. These
reactors were aimed at producing electrical power at a reduced capital cost by
eliminating the use of D20 as coolant and incorporation of slightly enriched uranium
(SEU) in a tight D20 moderated lattice. The Next Generation CANDU design centered
on adapting the fuel channel lattice which achieves a modestly positive value of
coolant void reactivity. The key parameter that makes possible this low value is the
moderator-to-fuel ratio in the lattice. By reducing the lattice pitch in the core, the
designers effectively reduced the moderator-to-fuel ratio and thereby reduced the
coolant void reactivity. Of course, spatial and spectral changes of the neutron flux in
the lattice cell due to voiding of the coolant, as well as the nuclide composition in the
fuel, also affect the coolant-void reactivity to a lesser extent. The work documented
in Reference [33] provided a survey study of the relationship between coolant-void
reactivity and fuel enrichment as a function of lattice pitch using the lattice code
WIMS-AECL with ENDF/B-VI based nuclear cross section library. Details of the lattice
model used for calculation of the coolant void reactivity were not given. It was
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concluded that full-core coolant-void reactivity in Next Generation CANDU is less than

one Beta (total delayed-neutron fraction).

The coolant void reactivity for CANDU reactors has been calculated using a
single lattice cell with several nuclear codes documented in References [34], [35],
[36], [37], [38], [39]. The coolant void reactivity has also been evaluated in CANDU
lattice cells using DRAGON [40]. It is recognized that for higher accuracy, in particular
for checkerboard voiding, simulation of coolant void reactivity should be performed

using transport assembly models.

In the 2002 proceedings of the Canadian Nuclear Society conference, a summary
paper documented the WIMS-AECL validation against 11 different reactor physics
phenomena of interest which included, among other parameters that influence
reactivity, fuel temperature, coolant and moderator temperature, coolant and

moderator density and moderator poison induced reactivity changes [41].

Traditionally for 2D lattice calculations of reactivity coefficients, the evaluation
of temperature profile within a fuel pin is carried out with the assumption that the
temperature does not vary with the azimuthal angle. The fuel temperature is assumed
a weighted core average of temperature even for temperature reactivity coefficient
calculations. Notwithstanding a noticeable variation of the azimuthal power actually
exists even for NU based fuel pins particularly in the outermost ring since the outer
surface is in close proximity to the moderator and hence a higher intensity of thermal

flux.
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The asymmetric heat production due to neutron flux gradients across a fuel pin
is a known phenomenon for SCBs. This asymmetric heat production is even more
pronounced for the MPB due to the heterogeneity of the fuel pin [3]. The authors in
Reference [28] investigated the effect of distributed temperatures in a pin under
steady-state conditions using WIMS-AECL and an undisclosed external nuclear data
library. A finite element analysis code was utilized to obtain two-dimensional
distribution of fission power and fuel temperature within the fuel pins. It was
concluded that WIMS-AECL simulations using the uniform temperature yielded
lattice reactivity-to-burnup curve that was very close to that generated with
distributed fuel temperatures. It was therefore concluded that for homogeneously
composed fuel pins in the SCB, using uniform fuel temperature in lattice simulations
yields very close results to those obtained with a more accurate fuel temperature
distribution across the radial length of the pin. The authors further noted that for
enriched uranium or mixed oxide fuel pins, the pin power distribution is more skewed
in the fuel pins and the effects of fuel temperature distribution within the fuel pins

would have a more noticeable impact on lattice calculations.

Reference [42] reports on an interesting study where the authors benchmarked
the DRAGON calculations of the reactivity coefficients for a SCB lattice with a Monte
Carlo based code. The DRAGON calculations employed the JEFF 3.1 based microscopic
cross section library; condensed into 69 energy groups that has been made
compatible under the WIMS-D4 format by way of the WIMS-D Library Update Project
(WLUP). For the Monte Carlo simulations, continuous energy JEFF 3.1 evaluated
microscopic cross section data library was employed. The reactivity effects were
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determined for changes to the coolant, moderator, and fuel temperatures and to the
coolant and moderator densities for zero-burnup, mid-burnup and discharge burnup
fuel. It was found that the overall trend in the reactivity coefficients calculated using
DRAGON matched those calculated using the Monte Carlo based code for the burnup
cases considered. However, differences that exceeded the amount attributable to
statistical error were found for some reactivity effects, particularly for perturbations

to coolant and moderator density and fuel temperature.

The overall theme of the literature review indicates that lattice level
calculations for analyzing reactivity coefficients are routinely performed for various
CANDU compatible fuel bundles. Lattice level calculations involve intricate geometry
details especially that of the fuel pins. Reflective and translational boundary
conditions are applied to the lattice in order to estimate integral parameters like the
infinite multiplication factor, flux distribution at various locations, spectral indices,

conversion ratio, etc.

In the past, the transport models had used stylized models of the fuel to reduce
computational demand, but with time, the lattice models have used more explicit
geometry and spectral representations. The fuel, coolant and the moderator region
are typically subdivided into separate regions. The geometries are often simplified
and subdivision of regions removed to perform the self-shielding calculations.
Uniform fuel temperature is used ignoring the radial shape and variation of fuel

temperature between fuel pins of a bundle.
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3.4 Methods for Interpreting Reactivity Coefficients

CANDU reactivity coefficients depend on the specific characteristics of the
CANDU lattice. Of particular importance is the coolant density or void reactivity
coefficient in CANDU reactors as mentioned in Section 3.3. One way to interpret what
the coolant void reactivity is by considering the four factors that constitute the infinite
multiplication factor (kinf). The four factors are fast fission factor ( € ), resonance

escape probability (p), thermal utilization factor (f) and thermal reproduction factor

(n).
kinf=€ B fn (3.4)

This formalism leads to physical interpretation and can provide quantitative

estimates of reactivity coefficients for thermal reactors [43].

The four-factor based evaluation of reactivity coefficient has been widely used
in the industry. The author in Reference [44] performed a detailed investigation of
factors influencing the coolant void reactivity in CANDU reactors. The author
performed several lattice calculations using WIMS-AECL with both geometric and
critical bucklings and 69-energy neutron group based on ENDF/B-IV. The author
concluded that the most overwhelming effects in coolant void reactivity are the
increase in the epithermal group escape probability in 238U, and the increase in the
thermal yield efficiency and utilization in 235U. In the negative direction, the most
important countering effects is the decrease in thermal yield efficiency and utilization

in 239Pu, which builds as burnup progress. The loss of down-scattering in the coolant
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creates a hardened spectrum that leads to increased fast absorption and fission as
well as decreased resonance absorption. In the thermal range this is countered by the
loss of thermal up-scattering, reducing absorption and fission in 239Pu. At the same
time a shift of the thermal and epithermal spatial flux distribution takes place,
increasing the former and decreasing the latter in inner fuel regions. The effects of
increased thermal absorption and decreased epithermal absorption are therefore

greatest. in relative terms, near the centre of the fuel cluster.

Thus far in this section, the factors induced by coolant density reactivity in
CANDU reactors have been discussed. Whenever neutron population increases due to
any positive reactivity feedback, the fission heating increases. Since this heating is
deposited in the fuel element, the fuel temperature will increase immediately. Several
lattice parameters are affected by variations in fuel temperature due to changes in the
neutron cross sections and in the neutron energy spectrum. Furthermore, as the fuel
temperature increases, Doppler broadening of the resonances in the absorption cross
sections of 238U occurs which leads to increased neutron absorption. As a result,
increases in fuel temperature leads to negative reactivity feedback. The change in
reactivity due to change in fuel temperature is a function of the fuel composition and

burnup.

During operation at constant power, the fuel temperature distribution is linked
to the core power distribution where the temperature in the fuel pin is itself a
distributed temperature profile along the length of the fuel pin. However, as stated in

Section 3.3, in production models, the effect of the fuel temperature distribution on
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the overall neutron balance is reproduced by using a spatially constant weighted

average value of fuel temperature.

Some of the increased fission heat is transported out of the fuel pin into the
surrounding coolant, causing a delayed increase in coolant temperature. An increase
in coolant temperature will produce a decrease in coolant density, which causes a
change in the local fuel-coolant properties and subsequently affects the lattice
reactivity. Similarly, reactor operations can also lead to an increase in moderator
temperature and consequently decrease moderator density. Local fuel-moderator
properties will be impacted including changes in both the moderator absorption and
the fuel to moderator flux ratio. The reduction in moderator density increases the

diffusion of neutrons and increases leakage, producing a further change in reactivity.

Reference [45] provides insight into various physical phenomena that
contribute to reactivity coefficients through the lens of a modified version of the four
factors which also includes non-leakage probability. The author also provides a
discussion of a linear perturbation theory-based approach that can be used for

quantitative evaluation of reactivity coefficients. The prescribed perturbation
approach is to multiply the perturbed and unperturbed equations by its adjoint, (I); ,

subtract the two, integrate over the volume of the reactor, and sum over all energy
groups to obtain the perturbation theory estimate for the change in reactivity
associated with the perturbation in material properties. The author then provides

application of the perturbation-based approach to fast reactor reactivity coefficients

53



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 3 FEAS

while acknowledging that this approach is also applicable for thermal reactor

reactivity coefficient evaluation.

It is noteworthy that this dissertation includes a first-of-its-kind application of
the linear perturbation formulism to gain insight into the correlation between the
parametric changes in a specific cell region and the corresponding reactivity effect.
The approach used herewith captures, in synthetic form, the relationship between
changes in the energy-dependent macroscopic cross sections in a specific cell region
and the corresponding integrated reactivity effect. Chapter 4 provides a detailed

explanation of this strategy.

3.5 Methods and Models for Calculating Reactivity Device

Increments

The orthogonal orientation of the CANDU reactivity-control devices with
respect to the fuel channel requires a full 3D model to capture the variations in
neutron flux along the length of the fuel channel and locally, near reactivity device
components. The usual calculation scheme as covered in Section 3.2 follows that after
the 2D lattice calculations and after application of an adequate homogenization
technique, the incremental cross sections of reactivity devices are then computed

using a 3D model of fuel bundle and a neighbouring reactivity device.

Although the use of high resolution in 3D neutron transport models has always
been preferred, the impact of performing such analyses has always been thought to

be very significant in terms of limitation of the transport codes and required
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computational effort. The earlier methods for calculation of the 3D neutron flux
distribution in and around the fuel channels and reactivity devices consisted on one-
and two-dimensional transport calculations using the WIMS-AECL code, a
superhomogenization step, and 3D flux calculations with finite-difference diffusion
theory application. Details of this legacy method is documented in Reference [23]. The
results of this method were benchmarked against station measurements and found
to be in reasonable agreement but indicated that there was significant variability
depending on the reactor and differences were attributed to uncertainty in the

measurement data.

In a paper published in 1994, the authors provided a review of the supercell
calculations process that was implemented in an older version of the DRAGON code
[46]. At the time, only cylindrical geometries were available in DRAGON for 3D
modelling, no clusters could be processed in these cylinders. Therefore, different
regions of fuel channel and reactivity devices were represented as combinations of
cylindrical and rectangular regions, preserving the overall cylindrical geometry for
both fuel channel and reactivity devices. The fuel cluster was homogenized by
merging all regions inside the pressure tube into a fuel paste, and the cluster
geometry of the zone controller unit was annularized into multiple regions. To
perform the supercell calculations meant to only represent one bundle surrounded

by its moderator and part of a reactivity device.

The work documented in References [47] and [48] compared the efficacy of the

WIMS-AECL/MULTICELL and WIMS-AECL/DRAGON-2 modelling methods by
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comparing the incremental cross section properties with Wolsong-1 and Point
Lepreau nuclear reactor stations’ measurements. It was discovered that both
methods produced good agreement for cross-section increments for stainless steel
adjusters but the agreement was not quite good for zone controller units. For shutoff
rods/mechanical control absorbers, there was appreciable discrepancy between the
two modelling approaches. The worsening trend between the two modelling
approaches was attributed to superhomogenization treatment and the use of
diffusion theory in MULTICELL with strong absorptions and 3D flux gradients

associated with reactivity devices with higher worth.

From thereon, the diffusion-based approach used in the past for supercell
calculations was replaced by the transport-based DRAGON code and the DRAGON
code became the industry standard tool for the generation of device incremental
homogenized cross sections [49]. It bears mentioning that the Canadian nuclear
industry has adopted WIMS-AECL, DRAGON and RFSP (a diffusion code) for use in
safety analysis, licensing and routine operations for CANDU reactors. Each of three
reactor physics codes have gone through systematic assessment of code applicability
addressing the unique features of the CANDU design including novel aspects of the
code models, structure and constitutive correlations. These three computer codes are
actively managed, configured and validated under the Industry Standard Toolset

(IST) program at CANDU Owners Group.

Because of complexity and computational needs, the supercell calculations are

continued to be performed using simplified or stylized fuel and reactivity device
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geometries in DRAGON where applicable [23]. The overall calculation strategy for the

generation of reactivity device incremental cross sections can be summarized as

follows:

il.

iil.

iv.

Vi.

2D lattice calculations with fully explicit cluster representation of fuel
using complete neutron energy group structure;

Full energy group macroscopic cross-section computations using the 2D
results; in some cases, the number of neutron energy groups are reduced
to less than 100 energy groups;

Homogenization of fuel-cladding-coolant region with or without energy
condensation;

Cylindrization of the reactivity device, if necessary;

Two-bundle-model 3D supercell calculation with and without the
reactivity device; and

Incremental cross-section calculations using the difference between the

two 3D results.

Reference [50] validated the application of 3D neutron transport calculation of

CANDU reactivity devices in DRAGON using the steps outlined above against

measurements made in the Pickering-A Unit 4 and Darlington Unit 4 nuclear reactor

stations for zone controller units, adjuster rods, and shutoff rods/mechanical control

absorbers. It was discovered that all device-calibration cases, the calculated device

reactivity worth underestimated the calculated worths of measured zone level

changes. The calculation accuracy obtained for each of the measured devices was
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found to be between 5% and 7% of the measured changes. Reference [27] validated
the WIMS-AECL/DRAGON based method by comparing with the device-calibration
measurements obtained from Bruce-A Unit 4 nuclear reactor station restart
commissioning data. The validation exercise showed excellent results, with the
DRAGON code overestimating the measured liquid zone controllers worth by ~5%.
Reference [51] used the same modelling process to calculate the incremental
reactivity cross sections for Wolsong Unit 1 station reactivity devices and various

structural materials.

The development of new geometry features in DRAGON and the availability of
faster computers have made it possible to improve the 2D cell and 3D supercell
models by using explicit 3D assemblies of clusters to simulate the reactivity devices
in CANDU reactors. The most commonly employed model of a 3D supercell
configuration consists of two 3D lattice cells extending to the full length of the bundle
and a perpendicular reactivity device located at the center, between the two lattice

cells.

In 2006, it was announced that the developers of the DRAGON code have now
made it possible to explicitly analyze and process 3D assemblies of the fuel reactivity
device clusters in a 3D calculation by introducing a new tracking procedure
incorporated in the NXT module of DRAGON [52]. Although previously both stainless
steel adjuster rods and shutoff rods/machinal control absorbers could be explicitly
modelled due to their cylinderized geometries, it had not been possible to explicitly

model liquid zone controllers or cobalt adjusters in supercell calculations, which
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effectively necessitate the most complex geometry. The introduction of the NXT
tracking module expanded the geometrical handling capabilities of DRAGON and
made it possible to treat the liquid zone controllers in their exact 3D supercell
geometry. Reference [52] presented a set of calculations using cluster geometries of
fuel and liquid zone controllers. The self-shielding procedure was based on the
improved Stamm’ler method without Livolant-Jeanpierre normalization and used
microscopic cross section data from the WLUP IAEA 69-group library [53]. The
self-shielding calculations were performed on a 2D two-bundle geometry since a
comparison with self-shielding directly on the 3D geometry is considerably expensive
in terms of computer time and also did not result in noticeable differences. The
authors also compared the performances of the CP method and method of
characteristics within the framework of incremental cross-section calculations. It was
concluded that both methods may be used for supercell calculations as they produced
coherent results. The work of Reference [54] used the new geometry features of
DRAGON to explicitly model 3D assemblies of clusters to simulate reactivity devices
adjacent to 43-element CANFLEX fuel. Since the use of explicit 3D geometries implies
a very fine spatial mesh discretization that can generate a large number of regions
leading to problems, the author sided for the use of method of characteristics instead
of the CP method. The work also provided a comparison of results using these two
solution methods for 3D models with a coarse mesh discretization. The results of the
use of 3D cluster model were found to be very close to those obtained by the
annularized model (the standard model) with fine mesh discretization. This was not

surprising because the Advanced CANDU Reactor 1000 (ACR-1000) reactivity devices
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considered in this work are simply rectangular plates. It was inferred that some
improvements are expected with 3D cluster model where the reactivity devices are

more complex, for example, the cluster geometries of CANDU liquid zone controllers.

The literature review confirms that the use of 3D supercell models using
advanced transport codes is a common practice. The DRAGON code is well-suited to
process 3D assemblies of the fuel and reactivity device clusters in a 3D calculation.
However, in order to reduce the computational burden, the standard calculation
scheme used in the industry for generation of reactivity device incremental cross
sections consists of a multistep process. This multistep process involves first
completing 2D lattice calculations with fully explicit cluster representation of fuel and
complete neutron energy group structure, followed by annularization of the fuel
bundle and reactivity device and the use of equivalent material mixtures in

two-bundle-model 3D supercell calculations.

It is noteworthy that this dissertation calculates incremental cross sections
using both a detailed cluster model and an annularized model of the 37-element fuel
to investigate differences between the two sets of calculated cross-section

increments.

3.6 Assessment Methods for Advanced Fuel Designs

In addition to the standard 37-element fuel bundle, many other fuel designs

have been assessed for suitability in CANDU reactors. These fuels can be broadly

60



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 3 FEAS

categorized as enriched uranium fuel, recovered uranium fuel, mixed oxide fuel

(MOX) fuel, thorium fuel and actinide burning fuel [55].

3.6.1.1 Enriched Uranium Fuel

This type of fuel uses 235U as the initial fissile material that has been enriched,
typically to less than 5%. During the late 1900s and early 2000s, CANDU reactor
designers seriously considered using enriched fuels in designs such as the ACR-1000

[56] and in low void reactivity fuels (LVRF) [57].

In Reference [58], the authors studied the CANFLEX bundle with 2 wt%
enriched uranium and 4.6 wt% dysprosium in the central pin using WIMS-AECL. The
main intent of the study was to develop an advanced fuel design with more desirable

reactivity feedback, specifically the coolant void reactivity.

A very interesting study was performed in Reference [59], where the authors
compared the results from the standard WIMS-AECL, DRAGON and RFSP calculations
with the experimental results obtained from the Zero Energy Deuterium (ZED-2)
critical facility at AECL Chalk River Laboratories. Two types of reactivity control
devices were tested using the LVRF type fuel bundles (similar to the ACR CANFLEX
fuel) inside the ZED-2 critical facility. Two-group homogenized cross sections to be
used in the diffusion code were determined based on the WIMS-AECL calculation
using both single-cell and multi cell models. DRAGON was used to calculate the
macroscopic, incremental two-group cross sections for reactivity devices. In the
DRAGON model, the fuel channel was represented by a stylized geometry consisting

of a homogenized cylindrical region of fuel and coolant and a surrounding annulus,
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consisting of the pressure tube, gas annulus gap and calandria tube. The use of
WIMS-AECL/DRAGON/RFSP based standard method gave biases in device worths

that were within 0.3 mk of measured values.

3.6.1.2 Recovered-Uranium Fuel

Recovered-Uranium (RU) fuel consist of reprocessed LWR fuel to recover
unused uranium. The RU is reused to make new uranium-based fuel. Fresh uranium
can also be added where necessary. The 235U content of RU depends mainly on initial
enrichment and discharge burnup of LWR fuel. Conventional fuel reprocessing
technologies can yield very pure RU with very few contaminants from fission
products. Residual fissile material is also available in used CANDU fuel, however the
fissile content of used fuel from CANDU is much lower than that of the used enriched
fuel from LWRs. Therefore, the recovery of residual fissile material from used CANDU

fuel would be significantly more expensive.

The authors of References [60] and [61] have described the salient attributes of
RU fuel from CANDU’s perspective. Reference [60] provides an assessment of the
impact from extra isotopes in RU by performing lattice and core simulation using
0.9% SEU, as being representative of RU. WIMS-AECL was used to create a
representative model for generating lattice cross sections as a function of

bundle-average burnup for 0.9 % SEU.

Various types of RU based fuel have been looked at for use in CANDU reactor.
These fuels differ in the level of reprocessing performed to the LWR-discharged fuel

as well as the nature of additional fuel material added for reactivity control. In the
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direct use of spent PWR fuel in CANDU (DUPIC), the spent fuel is directly reused in a
CANDU reactor after a short reprocessing using dry mechanical methods to remove
gaseous fission products. The DUPIC fuel provides excellent uranium utilization,
high-level waste reduction per electricity generation and the proliferation resistant

feature since the plutonium residing in the used fuel is not separated [62], [63].

In another fuel design known in the industry as natural uranium equivalent
(NUE), a mixture of pure RU from spent fuel reprocessing technologies and depleted
uranium (DU) from enrichment tails is combined in a 37-element fuel bundle design
such that the resulting fuel will behave similar to the SCB. The composition of NUE is
~70% of 0.85 wt% to 0.99 wt% of RU and ~30% of ~0.2 wt% to 0.3 wt% of DU [64].
The composition of RU and DU in the fuel are selected such that the initial bundle
reactivity between the NU and SCB is equivalent. In Reference [65], the authors used
the two lattice codes WIMS-AECL and DRAGON to calculate the fuel bundle power

distribution for each ring based on two-group cross section properties for NEU fuel.

3.6.1.3 Mixed Oxide Fuel

In MOX fuel, plutonium recovered through reprocessing spent LWR fuel is
mixed with either fresh or DU to make mixed uranium- and plutonium-oxide (MOX)
fuel [66]. The main benefit of this fuel type is that it has the potential to allow for
utilization of significant amounts of high-grade plutonium from dismantled nuclear

warheads.

The authors of Reference [67] evaluated both solid and annular fuel pins

comprised of plutonium/uranium-based MOX fuel arranged in various forms of
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square array using the lattice code DRAGON. The code was used to study nuclear
fission rate density, multiplication factor, fuel and moderator reactivity feedback

parameters, and production/depletion of isotopes for different burnup periods.

3.6.1.4 Thorium Fuel

Thorium is a fertile element that is more abundant than uranium in the earth’s
crust. Therefore, the use of thorium as a primary energy source in nuclear reactors
has been a tantalizing prospect for many years [68]. Thorium fuel needs a fissile
material, such as 235U or 239Pu as a ‘driver’ so that chain reaction can be maintained.
Thorium fuel can be either first irradiated in a reactor to provide the necessary
neutron dosing followed by the separation of fissile 233U for use in new fuel, or the
233U may be usable ‘in-situ’ in the same fuel form. In the CANDU reactor, a
once-through thorium cycle is economically viable, which enables energy to be
derived from 233U without reprocessing and recycling. A wide variety of
thorium-based fuel designs have been proposed for used in CANDU reactors which
incorporates the use of LEU oxide with thorium oxide fuel elements in a 43-element
or 37-element fuel bundle layout. These fuel designs vary on the source and quantity
of the fissile component (233U, 235U or plutonium) and how the fissile component is

arranged with the fertile thorium.

The authors of Reference [69] proposed the use of the standard method for
analysis of the 43-element based thorium-fuelled CANDU reactor. It was concluded
that the codes developed for assessment of NU fuel can also be used for reactor

physics analysis of the thorium-based CANDU, namely the use of WIMS-AECL with
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ENDF/B-VII derived nuclear data library for calculation of macroscopic, cell-averaged
2-energy-group cross sections, and DRAGON for derivation of reactivity device
incremental cross sections. The use of RFSP for three-dimensional calculations of
neutron flux and power density distributions in a reactor core, and a Monte Carlo
based code for the purpose of benchmarking the aforementioned toolset was also put

forward.

The authors of References [70], [71] studied the impact of introducing small
amounts of thorium into the traditional 37-element fuel bundle as well as a modified
37-element fuel bundle comprising of slightly enriched uranium fuel and a thorium
central element. In Reference [70], a series of 2D WIMS-AECL simulations using
approximate models was carried out as part of conceptual scoping studies to evaluate
the potential performance and safety characteristics of thorium-based fuel including
possible reduction in coolant void reactivity. A 89-group nuclear data library based
on the ENDF/B-VIL.O evaluation was used in conjunction with WIMS-AECL. In
Reference [71], both WIMS-AECL based depletion simulations and RFSP-based
full-core time-average diffusion simulations were carried out to evaluate various
characteristics of introducing thorium in the core. It was concluded that introducing
thorium in the 37-element bundle can provide increased margin to maximum bundle

power limit and significant increase in fissile utilization.

3.6.1.5 Actinide Burning Fuel
The reprocessing of spend fuel and extraction of actinide materials for use in

fuel for reactors is a key component in reducing the end waste from plant operations.
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Many transuranic actinides in nuclear spent fuel produce heat for long durations,
resulting in significant nuclear waste management challenges. Fissioning some of the
long-lived actinides from used LWR fuel and blending with a fuel matrix such as
uranium, thorium or a neutronically inert material such as zirconia and use as fuel in
CANDU reactors has been examined by authors in Reference [72]. It was reported that
resulting waste would significantly lower decay heat and radiotoxicity, and simplify
the waste management. In Reference [72], lattice cell calculations using WIMS-AECL
with a library with nuclear data for nuclides up to atomic number 96 and full-core
models using RFSP were performed to study the utilization of a CANDU reactor for
actinide destruction and to assess the impact on normal operations due to deviation

from normal fuelling scheme.

The authors of References [73] and [74] use the lattice transport code DRAGON
to perform neutronic assessment on transuranic mixed oxide fuel (TRUMOX) with
95.25% natural uranium and 4.75% of actinide mixture in a 43-element bundle
design that features a larger diameter center pin containing a burnable
dysprosium-zirconium poison. In Reference [73], 2D burnup and 3D incremental
simulations for reactivity worth of an adjuster rod were performed. Additionally in
Reference [74], 2D DRAGON simulations for study of the coolant void reactivity for
TRUMOX fuel were performed. The 2D simulations used a detailed lattice geometry
with resonance self-shielding for the 43-element TRUMOX fuel. The 3D simulations
used a simplified fuel model depicting the 43-element bundle as two regions
consisting of homogenized fuel + coolant paste in the centre and the surrounding
pressure tube + gap + calandria tube paste.
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The literature review of reactor physics methods confirms overall that the use
of advanced transport codes for 2D lattice, 3D supercell and diffusion codes for

full-core calculations is deemed acceptable for advanced CANDU fuel designs.
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Chapter 4: Reactivity Feedback Effects of Molybdenum

Producing Bundle

The time dependence of core power during a transient induced by perturbing
core parameters from their reference, steady-state, values is determined, primarily,
by the core reactivity which is the difference between the reactivity of the perturbed
core and the reactivity of the steady-state core. Consequently, when a single
parameter is perturbed, the transient behavior is determined by the difference
between the reactivity of the perturbed core and the reactivity of the reference core,
also known as the reactivity effect of that parameter. To compare the behaviour of the
MPB to that of the SCB under transient conditions, a first step is to compare their
respective reactivity effects due to changes in local core parameters such as coolant
density, moderator density, coolant temperature, moderator temperature, fuel
temperature and moderator poison concentration. This chapter calculates and
compares the reactivity effects of the two bundles under investigation over a wide
range of perturbations in coolant density, moderator density, coolant temperature,
moderator temperature, fuel temperature and moderator poison concentration
(boron and gadolinium), for burnups ranging from fresh to discharge burnup. A
detailed investigation into the observed dissimilarities between the MPB and SCB

reactivity feedback coefficients based on linear perturbation theory is provided.



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 4 FEAS

4.1 Reactivity Feedback Effects Methodology

The reactivity feedback effects are calculated for both bundle types by
perturbing the following parameters around reference values that are representative
of core conditions, and taking the difference between the reactivity of the perturbed

lattice cell and that of the reference, unperturbed, one:

I. Coolant temperature

il. Moderator temperature

iii. Coolant density

iv. Moderator density

V. Fuel temperature

Vi. Moderator poison concentration

The reference values, perturbation ranges and perturbation steps of the
parameters for which reactivity effects are calculated are presented in Table 4-1.
When calculating the reactivity effect for each parameter, only the parameter under
consideration is varied while the remaining parameters are held constant at their
reference values; even if the resulting combination of parameters is unphysical, e.g,,
varying fuel temperature without simultaneously changing fuel density. The
described, strictly parametric approach, has the advantage that it can be utilized to
predict the reactivity effect of any physical combination of (small) parameter changes

by simply adding the individual effects for all perturbed parameters.
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Table 4-1: Reference and Perturbed Values for MPB and SCB Lattice Parameters

Parameter Unit Reference Value Perturbation Increment
Range

Coolant K 583.15 [300, 650] 50

Temperature

Moderator K 346 [300, 500] 25

Temperature

Coolant Density  g/cm3 0.830 [0.0, 1.0] 0.1

Moderator g/cms3 1.083 [0.4,1.2] 0.1

Density

Fuel K 681 [750, 1050] 100

Temperature

Outer Surface

Moderator

Poison ppm 0 [0,10] 1.0

Boron ppm 0 [0,4] 0.5

Gadolinium

The reactivity effects are calculated for each parameter at burnups of
0 MWd/t(U), 906.62 MWd/t(U), 3750 MWd/t(U), and 7500 MWd/t(U), which are
selected to represent zero burnup, 20-day burnup, mid-burnup, and discharge
burnup conditions, respectively. A burnup of 906.62 MWd/t(U) corresponds to
20 days of irradiation at the specific power of 45.33 kW /kg (based on a bundle power
of 900 kW). This burn up is sufficient to reach the maximum activity of °Mo in the
fuel pins. Beyond 20 days, the rate of production of ®?Mo in the fuel pins balances the
rate at which ?°Mo is lost due to radioactive decay [9]. Irradiation for longer than
20 days does not increase the amount of produced °°Mo and is uneconomical due to
the accumulation of other undesirable fission products and the increase in the
radioactive waste streams that ultimately require disposal. The higher MPB burnups
are only included in the study to account for the possibility of the MPB inadvertently

spending more time in the core than planned.
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4.2 Transport Code and Model

The neutron transport code DRAGON ver. 3.06 [25] is used for this study. For
the current analysis, the technique of collision probabilities was applied to a
two-dimensional model with material cross sections derived from the 69-group IAEA
WLUP library [53]. The flux was normalized to a total production rate of one neutron
per second and the adjoint was also normalized to an adjoint-weighted production

rate of unity.

The DRAGON model used in this study is a single lattice cell corresponding to
either the SCB or the MPB with reflective boundaries on all sides. The pressure tube
is modelled as an alloy of natural zirconium with 2.5% niobium, while the calandria
tube is modelled as pure natural zirconium. Within a single-lattice pitch (28.575 cm)
square region, unpressurized heavy water moderator at a significantly lower
temperature (345 K) surrounds the calandria tube. Each fuel pin consists of a string
of UO2 pellets that is encapsulated by a layer of cladding. The SCB fuel pins have a
density of 10.6 g/cm3 and 0.711 wt% enrichment of 235U, corresponding to natural
uranium. The MPB fuel pins have a density of 10.6 g/cm3. The inner-region UO2 fuel
contains depleted uranium, with 0.2 wt% of 235U. The outer-region UOz2 fuel contains
19.5 wt% of 235U. The thickness of the outer, enriched-uranium, region of the pin is

79.36 um, which is adapted from the work of Reference [3].

Resonance treatment is performed using the modified Stamm’'ler method [75]
and 11 distinct radial resonance domains in the fuel. The inner, depleted-fuel, region

of the MPB is split into 10 radial material regions and 10 distinct resonance domains,
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and the outer, enriched-fuel, region consists of 1 material region and a single
resonance domain. The high number of spatial regions and the 11 resonance domains
in the fuel pin are used to capture the self-shielding effects and the so-called ‘rim
effect’, which represents the higher neutron absorption at the periphery of the fuel
pin with better accuracy. The use of multiple material regions with additional
regional splitting (for a total of 23 radial computational regions) ensures that the
evolution of the fuel composition during burnup is captured in detail in the transport
calculation and that sufficiently-fine radial power profile data is available. The SCB
model is geometrically identical to the MPB one, but all fuel regions contain natural

uranium. The DRAGON geometrical model used in this study is shown in Figure 4-1.

One important difference between the SCB and MPB is the radial fuel
temperature profile. The fuel temperatures in each discrete region of the pin are set,
for each bundle type, according to the radial temperature profiles shown in Figure
4-2, which are calculated using the methodology employed in Reference [3]. The
modelling of the radial variation in the fuel temperature ensures more accurate
predictions of the reactivity feedback compared to the use of a uniform fuel

temperature as typically done in lattice calculations.
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Figure 4-1: A DRAGON representation of the CANDU lattice discretized into material
regions

Figure 4-2 shows that the fuel centreline temperature of the MPB is significantly
lower than that of the SCB for all burnups. The difference in the centreline
temperatures for the two bundles is due to the fact that the temperature difference
between the center of the pin and the outer surface of the pin is, by and large,
proportional to the radial integral of the heat flux between the outer surface of the
pin and the centerline. While the two bundle types have the same outer fuel
temperature, set by the coolant temperature, the increase in temperature towards the
center of the pin is much more pronounced for the SCB than for the MPB. At zero
burnup, this is due to the fact that, for the SCB, heat is generated fairly uniformly
throughout the fuel while, for the MPB, the vast majority of the heat is generated in

the outer, enriched, fuel region, and therefore the integration distance in the heat flux
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component is much shorter for the MPB pin compared to the SCB pin with uniform
heat generation. Figure 4-3 shows a step increase in the power density in the
enriched-uranium region of the MPB for fresh fuel conditions. As the MPB is
irradiated, heat generation in the enriched peripheral region decreases due to 235U
depletion, and increases in the central region as 238U is converted to fissile 239Pu. This
gradual shift in heat generation from the peripheral region to the inner region of the
pin causes the MPB centreline temperature, and radial temperature profile in general,

to rise with burnup. However, the MPB fuel temperature at any radial position still

remains lower than that of the SCB.
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Figure 4-2: Radial temperature profiles of MPB and SCB for various burnups [3]
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Figure 4-3: Normalized heat generation rate density for SCB and MPB fuel pins

Starting from the fresh fuel conditions, the fuel burnup is advanced using
burnup steps of less than 250 MWd/t(U) until a burnup of 1250 MWd/t(U) was
reached. The burnup steps are kept small in order to capture the initial, sharp decline
of the reactivity due to the accumulation of saturating fission products, followed by
its subsequent rise resulting from plutonium buildup. Beyond the irradiation stage of
1250 MWd/t(U), larger burnup steps (375 MWd/t(U) and 625 MWd/t(U)) are used
to reach the mid-burnup and discharge burnup stages. All parameters are kept at

their reference conditions during the burnup evolution.
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The lattice model assumes reflective boundary conditions for all transport
calculations. For each parameter listed in Table 4-1, the infinite-medium
multiplication constants for the reference state and for each perturbed state are used

to calculate the reactivity feedback effect using Eq. (4.1).

r 1

Ap, =1000><£ ](mk) (4.1)

inf,0 inf,7

4.3 Calculations and Results

The following sections describe the impact of perturbing the key parameters

about their reference values listed in Table 4-1.
4.3.1 Coolant-Temperature Reactivity Effect

The coolant temperatures simulated in DRAGON range from 300 K to 650 K in
increments of 50 K for all four burnup cases: zero burnup, 20-day burnup,
mid-burnup and discharge burnup. The reference coolant temperature used to

calculate the reactivity change in Eq. (4.1) is 583.15 K.

The calculated effect of coolant temperature on reactivity for SCB and MPB
lattice models is presented in Figure 4-4. The coolant temperature perturbations
yield reactivity differences that display smooth variations, which are very similar for
both MBP and SCB for all four burnups. The slight differences in reactivity between
the two fuel types remain below 1 mk over the entire coolant-temperature

perturbation range.
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For the perturbation range analyzed, the maximum difference in reactivity
occurs at 300 K coolant temperature for 20-day burnup, followed by mid-burnup,
zero burnup and then discharge burnup. The differences at higher-than-reference
coolant temperatures are much less pronounced for the given perturbation range.
The shifting of the curves from downwards trending for zero burnup and 20-day
burnup to upwards trending for mid-burnup and discharge burnup as the coolant
temperature is increased is a recognized effect and it occurs for both the MPB and the

SCB.

Reactivity (mk)

300 350 400 450 500 550 600 650
Coolant Temperature (K)

—— MPB - zero burnup —— MPB - 20-day hurnup MPB - mid-burnup —— MPB - discharge burnup
SCB - zero burnup SCB - 20-day burnup SCB - mid-burnup SCB - discharge bunrup

Figure 4-4: Coolant-temperature reactivity effect for MPB and SCB
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4.3.2 Moderator-Temperature Reactivity Effect

The moderator temperature simulated in DRAGON range from 300 K to 500 K
in increments of 25 K for all four burnups. The reference temperature used to

calculate the reactivity change in Eq. (4.1) is 346 K.

The calculated effect of the moderator temperature on reactivity for SCB and
MPB lattice models is presented in Figure 4-5. The moderator temperature
perturbations yield reactivity differences that display almost linear trends, and are
very similar for both MBP and SCB for all four burnups. The reactivity effects are
nearly-identical for zero burnup. The slight differences in the reactivity values for
20-day burnup, mid-burnup and discharge burnup are below 1 mk for the entire

moderator-temperature perturbation range.

For the perturbation range analyzed, the maximum reactivity difference occurs
at 500 K moderator temperature for 20-day burnup, followed by mid-burnup,
discharge burnup and then zero burnup. The differences at the lower-than-reference
temperature range are much less pronounced for the given perturbation range. The
shifting of the curves from downwards trending for zero burnup to upwards trending
for 20-day burnup, mid-burnup and discharge burnup as the moderator temperature

is increased is a recognized effect and it occurs for both the MPB and the SCB.
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Figure 4-5: Moderator-temperature reactivity effect for MPB and SCB

4.3.3 Coolant-Density Reactivity Effect

The coolant densities simulated in DRAGON range from 0.0 g/cm3 to 1.0 g/cm3
in increments of 0.1 g/cm3 for all four burnups. The reference density used to

calculate the reactivity change in Eq. (4.1) is 0.830 g/cm3.

The calculated effect of the coolant density on reactivity for SCB and MPB lattice
models is presented in Figure 4-6. It is evident that coolant density perturbations

yield reactivity differences that display linear trends, and are nearly-identical for the
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two fuel types for all four burnups. The slight differences in reactivity between the

two fuel types remain below 1 mk over the entire coolant-density perturbation range.
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Figure 4-6: Coolant-density reactivity effect for MPB and SCB

For the perturbation range analyzed, the maximum reactivity difference
between the two fuel types occurs when coolant density is 0 g/cm3 (fully voided
conditions) for discharge burnup, followed by mid-burnup, 20-day burnup and then
zero burnup. The differences at the higher-than-reference density range are much

less pronounced for the given perturbation range. For voided conditions, the highest
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positive reactivity effect for both fuel types occurs for zero burnup, followed by

20-day burnup, mid-burnup, and then discharge burnup.

4.3.4 Moderator-Density Reactivity Effect

The moderator densities simulated in DRAGON range from 0.4 g/cm3 to
1.2 g/cm3 in increments of 0.1 g/cm3 for all four burnups. The reference density used

to calculate the reactivity change in Eq. (4.1) is 1.083 g/cm3.

The calculated effect of the moderator density on reactivity for SCB and MPB is
presented in Figure 4-7. The moderator density perturbations yield reactivity
differences that display smooth variations, which are very similar for MBP and SCB
for all four burnups considering that for 0.4 g/cm3 moderator density, the calculated

reactivity value lies between -280 mk and -345 mk.

For the perturbation range analyzed, the maximum difference in reactivity
between the two fuel types occurs at 0.4 g/cm3 moderator density for discharge
burnup, followed by mid-burn, 20-day burnup and then zero burnup. The reactivity
effect of loss of moderation is quite significant, as displayed in Figure 4-7 at low
moderator density range, since moderator is the main source of thermalized neutrons

in the core.
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Figure 4-7: Moderator-density reactivity effect for MPB and SCB

4.3.5 Fuel-Temperature Reactivity Effect

When calculating the fuel-temperature reactivity effect, because the radial
fuel-temperature profiles of the SCB and MPB are vastly different, using the average
fuel temperature as the perturbed parameter is inadequate. Instead, in this study, the
perturbed parameter is the fuel pin outer temperature, which is the same for both
bundle types (because it is dictated, primarily, by the coolant temperature) and thus
allows for a fair comparison. Perturbing the outer fuel temperature from its reference

value perturbs the temperature throughout the fuel pin, but by different amounts
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depending on the radial position. The radially-dependent fuel-temperature
perturbation increases towards the centerline where it can be as high as 2.2 times the
perturbation in the outer fuel temperature. For that reason, a different radial
temperature profile is calculated for each fuel-temperature perturbation case and for
each burnup, accounting for the temperature dependence of the thermal conductivity

at each radial position.

The reference fuel temperature profiles corresponding to each of the four
burnups, as depicted in Figure 4-2, are simulated in DRAGON. The outer fuel
temperature is perturbed from 681 K to 750 K and subsequently to 1050 K in steps
of 100 K. As an illustration, Figure 4-8 shows the reference and perturbed fuel
temperature profiles for MPB and SCB for fresh fuel. The calculated effect of the fuel

temperature on reactivity for SCB and MPB is presented in Figure 4-9.

The horizontal axis in Figure 4-9 denotes the fuel pin outer temperature. The
overall fuel-temperature reactivity follows the same general downward trend as the
fuel temperature is increased for both fuel types and for all four burnups. The slight
differences in reactivity between the two fuel types remain below 1 mk over the
entire fuel-temperature perturbation range. For the perturbation range analyzed, the
maximum difference in the reactivity among the two fuel types occurs for 1050 K
outer fuel pin temperature for zero burnup, followed by mid-burnup, discharge

burnup and then 20-day burnup.
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Figure 4-8: Perturbed fuel temperature radial profiles for the fresh fuel case

It can be seen from Figure 4-9 that, for zero burnup, the reactivity effect is
slightly more negative for the SCB than the MPB but as the bundles are irradiated, the
fuel-temperature reactivity effect becomes to a lesser extent less negative for the SCB

than the MPB.
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Figure 4-9: Fuel-temperature reactivity effect for MPB and SCB

4.3.6 Moderator-Poison Reactivity Effect

The two poisons that are typically added to the CANDU moderator to control
reactivity are natural boron and natural gadolinium. The calculated effects of both
boron and gadolinium moderator poisons on reactivity for SCB and MPB are
presented in Figure 4-10 and Figure 4-11. Figure 4-10 shows the moderator boron
results for boron concentrations between 0 and 10 ppm in increments of 1.0 ppm for
all four burnups. Figure 4-11 shows the moderator gadolinium results for gadolinium

concentrations between 0 and 4 ppm in increments of 0.5 ppm for all four burnups.
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The perturbations induced by both poisons yield reactivity differences that display
linear trends, and are nearly-identical for the two fuel types for all four burnups. For
the perturbation range analyzed, the maximum reactivity difference occurs at the
highest simulated poison concentrations (10 ppm for boron and 4 ppm for
gadolinium), but the difference remains less than 1.5 mk for both boron and
gadolinium poisons at all four burnups. At the highest simulated poison
concentrations, the maximum reactivity difference occurs for zero burnup, followed

by 20-day burnup, mid-burnup and discharge burnup.
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Figure 4-10: Moderator-poison (boron) reactivity effect for MPB and SCB
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Figure 4-11: Moderator-poison (gadolinium) reactivity effect for MPB and SCB

4.4 Interpretation of Results

The perturbation of any cell parameter, p, results in a change in the cell

reactivity. The immediate effect of perturbing a parameter in a specific cell region is

a change in the energy-dependent macroscopic cross sections in that region. At the

same time, perturbing the macroscopic cross sections in any given region induces

changes in the amplitude and energy dependence of the neutron flux in all regions.
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Consequently, the overall effect on reactivity is a combination of changes in the
production and absorption reaction rates in all regions, not just in the region affected

by the initial parameter perturbation.

To gain insight into the correlation between the parametric changes in a specific
cell region and the corresponding reactivity effect, one can use the linear perturbation
formula of reactivity which is valid for small perturbations, dp, and captures, in
synthetic form, the relationship between changes in the energy-dependent
macroscopic cross sections in a specific cell region and the corresponding full-cell
reactivity effect. In the multigroup collision-probability formalism, the (approximate)

reactivity perturbation formula is written as [76]:
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In Eq. (4.2), q)z,.,r denotes the neutron flux in region r for energy group g’, and

CD(;J denotes the adjoint in region r for energy-group g. The “0” superscript denotes

the unperturbed (reference) state. Terms preceded by a plain “6” symbol denote the

changes in the respective multigroup macroscopic cross sections induced by the
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specific perturbation 8p in parameter p, and 0 ¢¢ Tepresents the Kronecker delta

symbol. The adjoint flux is obtained by solving the adjoint formulation of the neutron

transport equation as presented in Eq. (2.15).

The fraction multiplying the perturbation 0p represents the partial derivative

of the reactivity effect with respect to parameter p and is referred to as the reactivity

coefficient of parameter p:

gr girr 0
a g=1g'=1 reme keﬂr Sp
= G G
or 33T 0" o pyovs
1l ot BT B KgVergr
=18 =11V

(4.3)

For example, if p=Tm is the moderator temperature, then the partial derivative

ap . . s
% is referred to as the reactivity coefficient of the moderator temperature. When the
m

reactivity effect (change) is plotted as a function of the parameter p, the reactivity

coefficient of parameter p represents the slope of that curve.

As shown by Eq. (4.3), the reactivity coefficient depends on the reference direct
flux, the reference adjoint, and the derivatives of individual macroscopic cross

sections with respect to parameter p:
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According to Eq. (4.3), the reactivity coefficient is just a weighed sum over all
energy groups and regions of cross section derivative terms. The weight consists of

the product between the reference flux, the reference adjoint, and the region volume,

namely q)z,* q)(;',rVr- Accordingly, knowledge of the flux and adjoint flux for the

r
reference case is sufficient to evaluate the first-order change in the reactivity for the
perturbed problem provided that terms on the right-hand-side in Eq. (4.4) can
evaluated explicitly. The main regions of interest when applying the perturbation
formula are the inner fuel region, the outer fuel region, coolant and moderator.
Representative plots of the reference flux and adjoint in the four regions of interest

are shown in Figure 4-12 to Figure 4-19.

The first thing to notice from the flux plots is that the flux in the fuel regions has
two maxima, one in the high-energy range and another in the thermal-energy range.
The high-energy maximum corresponds to fast neutrons being emitted in fission
reactions, while the thermal maximum corresponds to thermal neutrons produced by
slowing down (moderation) in moderator and coolant. The second thing to notice is
that the high-energy maximum is absent in the moderator. Because the moderator is

farther away from the fuel, and sufficient neutron slowing-down occurs, Figure 4-18
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shows no prominent fast flux. In the coolant, both the low-energy and high-energy
maxima are visible, but the high-energy maximum is less prominent than in the fuel.
The presence of the high-energy maximum in the coolant is explained by the spatial
proximity of the coolant to the fuel. Because of the proximity, only a fraction of the

fast neutrons produced from fission have the chance to be moderated.

Figure 4-12 and Figure 4-14 show that, for a given bundle type (either SCB or
MPB) and a given burnup, the fluxes in the inner and outer fuel regions are similar,
with only small differences. This is due to the fact that fuel pins are relatively thin
(~1.2 cm) and thus neutrons travelling from one fuel region to the other do not have
a high probability of interaction and hence do not undergo much absorption or
slowing down. Figure 4-12 and Figure 4-14 also show that, for a given burnup, the
differences between the MPB fuel flux and the SCB fuel flux are minor. At zero burnup,
the small differences (both in the inner and outer fuel region) are best described as a
slight softening (shift towards thermal energies) of the MPB flux compared to the SCB
one. This is likely a consequence of the fact that, at zero burnup, most of the fissions
in the MPB occur in the (enriched) outer fuel region, closer to the coolant, and hence
neutrons produced there have a better chance of being moderated, which leads to a
slightly softer spectrum. At discharge burnup, there is almost no difference between
the MPB and SCB fuel fluxes. This is likely due to the fact that, as the fuel burns and
fissile material (%3°Pu) is produced in the inner fuel region of the MPB, a significant
fraction of fissions in the discharge-burnup of the MPB occur in the inner fuel region,
just like for the SCB, and hence there is no enhanced neutron moderation for the MPB
compared to the SCB at discharge burnup.
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Substantial flux differences exist between discharge burnup and zero burnup
and they are visible for both bundle types and for all regions (inner fuel, outer fuel,
coolant and moderator). The substantial flux differences between discharge and zero
burnup are due to the accumulation of fission products, depletion of 235U and

accumulation of 239Pu in the fuel.

An examination of the adjoint plots reveals that there are only minor differences
between the MPB adjoint and the SCB adjoint. This is true for all regions (inner fuel,
outer fuel, coolant and moderator) and for both zero burnup and discharge burnup.
However, just like for the flux, substantial differences exist between the
discharge-burnup adjoint and the zero-burnup adjoint for both bundle types and for
all regions. These differences are due primarily to the accumulation of 23°Pu in the

fuel.

In what follows, the perturbation formula in Eq. (4.3) and the observations
made about the reference flux and adjoint are used to analyze the reactivity

coefficients of specific parameters for the MPB and the SCB.
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Figure 4-12: Reference SCB and MPB direct flux in the inner fuel region for zero burnup
and discharge burnup

93



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 4 FEAS

1.60

1.40

0.20

0.00
0 10 20 30 40 50 60 70

Group (g')

MPB - zero burnup ——MPB - discharge burnup
— — SCB - zero burnup — — SCB - discharge burnup

Figure 4-13: Reference SCB and MPB adjoint in the inner fuel region for zero burnup and
discharge burnup
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Figure 4-14: Reference SCB and MPB direct flux in the outer fuel region for zero burnup
and discharge burnup
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Figure 4-15: Reference SCB and MPB adjoint in the outer fuel region for zero burnup and
discharge burnup
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Figure 4-16: Reference SCB and MPB direct flux in the coolant for zero burnup and
discharge burnup
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Figure 4-17: Reference SCB and MPB adjoint in the coolant for zero burnup and discharge
burnup
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Figure 4-18: Reference SCB and MPB direct flux in the moderator for zero burnup and
discharge burnup
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Figure 4-19: Reference SCB and MPB adjoint in the moderator for zero burnup and
discharge burnup

4.4.1 Coolant-Temperature Reactivity Effect

An analysis of the coolant-temperature reactivity effect can be performed by
estimating the reactivity coefficients in the vicinity of the reference point using
Eq. (4.3). Considering a 50 K increase in the coolant temperature from the reference
value of 583 K to 633 K, Eq. (4.3) can be used to evaluate the corresponding
coolant-temperature reactivity coefficients for the zero-burnup SCB, the zero-burnup
MPB, the discharge-burnup SCB, and discharge-burnup MPB. Results are shown in
Table 4-2.
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To understand what causes the differences in the coolant-temperature
reactivity coefficient between the MPB and the SCB, as well as between discharge
burnup and zero burnup, specific terms in Eq. (4.3) can be examined. First, it is
observed that, because the perturbation only affects the coolant, the derivative of the

a(xgvzf,g')

cool

production term, , vanishes. Second, because the flux and adjoint are

normalized such that the total production rate as well as the adjoint-weighted

production rate (denominator in Eq. (4.3)) equal unity, Eq. (4.3) simplifies to:

89 - G is(zs,g'—)g,ma]_Sg'gztg,mol) z CDO* CDO v (4 5)
aTCOO[ g=1g=1 8Tcoal recool er &

According to Eq. (4.5), the reactivity coefficient is just a weighed sum over all

energy groups and coolant regions of cross section derivative terms

oz . -0 ., X
s,8'—>g,cool g'g"~ tg,cool

oT

cool

. The weight is given by the product between the direct flux,

the adjoint, and the region volume, namely CD(: CDg.er . The cross section derivative

r

> . -0,
terms ( S'gﬁg’cgﬂT g8 [g’m]) are the same for the SCB and the MPB and

cool

independent of burnup, while the product of the adjoint with the direct flux depends
on both bundle type and burnup. It follows from Eq. (4.5) that the differences between
the coolant-temperature reactivity coefficients of the MPB and those of the SCB
(bottom row of Table 4-2) are due solely to the differences between the reference

coolant flux and adjoint of the MPB and those of the SCB. Similarly, the differences
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between the coolant-temperature reactivity coefficients at discharge burnup and
those at zero burnup (right column of Table 4-2) are due solely to the differences
between the reference coolant flux and adjoint at discharge burnup and those at zero

burnup.
The coolant direct flux and adjoint for reference conditions are shown in Figure

(2, s pcoor =B s Zegconr )
5,8'—>g,cool g'g" " tg,cool

oT

cool

4-16 and Figure 4-17, respectively, and a map of the terms

is shown in Figure 4-20. In Figure 4-20, diagonal terms correspond to the removal
(from group g) macroscopic cross section, taken with a minus sign because of its
negative contribution to reactivity. Terms above the diagonal (g'<g) represent
down-scattering and terms below the diagonal (g'>g) represent up-scattering. Down-
and up-scattering terms are taken with a positive sign because of their positive

contribution to the reactivity.

The negative diagonal terms represent a positive derivative of (increase in) the
removal macroscopic cross section, while the positive off-diagonal terms represent a
positive derivative of (increase in) the group-to-group scattering macroscopic cross
section. Importantly, the positive derivative of (increase in) the up-scattering cross
sections in the thermal range (visible in the lower-right quadrant of Figure 4-20) is
due to the higher coolant temperature which increases up-scattering due to increased

thermal agitation of the coolant molecules.

As can be seen from Figure 4-20, the macroscopic cross section derivatives have

different values, and even different signs, at different (g, g') combinations. Therefore,
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differences (even subtle ones) in the direct flux and adjoint can induce differences in

the reactivity coefficient calculated according to Eq. (4.5) and even a change in its sign.

Table 4-2 shows that, at zero burnup, the magnitude of the coolant-temperature
reactivity coefficient of the MPB is 24% larger than that of the SCB, while at discharge
burnup, the magnitude of the MPB coolant-temperature reactivity coefficient is
almost equal, but slightly smaller (-1.7%) than that of the SCB. Such modest
differences stem from the relatively minor differences between the reference coolant
flux and adjoint of the MPB and those of the SCB, as illustrated in Figure 4-16 and

Figure 4-17

Table 4-2 also shows that while the coolant-temperature reactivity coefficients
for the zero-burnup SCB and MPB are negative, those coefficients become positive at
discharge burnup for both bundle types and their absolute values are two to three
times larger at discharge burnup than at zero burnup. Such large swings in the
coolant-temperature reactivity coefficients between zero burnup and
discharge-burnup are explained by the substantial differences between the reference
coolant flux and adjoint at zero burnup and those at discharge burnup, as can be seen

in Figure 4-16 and Figure 4-17.

The coolant-temperature reactivity coefficients predicted by perturbation
theory and summarized in Table 4-2 are consistent with the slopes of the
coolant-temperature reactivity effect plots shown in Figure 4-4. Figure 4-4 also shows
that, for large perturbations, the coolant-temperature reactivity effect becomes

slightly non-linear.
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Table 4-2: Coolant-temperature Reactivity Coefficients (mk/K)

Zero burnup Discharge
burnup % Difference
SCB -8.18E-06 +2.42E-05 -396%
MPB -1.01E-05 +2.38E-05 -335%
% Difference 23.9% -1.7%
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4.4.2 Moderator-Temperature Reactivity Effect

An analysis of the moderator-temperature reactivity effect can be performed by
estimating the reactivity coefficients in the vicinity of the reference point using
Eq. (4.3). Considering a 50 K increase in the moderator temperature from the
reference value of 346 Kto 396 K, Eq. (4.3) can be used to evaluate the corresponding
moderator-temperature reactivity coefficients for the zero-burnup SCB, the
zero-burnup MPB, the discharge-burnup SCB, and discharge-burnup MPB. Results are

shown in Table 4-3.

To understand what causes the differences in the coolant-temperature
reactivity coefficient between the MPB and the SCB, as well as between zero burnup
and discharge burnup, specific terms in Eq. (4.3) can be examined. Because the
perturbation only affects the moderator, the same arguments that applied to the

coolant apply here, and a formula similar to Eq. (4.5) can be used:

oz, . -0 .z
Gp ;ii ( s,g'—g,mod g'g tg,mod) Z q)zjrq);’ry (46)

r
a Tmod g=1g'=1 6 Tmod remod

Similar to the case of the coolant, the reactivity coefficient is just a weighed sum

over all energy groups and moderator regions of cross section derivative terms

8(2, s pmod ~ O gs Zpmod )
s,8'—>g,mod g'g” tg,mod

oT

mod

with the weight given by the product between the direct

flux, the adjoint, and the region volume, namely CD(:JCDZ,JVF Just as for the coolant,

105



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 4 FEAS

(., SO
s,8'—>g,mod g'g~ tg,mod

oT

mod

the cross section derivative terms are the same for the SCB

and the MPB and independent of burnup, while the product of the adjoint with the
direct flux depends on both bundle type and burnup. It follows from Eq. (4.6) that the
differences between the moderator-temperature reactivity coefficients of the MPB
and those of the SCB (bottom row of Table 4-3) are due solely to the differences
between the reference coolant flux and adjoint of the MPB and those of the SCB.
Similarly, the differences between the moderator-temperature reactivity coefficients
at discharge-burnup and those at zero-burnup (right column of Table 4-3) are due
solely to the differences between the reference moderator flux and adjoint at

discharge burnup and those at zero burnup.

The moderator direct flux and adjoint for reference conditions are shown in

0,2

(Zs,g'—hg,mod_ g'g tg,mod)

oT

mod

Figure 4-18 and Figure 4-19, respectively, and a map of the

terms is shown in Figure 4-21. Similar to the case of the coolant, the positive
derivative of (increase in) the up-scattering cross sections in the thermal range
(visible in the lower-right quadrant of Figure 4-21) is due to a higher moderator
temperature which increases up-scattering due to increased thermal agitation of the

heavy-water molecules.

Just like for the coolant, and as can be seen from Figure 4-21, the macroscopic
cross section derivatives have different values, and even different signs, at different

(g, g') combinations. Because of that, differences (even subtle ones) in the direct flux
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and adjoint can induce differences in the reactivity coefficient calculated according to

Eq. (4.6) and even a change in its sign.

Table 4-3 shows that, at zero burnup, the magnitude of the
moderator-temperature reactivity coefficient of the MPB is 8.9% larger than that of
the SCB, while at discharge burnup, the magnitude of the MPB
moderator-temperature reactivity coefficient is almost equal, but slightly smaller
(-1.7%) than that of the SCB. Such modest differences stem from the relatively minor
differences between the reference moderator flux and adjoint of the MPB and those

of the SCB, as illustrated in Figure 4-18 and Figure 4-19.

Table 4-3 also shows that while the moderator-temperature reactivity
coefficients for the zero-burnup SCB and MPB are negative, those coefficients become
positive at discharge burnup for both bundle types and their absolute values are six
to seven times larger at discharge burnup than at zero burnup. Such large swings in
the moderator-temperature reactivity coefficients between zero burnup and
discharge-burnup are explained by the substantial differences between the reference
moderator flux and adjoint at zero burnup and those at discharge burnup, as can be

seen in Figure 4-18 and Figure 4-19.

Table 4-3: Moderator-temperature Reactivity Coefficients (mk/K)

Zero burnup Discharge
burnup % Difference
SCB -1.92E-05 1.31E-04 -780%
MPB -2.10E-05 1.29E-04 -714%
% Difference 8.9% -1.7%
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The moderator-temperature reactivity coefficients predicted by perturbation
theory and summarized in Table 4-3 are consistent with the slopes of the

moderator-temperature reactivity effect plots shown in Figure 4-5.

4.4.3 Coolant-Density Reactivity Effect

An analysis of the coolant-density reactivity effect can be performed by
estimating the reactivity coefficients in the vicinity of the reference point using

Eq. (4.3). Considering a decrease in the coolant density, »__, from the initial value of

0.76 g/cm3 to 0.61 g/cm3, Eq. (4.3) can be used to evaluate the corresponding
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coolant-density reactivity coefficient for the zero-burnup SCB, the zero-burnup MPB,
the discharge-burnup SCB, and discharge-burnup MPB. Results are shown in Table

4-4,

To understand what causes the differences in the coolant-density reactivity
coefficient between the MPB and the SCB, as well as between zero burnup and
discharge burnup, specific terms in Eq. (4.3) can be examined, just as it was done in
Section 4.4.1 for the coolant-temperature coefficient. Because the perturbation only
affects the coolant, the same arguments that were made in Section 4.4.1 apply here,

and a formula similar to Eq. (4.5) can be used:

8p & & 8(Zs.é."%g.coal_8(157’572tg,c001) 0* 0
=22 o @ v 47
aDmo} g=lg'=1 8Dcoa] r;ﬂ gero & ( )

(2, s poor =B s Zegconr )
s,8'—>g,cool g'g " tg,cool

oD

cool

Because the cross section derivative terms are the

same for the SCB and the MPB and independent of burnup, while the product of the
adjoint with the direct flux depends on both bundle type and burnup, the differences
between the coolant-density reactivity coefficients of the MPB and those of the SCB
(bottom row of Table 4-4) are due solely to the differences between the reference
coolant flux and adjoint of the MPB and those of the SCB. Similarly, the differences
between the coolant-density reactivity coefficients at discharge-burnup and those at
zero-burnup (right column of Table 4-4) are due solely to the differences between the

reference coolant flux and adjoint at discharge burnup and those at zero burnup.
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The coolant direct flux and adjoint for reference conditions are shown in Figure

z -0 . X
s,8'—>g,cool g'g" tg,cool

oD

cool

terms

4-16 and Figure 4-17, respectively, and a map of the

is shown in Figure 4-22.

As can be seen from Figure 4-22, the macroscopic cross section derivatives have
different values, and even different signs, at different (g g’) combinations.
Consequently, differences (even subtle ones) in the direct flux and adjoint can induce

differences in the reactivity coefficient calculated according to Eq. (4.7).

Table 4-4 shows that, at zero burnup, the magnitude of the coolant-density
reactivity coefficient of the MPB is 1.4% smaller than that of the SCB, while at
discharge burnup, the magnitude of the MPB coolant-density-reactivity coefficient is
2.4% smaller than that of the SCB. Such differences stem from the differences
between the reference coolant flux and adjoint of the MPB and those of the SCB, as

illustrated in Figure 4-16 and Figure 4-17.

Table 4-4 also shows that the coolant-density reactivity coefficients are negative
for both bundle types at both zero burnup and discharge burnup and relatively close
to each other. The absolute values of the reactivity coefficients are ~10% lower at
discharge burnup than at zero burnup for both bundle types, and these differences
are the consequence of differences between the reference coolant flux and adjoint at
discharge burnup and those at zero burnup, as illustrated in Figure 4-16 and Figure

4-17.
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Overall, the coolant-density reactivity coefficient shows a larger change when
going from zero burnup to discharge burnup than when going from SCB to MPB. This
is consistent with the fact that the reference flux and adjoint in the coolant change
more when going from zero burnup to discharge burnup than when going from SCB

to MPB (Figure 4-16 and Figure 4-17).

The coolant-density reactivity coefficients predicted by perturbation theory and
summarized in Table 4-4 are consistent with the slopes of the coolant-density
reactivity effect plots shown in Figure 4-6. Figure 4-6 also shows that the
coolant-density reactivity effect is linear over a wide range of densities, a behavior
consistent with the fact that the macroscopic cross section perturbations are linear in
the atom density, and hence in the coolant density. It is important to stress that the
coolant-density reactivity coefficients are determined by the same reference direct
flux and adjoint that determine the coolant-temperature reactivity coefficients.
However, unlike the coolant-temperature reactivity coefficients, they do not change
sign with burnup. The different behaviour stems from the different cross section
derivatives, illustrated by the differences between Figure 4-22 and Figure 4-20; in
particular the fact that when density is changed, all macroscopic cross sections
change by the same fractional amount, whereas when temperature is changed, cross

sections change by different fractional amounts at different energies.
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Table 4-4: Coolant-density Reactivity Coefficients (mk-g-1-cm3)
Zero burnup Discharge
burnup % Difference
SCB -2.40E-02 -2.15E-02 -10.5%
MPB -2.37E-02 -2.10E-02 -11.3%
% Difference -1.4% -2.4%
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4.4.4 Moderator-Density Reactivity Effect

An analysis of the moderator-density reactivity effect can be performed by
estimating the reactivity coefficients in the vicinity of the reference point using
Eq. (4.3). Considering a 0.108 g/cm3 decrease in the moderator density from the
reference value of 1.083 g/cm3 to 0.975 g/cm3, Eq. (4.3) can be used to evaluate the
corresponding moderator-density reactivity coefficient for the zero-burnup SCB, the
zero-burnup MPB, the discharge-burnup SCB, and discharge-burnup MPB. Results are

shown in Table 4-5.

To understand what causes the differences in the moderator-density reactivity
coefficient between the MPB and the SCB, as well as between zero burnup and
discharge burnup, specific terms in Eq. (4.3) can be examined, just as it was done in
Section 4.4.3 for the coolant-density coefficient. Because the perturbation only affects
the moderator, the same arguments that were made in Section 4.4.3 apply here, and

a formula similar to Eq. (4.6) can be used:
5(=

& s,8'—>g,mod _Sg'gztg,mod) 0* 0
gzl gz:l 8D 2 @)V, (4.8)

mod remod
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Because the cross section derivative terms are the

same for the SCB and the MPB and independent of burnup, while the product of the
adjoint with the direct flux depends on both bundle type and burnup, the differences
between the moderator-density reactivity coefficients of the MPB and those of the

SCB (bottom row of Table 4-5) are due solely to the differences between the reference
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moderator flux and adjoint of the MPB and those of the SCB. Similarly, the differences
between the moderator-density reactivity coefficients at discharge-burnup and those
at zero-burnup (right column of Table 4-5) are due solely to the differences between
the reference moderator flux and adjoint at discharge burnup and those at zero

burnup.

The moderator direct flux and adjoint for reference conditions are shown in

)

(Es,g'%g,mod - g'gztg,mod)

oD

mod

Figure 4-18 and Figure 4-19, respectively, and a map of the

terms is shown in Figure 4-23.

As can be seen from Figure 4-23, the macroscopic cross section derivatives have
different values, and even different signs, at different (g, g’) combinations.
Consequently, differences (even subtle ones) in the direct flux and adjoint can induce

differences in the reactivity coefficient calculated according to Eq. (4.8).

Table 4-5 shows that, at zero burnup, the magnitude of the moderator-density
reactivity coefficient of the MPB is 4.1% smaller than that of the SCB, while at
discharge burnup, the magnitude of the MPB moderator-density-reactivity coefficient
is 1.5% smaller than that of the SCB. Such differences stem from the differences
between the reference moderator flux and adjoint of the MPB and those of the SCB, as

illustrated in Figure 4-18 and Figure 4-19.

Table 4-5 also shows that the moderator-density reactivity coefficients are
positive for both bundle types at both zero burnup and discharge burnup and

relatively close to each other. The absolute values of the SCB reactivity coefficients
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are 12.9% larger at discharge burnup than at zero burnup and the MPB reactivity
coefficients are 16.0% larger at discharge burnup than at zero burnup. These
differences are the consequence of differences between the reference moderator flux
and adjoint at discharge burnup and those at zero burnup, as illustrated in Figure

4-18 and Figure 4-19.

Overall, the moderator-density reactivity coefficient shows a larger change
when going from zero burnup to discharge burnup than when going from SCB to MPB.
This is consistent with the fact that the reference flux and adjoint in the moderator
change more when going from zero burnup to discharge burnup than when going

from SCB to MPB (Figure 4-18 and Figure 4-19).

The moderator-density reactivity coefficients predicted by perturbation theory
and summarized in Table 4-5 are consistent with the slopes of the moderator-density
reactivity effect plots shown in Figure 4-7. Figure 4-7 also shows that the effect
becomes non-linear as the moderator density drops below 0.9 g/cm3. This is
explained by the fact that the linear perturbation formula does not apply for large
perturbations. So, even if the macroscopic cross section perturbations are linear in
the atom density, and hence in the moderator density, because the moderator
represents such a large fraction of the cell volume, perturbing its density can lead to
large reactivity effects, which cease to be linear. It is important to stress that the
moderator-density reactivity coefficients are determined by the same reference
direct flux and adjoint that determine the moderator-temperature reactivity

coefficients. However, unlike the moderator-temperature reactivity coefficients, they
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do not change sign with burnup. The different behaviour stems from the different
cross section derivatives, illustrated by the differences between Figure 4-23 and
Figure 4-21; in particular the fact that when density is changed, macroscopic cross
sections at all energies change by the same fractional amount, whereas when
temperature is changed, cross sections change by different fractional amounts at
different energies. It is also important to note that both the moderator-density
reactivity coefficients and the coolant-density reactivity coefficients are determined
by the cross-section derivatives (with respect to density) of heavy water (albeit at
different reference temperatures, namely the moderator and coolant temperature).
The main reasons why the moderator-density reactivity coefficients are very
different from the coolant-density reactivity coefficients (including having a different
sign) are (i) the differences between the moderator flux and adjoint and the coolant
flux and adjoint illustrated by Figure 4-16 to Figure 4-19, in particular the absence of
any high-energy flux peak in the moderator, and (ii) the much larger volume of the

moderator.

Table 4-5: Moderator-density Reactivity Coefficients (mk-g-1-cm3)

Zero burnup Discharge
burnup % Difference
SCB +0.132 +0.149 12.9%
MPB +0.127 +0.147 16.0%
% Difference -4.1% -1.5%
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4.4.5 Fuel-Temperature Reactivity Effect

An analysis of the fuel-temperature reactivity effect can be performed by
estimating the reactivity coefficients in the vicinity of the reference point using
Eq. (4.3). Considering a 69 K increase in the outer fuel temperature, Touter-fuel, from the
reference value of 681 K to 750 K, Eq. (4.3) is used to evaluate the corresponding

fuel-temperature reactivity coefficient for the zero-burnup SCB, the zero-burnup
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MPB, the discharge-burnup SCB, and discharge-burnup MPB. Results are shown in

Table 4-6.

To understand what causes the differences in the fuel-temperature reactivity
coefficient between the MPB and the SCB, as well as between zero burnup and
discharge burnup, Eq. (4.3) can be used. Because the perturbation affects the fuel, no
terms in that equation vanish. Nonetheless, because the flux and adjoint are
normalized such that the total production rate as well as the adjoint-weighted
production rate (denominator in Eq. (4.3)) equal unity, Eq. (4.3) can still be partially

simplified, to:

B 5 s apan | L) M 0t )
= eff

outer—fuel ~ &=1g'=lrefuel

outer—fuel outer—fuel

(4.9)

(Zs,g'ég.r B Sg'ngg'r )

S(XgV2@~,r) nd

outer—fuel outer—fuel

will be different for

The derivative terms

the SCB and the MPB, will depend on burnup, and will be different in the inner and
outer fuel regions. The derivative terms are different in each fuel region because, on
one hand, the fuel composition in the MPB and SCB is different in different fuel regions
and, on the other hand, because the temperature increase in each fuel region is

different even if the outer fuel temperature increase is the same. Representative plots

ovZ o
———, in the inner and outer

0T

outer—fuel

of the derivative of the production cross section,

fuel regions are shown in Figure 4-24 and Figure 4-25, respectively.
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The differences between the production derivative terms for the inner and
outer fuel region of the SCB are caused, primarily, by the fact that the fuel temperature
perturbation in the inner region of the fuel is larger than the fuel-temperature
perturbation in the outer region of the fuel. The former is larger because of the radial
fuel temperature profile which shows higher temperatures closer to the centerline
and hence larger temperature variations in the inner fuel region compared to outer
fuel region. The differences between the production derivative terms of the MPB and
those of the SCB are due to differences in the fuel composition (the MPB uses depleted
fuel in the inner region and enriched fuel in the outer region, while the SCB uses
natural uranium in both regions). Finally, the differences between the production
derivative terms at discharge burnup and those at zero burnup (for both bundle types
and for both fuel regions) are due to the depletion of 235U and buildup of 23°Pu. Both
the depletion of 235U and the buildup of 23°Pu are different for the MPB and the SCB

because of their different initial fuel compositions.

o)
S,.8 >8I g8 g.r

The derivative terms depend on the fuel region (inner or

outer—fuel
outer), bundle type (MPB or SCB) and burnup level (zero burnup or discharge
burnup), for a total of eight different instances. For brevity, maps of these derivative
terms are not included. It will only be noted that the derivative-term maps for the fuel
temperature have the same general structure as those for the coolant or moderator
temperature but, of course, the specific group-dependent values are different. The
reason for the values being different is that in the case of the fuel, changes in
macroscopic cross sections (especially the diagonal terms) are due primarily to the
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Doppler widening of resonances, whereas the coolant and moderator cross sections
have no resonances and hence changes induced by temperature variations are mostly

due to the shift in the thermal neutron spectrum.

The overall reactivity effect of perturbing the (outer) fuel temperature is the
result of the combined effect of changes in the removal cross section, the scattering
cross section and the production cross section, weighted by the product of the direct

flux and adjoint.

Table 4-6 shows that the fuel-temperature reactivity coefficients are always
negative, for both the MPB and SCB, and both at zero burnup and discharge burnup.
The absolute values of the reactivity coefficients are larger at discharge burnup by
~80% for both bundle types. At zero burnup, the magnitude of the reactivity
coefficient of the MPB is 13.6% smaller than that of the SCB while, at discharge
burnup, the magnitude of the MPB reactivity coefficient is 15.8% larger than that of

the SCB.

Overall, the fuel-temperature reactivity coefficients show a larger change when
going from zero burnup to discharge burnup than when going from SCB to MPB. This
is consistent with the fact that the reference flux and adjoint in the fuel change more
when going from zero burnup to discharge burnup than when going from SCB to MPB

(Figure 4-12 to Figure 4-15).
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Table 4-6: Fuel-temperature Reactivity Coefficients (mk/K)

Zero burnup Discharge
burnup % Difference
SCB -2.69E-05 -3.83E-06 -85.8%
MPB -2.32E-05 -4.43E-06 -80.9%
% Difference -13.6% 15.8%
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The fuel-temperature reactivity coefficients predicted by perturbation theory

and summarized in Table 4-6 are consistent with the slopes of the fuel-temperature

reactivity effect plots shown in Figure 4-9.
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4.4.6 Moderator-Poison Reactivity Effect

An analysis of the moderator-poison reactivity effect, of the MPB and the SCB,
at zero burnup and at discharge burnup, can be performed by estimating the
reactivity coefficients in the vicinity of the reference point using Eq. (4.3). Considering
a variation of the moderator-poison (B or Gd) concentration from zero to 1 ppm (by

mass), Eq. (4.3) is used to evaluate the corresponding moderator-poison reactivity
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coefficients for the zero-burnup SCB, the zero-burnup MPB, the discharge-burnup
SCB, and discharge-burnup MPB. Results are shown in Table 4-7 for boron and in

Table 4-8 for gadolinium.

To understand what causes the differences in the moderator-poison reactivity
coefficients between the MPB and the SCB, as well as between zero burnup and
discharge burnup, specific terms in Eq. (4.3) can be examined. Because the
perturbation only affects the moderator, the same arguments that were made in

Section 4.4.2 apply here, and Eq. (4.3) simplifies to:

1

é’C’ 3C er eV

B/Gd =1g'-1 B/Gd remod

S Z . -3
Zc;i ( s5,8'—>g,mod g'g tgmod) Z q)o q)o (310)

(zs,g'ﬁg,mod - 8,g,f'gztg,mod )

oC

B/Gd

Because the cross section derivative terms are the

same for the SCB and the MPB and independent of burnup, while the product of the
adjoint with the direct flux depends on both bundle type and burnup, the differences
between the moderator-poison reactivity coefficients of the MPB and those of the SCB
(bottom rows of Table 4-7 and Table 4-8) are due solely to the differences between
the reference moderator flux and adjoint of the MPB and those of the SCB. Similarly,
the differences between the moderator-poison reactivity coefficients at discharge
burnup and those at zero burnup (right columns of Table 4-7 and Table 4-8) are due
solely to the differences between the reference moderator flux and adjoint at
discharge burnup and those at zero burnup. The moderator direct flux and adjoint for

reference conditions are shown in Figure 4-18 and Figure 4-19, respectively, and
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maps of the derivative terms are shown in Figure 4-26 and

Figure 4-27.

Figure 4-26 and Figure 4-27 show that only the diagonal terms are affected by
the addition of poison, which is to be expected as only the capture cross section (part
of the removal cross section, which constitutes the diagonal terms) is increased by
adding poison to the moderator, which leads to a negative contribution to the

reactivity.

Table 4-7 and Table 4-8 show that the moderator-poison reactivity coefficients
are negative for both bundle types at both zero burnup and discharge burnup; a fact
explained by the increased absorption caused by the poison addition. The absolute
values of the reactivity coefficients are ~13% smaller at discharge burnup than at
zero burnup for both bundle types and both poison types. At zero burnup, the
magnitude of the reactivity coefficient of the MPB is 1.4% smaller than that of the SCB
for both boron and gadolinium. At discharge burnup, the magnitude of the reactivity
coefficient of the MPB is 0.1% smaller than that of the SCB for both boron and

gadolinium.

Overall, the moderator-poison reactivity coefficients show larger changes when
going from zero burnup to discharge burnup than when going from SCB to MPB. This
is consistent with the fact that the reference flux and adjoint in the moderator change
more when going from zero burnup to discharge burnup than when going from SCB

to MPB (Figure 4-18 and Figure 4-19).
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Table 4-7: Moderator-poison (Boron) Reactivity Coefficients (mk/ppm)

Zero burnup Discharge
burnup % Difference
SCB -8.52 -7.36 -13.6%
MPB -8.40 -7.35 -12.5%
% Difference -1.4% -0.1%
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Table 4-8: Moderator-poison (Gadolinium) Reactivity Coefficients (mk/ppm)

Zero burnup Discharge
burnup % Difference
SCB -26.78 -23.01 -14.1%
MPB -26.41 -22.98 -13.0%
% Difference -1.4% -0.1%
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It is important to note that the moderator-poison reactivity coefficients are
determined by the same reference direct flux and adjoint as for the
moderator-temperature and the moderator-density reactivity coefficients. However,
they are different in both values and behaviour from those because of the simpler,

diagonal-only, group dependence of the cross-section derivative terms.

The moderator-poison reactivity coefficients predicted by perturbation theory
and summarized in Table 4-7 and Table 4-8 are consistent with the slopes of the

moderator-poison reactivity effect plots shown in Figure 4-10 and Figure 4-11.

4.5 Conclusions

The study documented in this chapter shows that the MPB and the SCB have
almost identical (within 1.5 mk) reactivity feedback effects when coolant density,
moderator density, coolant temperature, moderator temperature, fuel temperature
and moderator poison concentration are perturbed over wide ranges. Since the time
dependence of core power during a transient induced by perturbing core parameters
from their reference, steady-state, values, is determined by the respective reactivity
effects, this constitutes a first step in proving that the MPB will have a very similar
behaviour to that of the SCB for not only during steady-state operation as captured in
Reference [3] but also during transients. It can therefore be concluded that employing
MPBs in the core will maintain a comparable operational envelope to a standard

natural uranium fuelled configuration

127



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 4 FEAS

A high-fidelity lattice model comprising of 11 resonance domains for capturing
self-shielding effects and 23 radial computational regions providing sufficiently-fine
neutronic data is used. Due to the dissimilarities in the radial temperature profiles of
the MPB and SCB, a unique radial temperature profile is calculated for each
fuel-temperature perturbation case and for each burnup and applied in the lattice
model, which allows for a more accurate prediction of the reactivity feedback effects
compared to the use of an average fuel temperature as typically done in lattice

calculations.

Furthermore, a first-of-a-kind application of the linear perturbation formulism
is utilized to explain the small differences in the reactivity feedback effects. The study
finds that the differences between the reactivity coefficients of the MPB and those of
the SCB (at either zero or discharge burnup) are much smaller than the differences
between the reactivity coefficients (of either SCB or MPB) at discharge burnup and
those at zero burnup. The differences are explained (using perturbation theory) by
the small dissimilarities in the reference flux and adjoint between the MPB and the
SCB and the large dissimilarities in the reference flux and adjoint between discharge

burnup and zero burnup.
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Chapter 5: Reactivity-Device Incremental Cross

Sections and Reactivities

This chapter investigates the effect of employing MPB in the core on the
reactivity worth of reactivity devices. The study utilizes three-dimensional supercell
configurations and the neutron transport code DRAGON to calculate and compare the
incremental macroscopic cross sections and reactivity for adjuster absorbers, shutoff
absorber rods and liquid zone controllers when surrounded by MPBs and by SCBs.
Two geometrical representations of fuel bundles are used: a detailed, cluster,
representation, whereby all fuel pins are modeled separately, and an annularized
representation, whereby each ring of fuel pins and corresponding coolant is
represented as a homogeneous annulus. The latter model is the one customarily used

in production calculations for finding cross-section increments of reactivity devices.

CANDU reactors use reactivity devices that are vertically oriented and located
between fuel channels. It is anticipated that at most, 4 MPBs will be present in a single
fuel channel, located in central axial positions (positions 5 to 8), giving rise to the
situation where two MPBs are side-by-side in two adjacent channels as shown in
Figure 5-1. Itis therefore possible that the reactivity worth of a device may be affected
by the type of neighbouring fuel bundle (MPB or SCB) adjacent to it. For example,
reactivity devices A and B in Figure 5-1 could potentially have different reactivity

worths.
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Reactivity Device
MPB

SCB

Pressure Tube
Calandria Tube

Figure 5-1: Reactivity devices located between CANDU fuel channels

Macroscopic-cross-section increments for reactivity devices located between
fuel channels and perpendicular to the reactor axis are typically generated using a 3D
supercell neutron transport calculation. The increment of a given macroscopic cross
section for a particular reactivity device is defined as the difference between the
homogenized supercell cross section in the presence of the reactivity device and the
same cross section in the absence of the device. The cross-section increments for each
reactivity device, along with the bare lattice two-group cross sections for appropriate
burnup values, are the building blocks for the full-core neutron-diffusion model. In
order to prove that employing MPBs in the core will not have any noticeable effects
on reactor operations, both the bare-lattice macroscopic cross sections and the
reactivity-device cross-section increments need to be similar. Previous work [3] has
shown that the bare lattice macroscopic cross sections of the SCB are nearly identical

to those of the SCB.
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If reactivity-device macroscopic cross-section increments can also be
demonstrated to be independent of the type of fuel adjacent to the reactivity device,
the expectation is that the reactivity-device worth itself will be independent of the
type of fuel adjacent to the device. This would be true for any depth of insertion of a
given reactivity device and for any combination of reactivity devices present in the
core at any given time. Therefore, a comparison of device cross-section increments is
a prerequisite first step towards establishing that core reactivity for any combination
of reactivity devices and depth of insertion is not significantly affected by the
anticipated presence of MPBs in the proximity of reactivity devices. Should such
increments be found to be unaffected by the proximity to MPBs, then only a limited
number of full-core configurations would have to be analyzed, with the purpose of
confirming that core reactivity and transient behavior are, indeed, unaffected by the
proximity of MPBs to reactivity devices. Conversely, should such increments be found
to be affected by the proximity to MPBs, a larger number of full-core calculations
would be needed, to determine which reactivity device configuration is most affected
and to adjust operational and control routines to account for the different device

reactivity worth.

This chapter presents the results of comparing the reactivity-device
incremental cross sections for supercell configurations with either two MPBs or two
SCBs on adjacent sides of a reactivity-device. While in reality operators would try to
avoid refuelling two adjacent channels with MPBs, such a configuration was chosen
for this study because it represents the worst-case scenario from the perspective of
potential changes in the reactivity-device worth as a consequence of refuelling with
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MPBs. The mixed configuration with an MPB on one side and an SCB of the other side
of a reactivity device is assumed to be bounded in macroscopic-cross-section

increments by the MPB- and SCB-only configurations.

The reactivity devices that are studied are: stainless-steel adjuster absorbers
(AAs), shutoff absorbers (SAs) and liquid zone controllers (LZCs). The MPB
specifications used in this work is from the one presented in Chapter 2 and depicted

in Figure 2-4.

5.1 CANDU Reactivity Devices

A CANDU reactor has four different reactivity control device systems: the AAs,
SAs, LZCs and control absorbers (CAs), which are identical to SAs. Consequently, only

the three distinct reactivity devices (AA, SA and LZC) are studied in this work.

The stainless-steel-based AAs are of a pin-in-tube design with a central pin
surrounded by a hollow stainless-steel tube. The space between the pin and the tube
is occupied by the moderator. The diameters of the pin and of the surrounding tube
are constant everywhere along the length of the AA. AAs move within a perforated
zirconium-alloy guide tube located in the moderator. There are six different types of

AAs, each with a specific pin and tube thickness.

The SAs, which are identical to CAs, are comprised of a hollow tube of cadmium
sandwiched between stainless steel layers. The thickness of the two layers of stainless
steel, as well as that of the cadmium tube, is the same over the length of the tube. SAs
move within a perforated zirconium alloy guide tube located in the moderator. The
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geometries, dimensions and material compositions for SAs and AAs are taken from
Reference [77], are shown in Figure 5-2, and listed in Table 5-1 and Table 5-2,

respectively.

The LZCs consist of a cluster of tubes inside a zirconium-alloy outer tube. Each
LZC compartment has at least one scavenger or feeder tube for H20 and one bubbler
or balance tube for Helium. The arrangement of the LZC inside the CANDU core is such
that there are either three LZCs stacked on top of each other (central columns) or two
LZCs stacked on top of each other (outer columns) resulting in LZC configurations
which differ in the number of feeder/balance and scavenger/bubbler pipes that pass
through the tank to supply other LZC compartments within the column. In total, there
are three different LZC designs depending on the vertical location in the core. They
are identified as Type 3S2F, Type 2S1F and Type 1SOF. The first digit in the LZC type
corresponds to the number of the scavenger and bubbler tubes, and the second
number corresponds to the number of feeder and balance tubes. All LZC
compartments are assumed to be made of zirconium alloy with the same material
composition as the one for AA and SA guide tubes. The design information for LZC is
extracted from Reference [78]. A cross-sectional view of the LZC showing the
arrangement of feeder and scavenger tubes within the LZC compartment is presented

in Figure 5-3.
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Table 5-1: Adjuster Absorber and Shutoff Absorber Design Specifications [77]

AA SS Tube Outer SS Tube Thickness Central Rod

Diameter (cm) (cm) Diameter (cm)

Type 1 3.810 0.132 0.577

Type 2 3.810 0.087 0.649

Type 3 3.810 0.185 1.069

Type 4 3.810 0.185 0.790

Type 5 3.810 0.061 0.500

Type 6 3.810 0.087 0.662

SA

Inner SS Tube L.D. Cadmium Tube LD. Cadmium Tube 0.D. | Outer SS Tube O.D.

(cm) (cm) (cm) (cm)

5.321 5.398 5.474 5.560

Table 5-2: Adjuster Absorber and Shutoff Absorber Material Compositions [77]

Stainless Steel

Fe = 69.936 wt%
Cr=18.198 wt%
Ni = 8.893 wt%
Mn = 1.680 wt%
Si=0.520 wt%
Cu=0.323 wt%
Mo = 0.263 wt%
Co=0.070 wt%
N =0.057 wt%
C=0.022 wt%

Zirconium-II

Fe =0.135 wt%
Cr=0.100 wt%
Ni=0.055 wt%

Natural Zr = 98.209 wt%

Cadmium

Natural Cd =100%

Guide Tube

Zirconium-II with 36% perforation
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Figure 5-2: Cross-sectional view of CANDU adjuster absorber and shutoff absorber

Type 1SO0F Type 2S1F Type 3S2F
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Figure 5-3: Cross-sectional view of CANDU liquid zone controllers

5.2 Three-Dimensional Supercell Model

As mentioned earlier, the orthogonal orientation of the CANDU reactivity
control devices with respect to the fuel channel requires a full 3D model to capture

the variations in neutron flux along the length of the fuel channel and locally, near
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reactivity control device components. The 3D supercell model is illustrated in Figure

5-4.

Reactivity Device (L.7C)

Calandria Tube
Anuhis Gas
Pressure Tube

Fuel Bundle \

Coolant
28.575 em (1 Lattice Pitch)

Moderator
49 5,

.50 ¢
m Bum//u

- ,ongth)
15 e
1(2 inllicc Pitcy
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Figure 5-4: A 3D CANDU supercell configuration with two fuel lattices and a reactivity
device (LZC) in the axial center

5.2.1 Homogenization Region

To capture the change in lattice homogenized macroscopic cross sections
induced by the presence of a reactivity device (cross-section increments), two
different regions are defined: an inner region and an outer region, as shown in Figure
5-5, each with a volume equal to that of a 3D lattice cell of size 28.75 cm x 28.75 cm x
49.50 cm. The inner region extends from the first bundle mid-plane to the second

bundle mid-plane. The outer region consists of the two regions extending from each
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bundle mid-plane to the respective model boundary. Only the inner region is specified
as the region-of-interest and is used to homogenize and energy-condense
macroscopic cross sections in order to calculate the incremental cross sections and

supercell reactivity in the presence of a reactivity device.

Two sets of homogenized cross sections are calculated: one in the absence of the
reactivity device, and one in its presence. The absence of the reactivity device is
defined as rod removed for AA and SA and as fully drained for LZC. The presence of
the reactivity device is defined as rod inserted for AA and SA and as completely filled

with light water for LZC.

28.575 cm (1 Lattice Pitch)

Figure 5-5: CANDU 3D supercell face view and homogenized central region
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5.2.2 Representation of Fuel-Bundle Geometry

Latest versions of the DRAGON code are capable of using explicit, cluster,
representations of the 37 fuel elements in each of the two fuel bundles included in the
supercell model, whereas, traditional 3D models of CANDU reactivity devices,
developed in the late 1990s, have used simplified geometries of fuel bundles. Such
models are still used in routine production calculations as described in Reference
[50]. The region inside the pressure tube is usually pre-homogenized into four
concentric annuli, each corresponding to a fuel ring. The homogenized properties of
each annulus are determined by flux-volume homogenization of fuel, cladding and
coolant using the flux solutions of an equivalent problem in 2D geometry. This work
calculates incremental cross sections using both a detailed model and an annularized
model of the fuel bundles in order to investigate any differences between the two sets

of calculated cross-section increments.

5.3 DRAGON Model and Calculations

Calculations of the incremental cross sections for reactivity devices are
performed using DRAGON ver. 3.06 [25] and the 69-group IAEA WLUP microscopic
cross library [53]. For the current analysis, the 69-energy-group CP method was
applied to a 3D supercell configuration comprising of two side-by-side fuel lattices
oriented parallel to the reactor axis and a reactivity device perpendicular to the
reactor axis, located between the two cells, midway along the axial length of the fuel

bundles, as shown in Figure 5-4.
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5.3.1 Detailed Bundle Model

Fuel pins in each bundle are represented explicitly, using the “CLUSTER”
geometry type in DRAGON. Similar to Section 4.2, the fuel pins are discretized into 11
radial regions and the modified Stamm’ler method [75] is used to perform resonance
treatment treating each radial region as a distinct resonance domain. Because the
MPB and SCB have identical geometries, the same 3D models can be used to represent
either fuel bundle, with only the composition of the fuel material in each region being
different. The outermost region of the MPB contains enriched fuel and the 10

remaining regions contain depleted fuel. All SCB regions contain natural uranium.

No additional spatial discretization is added in the fuel or other parts of the
model due to the complex and computationally intensive nature of the 3D transport
solution. Reflective boundaries are used on all six boundaries of the supercell model,
thus simulating an infinite repeated array of the base supercell configuration

consisting of two fuel bundles and a control device.

The fuel temperatures in each discrete region of the pin are set, for each bundle
type, according to the calculated radial temperature profiles as presented in
Section 4.2 given at zero burnup or 20-day burnup. Given that the radial temperature
profile for the MPB is significantly different from that for the SCB, the use of correct
radial variation of the fuel temperatures ensures more accurate prediction of the
reactivity device incremental cross sections compared to the use of a uniform fuel

temperature as typically done in supercell calculations.
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5.3.2 Annularized-Bundle Model

The annularized model is obtained by first performing 2D neutron transport
calculations in 69-energy groups (including self-shielding), followed by material
homogenization into annuli. Four different fuel “pastes” are computed, one for each
annular region corresponding to each fuel ring. Each paste is obtained by
homogenizing fuel, cladding and coolant materials. From the 2D calculation step, a
new set of 69-group macroscopic cross sections is formed for each paste, which is
then used in the 3D calculation. The cluster geometry of the 37-element fuel pins and
the annularized geometry with concentric homogenized annuli are depicted in Figure
5-6. Aside from the homogenization of the fuel, cladding and coolant, the
annularized-model parameters such as spatial discretization and tracking path

density are the same as for the detailed model.

Figure 5-6: 37-Element explicit (left) and annularized (right) models
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5.3.3 Supercell Calculations

Three-dimensional supercell calculations are performed for the MPB, as well as
the SCB, at zero burnup and 20-day burnup (906.62 MWd/t(U)) which corresponds
to the maximum residence time of the MPB inside the core. To ensure accurate
representation of the fuel compositions at 20-day burnup, burnup calculations are
performed for both MPB and SCB using 2D lattice models and small burnup steps as
described in Section 4.2. Detailed fuel compositions in each fuel ring are then
transferred to the 3D supercell models to determine the incremental cross sections

and reactivity changes for AA, SA and LZC.

Three cases are analyzed for each reactivity device and for each bundle type: 1)
two bundles, 2) two bundles and guide tube in place, 3) two bundles, guide tube and
reactivity device in place. Macroscopic cross sections are calculated in 69-energy
groups then condensed into two energy groups and spatially homogenized. In total,

for each reactivity device, two sets of incremental cross sections are defined:

(1) AXGuideTube — [ncremental cross sections for a (empty) tube”, unoccupied by
the movable absorber that is part of the reactivity device. For liquid zone
controllers, the tube represents the outer LZC compartment and the inner
scavenger and feeder tubes. The part of LZC that is inside the outer tube and
outside the scavenger/feeder tubes is filled with helium. For solid control

rods, the tube is the guide tube. The guide tube is filled with moderator.
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(2) AXDevice — Incremental cross sections for a rod-based reactivity device that is
fully inserted or a LZC that is completely filled with light water within the cell

limits.

Table 5-3 shows the set of eight incremental cross sections that are computed
with reference to the MPB and the SCB. For the sake of comparison, incremental cross
sections (for both SCB and MPB) are calculated using both the detailed model which
uses the explicit “cluster” geometry available in DRAGON and the simplified

(annularized) fuel-bundle model used in production calculations.

Table 5-3: Set of Incremental Macroscopic Cross Sections

Incremental | Description of cross section

AXirq Incremental fast transport cross section (cm-1)

AXir Incremental thermal transport cross section (cm-1)

AZaq Incremental fast absorption cross section (cm-1)

AZ, Incremental thermal absorption cross section (cm-1)

AXs12 Incremental scattering cross section from group 1 to 2
(down-scattering) (cm-1)

A1 Incremental scattering cross section from group 2 to 1 (up-
scattering) (cm-1)

AvEn Incremental fast production cross section (cm-1)

AvEp Incremental thermal production cross section (cm-1)

5.4 Simulation Results

Incremental macroscopic cross sections and corresponding supercell reactivity
increments are presented in Table 5-4 to Table 5-14 for both MPB and SCB.

Differences are presented as MPB value - SCB value, while percentage differences are

142



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 5 FEAS

presented as (MPB value - SCB value)/SCB value x100%. Because guide tubes for

different AA types are identical, their incremental properties are only presented once.

It is worth noting that because the supercell boundary conditions are periodic,
the supercell reactivity increment corresponding to the insertion of the reactivity
device does not represent the reactivity worth of a single device, but rather the
reactivity worth of an array of devices repeated every two lattice pitches, in an infinite
lattice. Nonetheless, the percent differences between the MPB- and SCB-based
supercell reactivity increments are representative of the percent difference between

the device reactivity worth when located near a MPB or a SCB.

5.4.1 Incremental Cross Sections and Reactivities at Zero Burnup

The two-group homogenized incremental cross sections, AXDevice, and
incremental supercell reactivity for AA, SA and LZC are first calculated using fuel
properties corresponding to zero burnup and presented in Table 5-4, Table 5-5, and
Table 5-6, respectively. The reference supercell reactivity is 42.36 mk for the SCB and

43.20 mk for the MPB.

The incremental macroscopic cross sections of all reactivity devices are very
similar for the two bundle types. It bears mentioning that such cross-section
increments represent merely a convenient mathematical way of modelling a
reactivity device in a two-group diffusion calculation and cannot be directly related
to the neutron cross sections of the material making up the device. It is obvious, for
example, that fission and production cross sections for the reactivity-device materials

are zero, whereas increments for such average macroscopic cross sections can be
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non-zero. This is due to the fact that the homogenization volume includes fuel.
Differences between device cross-section increments obtained for the two fuel types
do not, therefore, have any operational implications. The operationally-meaningful
quantity is the percent difference between the supercell reactivity increments. It is
desirable that the supercell reactivity increments corresponding to a device’s

insertion be very similar for the two bundle types.

When comparing the calculated supercell reactivity increments for the MPB and
the SCB, they are found to be very similar for all reactivity devices, with the difference
being less than 2.0% (Table 5-4, Table 5-5, and Table 5-6). The largest difference for
AA occurs for Type 3, whereby the difference is 3.94 mk (-1.9%). For SA, the
difference is 19.71 mk (-1.7%). The highest difference for LZC occurs for Type 1SOF

whereby the difference is 1.58 mk (-0.6%).

The incremental cross sections and incremental supercell reactivity for guide
tubes at zero burnup are shown in Table 5-7 and are very similar for both bundle
types. The calculated MPB-to-SCB supercell reactivity-increment differences are less

than 5.0% for all guide tubes.
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Table 5-4: Adjuster Absorbers Homogenized Incremental Cross Sections at Zero Burnup
AXir1 AXir2 AXa1 AXa2 AXs12 AXs21 Avin Avis Ap
(cm?) (cm!) (cm?) (cm?) (cm?) (cm?) (cm) (cm?) (mKk)
Type 1
MPB 1.5333E-03 | 1.4322E-03 2.5687E-05 5.6128E-04 | -2.6015E-05 9.4300E-06 | -8.2033E-07 5.2822E-05 | -1.3094E+02
SCB 1.5334E-03 | 1.4295E-03 2.5574E-05 5.5968E-04 | -2.6166E-05 1.0615E-05 | -9.7293E-07 5.2250E-05 | -1.3340E+02
Diff. -0.01% 0.19% 0.44% 0.29% -0.58% -11.17% -15.68% 1.09% -1.88%
Type 2
MPB 1.2486E-03 | 1.1635E-03 2.0934E-05 4,5767E-04 | -2.1236E-05 7.6802E-06 | -6.6879E-07 4.3536E-05 | -1.0702E+02
SCB 1.2487E-03 | 1.1613E-03 2.0844E-05 4,5637E-04 | -2.1361E-05 8.6481E-06 | -7.9413E-07 4.3076E-05 | -1.0905E+02
Diff. -0.01% 0.20% 0.44% 0.28% -0.59% -11.19% -15.78% 1.07% -1.89%
Type 3
MPB 2.8979E-03 | 2.4280E-03 4.7973E-05 9.1200E-04 | -4.9809E-05 1.5628E-05 | -1.4046E-06 8.9294E-05 | -2.1110E+02
SCB 2.8983E-03 | 2.4236E-03 4.7772E-05 9.0949E-04 | -5.0028E-05 1.7566E-05 | -1.6540E-06 8.8379E-05 | -2.1503E+02
Diff. -0.02% 0.18% 0.42% 0.28% -0.44% -11.03% -15.07% 1.04% -1.86%
Type 4
MPB 2.3143E-03 | 2.0531E-03 3.8553E-05 7.8637E-04 | -3.9519E-05 1.3350E-05 | -1.1783E-06 7.5364E-05 | -1.8242E+02
SCB 2.3146E-03 | 2.0494E-03 3.8386E-05 7.8415E-04 | -3.9719E-05 1.5015E-05 | -1.3917E-06 7.4544E-05 | -1.8584E+02
Diff. -0.01% 0.18% 0.43% 0.28% -0.50% -11.09% -15.33% 1.10% -1.87%
Type 5
MPB 8.2469E-04 | 7.9526E-04 1.3879E-05 3.1787E-04 | -1.3967E-05 5.2998E-06 | -4.5702E-07 2.9904E-05 | -7.4602E+01
SCB 8.2474E-04 | 7.9361E-04 1.3819E-05 3.1698E-04 | -1.4055E-05 5.9718E-06 | -5.4452E-07 2.9603E-05 | -7.6017E+01
Diff. -0.01% 0.21% 0.44% 0.28% -0.63% -11.25% -16.07% 1.01% -1.90%
Type 6
MPB 1.268E-03 1.178E-03 2.125E-05 4.630E-04 -2.158E-05 7.772E-06 -6.7750E-07 4.4102E-05 | -1.0825E+02
SCB 1.268E-03 1.176E-03 2.116E-05 4.616E-04 -2.170E-05 8.752E-06 -8.0423E-07 4.3634E-05 | -1.1029E+02
Diff. -0.01% 0.20% 0.43% 0.28% -0.58% -11.19% -15.76% 1.07% -1.89%
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Table 5-5: Shutoff Absorber Homogenized Incremental Cross Sections at Zero Burnup
AXir1 AXir2 AXa1 AXaz AXs12 AXs21 AviIn Avip Ap
(cm1) (cm1) (cm™) (cm1) (cm™) (cm™) (cm1) (cm™) (mK)
MPB 1.8937E-03 1.2541E-03 6.8438E-05 6.2005E-03 | -4.9434E-05 9.3150E-05 | -5.0218E-06 5.6479E-04 | -1.1514E+03
SCB 1.8891E-03 1.2417E-03 6.7981E-05 6.1902E-03 | -5.0472E-05 1.0608E-04 | -6.2747E-06 5.5907E-04 | -1.1711E+03
Diff. 0.24% 1.00% 0.67% 0.17% -2.06% -12.19% -19.97% 1.02% -1.68%
Table 5-6: Liquid Zone Controllers Homogenized Incremental Cross Sections at Zero Burnup
AXir1 AXir2 AXa1 AXaz AXs12 AXs21 AviIn Avip Ap
(cm™) (cm™) (cm1) (cm™) (cm1) (cm™) (cm1) (cm™) (mK)
Type 3S2F
MPB 1.7552E-02 1.4925E-01 1.0018E-04 1.0703E-03 | 2.1011E-03 2.8279E-06 | 8.5348E-05 | 1.1101E-05 | -2.0041E+02
SCB 1.7580E-02 1.4883E-01 1.0171E-04 1.0675E-03 | 2.1028E-03 2.7034E-06 | 8.7936E-05 | 1.1999E-05 | -2.0177E+02
Diff. -0.16% 0.28% -1.51% 0.26% -0.08% 4.61% -2.94% -7.48% -0.68%
Type 2S1F
MPB 2.0220E-02 1.6689E-01 1.1507E-04 1.1950E-03 | 2.4215E-03 3.0946E-06 | 9.8186E-05 | 1.2183E-05 | -2.2215E+02
SCB 2.0251E-02 1.6645E-01 1.1679E-04 1.1922E-03 | 2.4233E-03 2.9197E-06 | 1.0118E-04 | 1.3209E-05 | -2.2365E+02
Diff. -0.15% 0.27% -1.47% 0.24% -0.07% 5.99% -2.96% -7.77% -0.67%
Type 1SOF
MPB 2.2959E-02 1.8422E-01 1.3059E-04 1.3172E-03 | 2.7513E-03 3.3359E-06 | 1.1145E-04 | 1.2836E-05 | -2.4303E+02
SCB 2.2992E-02 1.8373E-01 1.3251E-04 1.3141E-03 | 2.7531E-03 3.1029E-06 | 1.1486E-04 | 1.4103E-05 | -2.4461E+02
Diff. -0.14% 0.27% -1.45% 0.23% -0.06% 7.51% -2.96% -8.98% -0.65%
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Table 5-7: Guide Tubes Homogenized Incremental Cross Sections at Zero Burnup

AXir1 AXir2 AXa1 AXaz AXs12 AXs21 AvIf Avie Ap
(cm1) (cm1) (cm?) (cm?) (cm1) (cm1) (cm1) (cm?) (mKk)
AA-Guide Tube
MPB -3.9092E-02 -9.9461E-02 -6.9678E-05 | 2.7504E-06 -3.4567E-03 3.2313E-05 -1.9559E-04 -1.6347E-05 -1.1491E+02
SCB -3.9142E-02 -9.9389E-02 -7.3125E-05 | 3.2889E-06 -3.4616E-03 3.7221E-05 -2.0322E-04 -1.5636E-05 -1.2003E+02
Diff. -0.13% 0.07% -4.71% -16.37% -0.14% -13.18% -3.76% 4.54% -4.46%
SA-Guide Tube
MPB -3.9217E-02 -9.9432E-02 -7.2286E-05 | -7.6344E-06 -3.4477E-03 3.2019E-05 -1.9531E-04 -1.7894E-05 -1.1180E+02
SCB -3.9266E-02 -9.9360E-02 -7.5731E-05 | -7.0236E-06 -3.4526E-03 3.6897E-05 -2.0293E-04 -1.7120E-05 -1.1685E+02
Diff. -0.13% 0.07% -4.55% 8.70% -0.14% -13.22% -3.76% 4.52% -4.52%
LZC-3S2F Outer/Scavenger/Feeder Tubes
MPB -1.1222E-02 -8.0591E-03 -2.7121E-07 | 2.3108E-04 -1.8487E-04 -6.0337E-09 -6.7994E-06 3.1768E-05 -49715E+01
SCB -1.1236E-02 -8.0632E-03 -1.1058E-06 | 2.3023E-04 -1.8496E-04 3.6373E-07 -7.1015E-06 3.1258E-05 -5.0517E+01
Diff. -0.12% -0.05% -75.48% 0.37% -0.05% -101.66% -4.25% 1.633% -1.61%
LZC-2S1F Outer/Scavenger/Feeder Tubes
MPB -1.3602E-02 -1.8604E-02 -1.3272E-05 | 1.5275E-04 -4.6217E-04 -3.7461E-08 -1.7781E-05 3.5278E-05 -3.6188E+01
SCB -1.3618E-02 -1.8600E-02 -1.4227E-05 | 1.5180E-04 -4.6226E-04 4.0940E-07 -1.8435E-05 3.4510E-05 -3.6938E+01
Diff. -0.11% 0.02% -6.71% 0.63% -0.02% -109.15% -3.55% 2.22% -2.07%
LZC-1SOF Outer/Scavenger Tubes

MPB -1.6063E-02 -2.9077E-02 -2.6923E-05 | 7.5303E-05 -7.5074E-04 -4.5693E-08 -2.9254E-05 3.9335E-05 -2.3130E+01
SCB -1.6080E-02 -2.9067E-02 -2.8013E-05 | 7.4241E-05 -7.5080E-04 4.8715E-07 -3.0277E-05 3.8316E-05 -2.3842E+01
Diff. -0.10% 0.03% -3.89% 1.43% -0.01% -109.38% -3.38% 2.66% -3.08%
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5.4.2 Incremental Cross Sections and Reactivities at 20-Day Burnup

For 20-day burnup, the 2-group homogenized incremental reactivity device
cross sections, AXPevice. and incremental supercell reactivity for AA, SA and LZC are
presented in Table 5-8, Table 5-9 and Table 5-10. The reference supercell reactivity

is 13.73 mk for the SCB and 14.00 mk for the MPB.

Just like in the zero-burnup case, the incremental macroscopic cross sections of
all reactivity devices at 20-day burnup are very similar for the two bundle types. The
difference in incremental supercell reactivity between the MPB and SCB is less than
1.5% for all reactivity devices. The highest incremental-reactivity difference for AA
occurs for Type 3 whereby the difference is 2.18 mk (-1.1%). For SA, the
incremental-reactivity  difference is 11.11 mk (-1.0%). The highest
incremental-reactivity difference for LZC occurs for Type 3S2F whereby the

difference is 0.20 mk (-0.1%).

The incremental cross sections and incremental supercell reactivity for guide
tubes at 20-day burnup are given in Table 5-11 and are very similar for both bundles.
The calculated difference in incremental supercell reactivity between the MPB and

SCB is less than 4.0% for all guide tubes.
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Table 5-8: Adjuster Absorbers Homogenized Incremental Cross Sections at 20-day Burnup
AXir1 AXir2 AXa1 AXa2 AXs12 AXs21 Avin Avis Ap
(cm?) (cm) (cm?) (cm?) (cm?) (cm?) (cm) (cm?) (mk)
Type 1
MPB 1.5336E-03 1.4505E-03 2.5638E-05 5.7174E-04 | -2.6009E-05 9.9516E-06 | -8.3585E-07 6.4852E-05 | -1.2415E+02
SCB 1.5336E-03 1.4491E-03 2.5535E-05 5.7069E-04 | -2.6105E-05 1.0949E-05 | -9.7009E-07 6.4603E-05 | -1.2551E+02
Diff. 0.00% 0.10% 0.40% 0.18% -0.37% -9.11% -13.84% 0.38% -1.08%
Type 2
MPB 1.2489E-03 1.1785E-03 2.0895E-05 4.6625E-04 | -2.1230E-05 8.1062E-06 | -6.8162E-07 5.3373E-05 | -1.0150E+02
SCB 1.2489E-03 1.1772E-03 2.0813E-05 4.6540E-04 | -2.1310E-05 8.9206E-06 | -7.9163E-07 5.3174E-05 | -1.0262E+02
Diff. 0.00% 0.11% 0.39% 0.18% -0.37% -9.13% -13.90% 0.37% -1.09%
Type 3
MPB 2.8986E-03 2.4606E-03 4.,7880E-05 9.2961E-04 | -4.9790E-05 1.6510E-05 | -1.4324E-06 1.0912E-04 | -2.0023E+02
SCB 2.8988E-03 2.4583E-03 4.7699E-05 9.2798E-04 | -4.9928E-05 1.8142E-05 | -1.6508E-06 1.0872E-04 | -2.0241E+02
Diff. -0.01% 0.10% 0.38% 0.18% -0.28% -9.00% -13.23% 0.37% -1.08%
Type 4
MPB 2.3148E-03 2.0801E-03 3.8476E-05 8.0126E-04 | -3.9510E-05 1.4094E-05 | -1.2003E-06 9.2295E-05 | -1.7299E+02
SCB 2.3149E-03 2.0781E-03 3.8327E-05 7.9983E-04 | -3.9635E-05 1.5497E-05 | -1.3883E-06 9.1956E-05 | -1.7487E+02
Diff. -0.00% 0.10% 0.39% 0.18% -0.31% -9.05% -13.54% 0.37% -1.08%
Type 5
MPB 8.2487E-04 8.0531E-04 1.3854E-05 3.2376E-04 | -1.3961E-05 5.5920E-06 | -4.6559E-07 3.6708E-05 | -7.0744E+01
SCB 8.2484E-04 8.0437E-04 1.3800E-05 3.2318E-04 | -1.4018E-05 6.1572E-06 | -5.4247E-07 3.6585E-05 | -7.1525E+01
Diff. 0.00% 0.12% 0.40% 0.18% -0.40% -9.18% -14.17% 0.34% -1.09%
Type 6
MPB 1.268E-03 1.193E-03 2.121E-05 4.716E-04 -2.157E-05 8.204E-06 -6.9050E-07 5.4057E-05 | -1.0266E+02
SCB 1.268E-03 1.192E-03 2.113E-05 4.708E-04 -2.165E-05 9.028E-06 -8.0178E-07 5.3854E-05 | -1.0379E+02
Diff. 0.00% 0.11% 0.39% 0.18% -0.37% -9.13% -13.88% 0.38% -1.09%
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Table 5-9: Shutoff Absorber Homogenized Incremental Cross Sections at 20-day Burnup
AXir1 AXir2 AXa1 AXa2 AXs12 AXs21 Avin Avis Ap
(cm?) (cm) (cm?) (cm?) (cm?) (cm?) (cm) (cm?) (mk)
MPB 1.8920E-03 1.3296E-03 6.8300E-05 6.3302E-03 | -4.9510E-05 9.8135E-05 | -5.1987E-06 6.8544E-04 | -1.0864E+03
SCB 1.8874E-03 1.3219E-03 6.7863E-05 6.3245E-03 | -5.0212E-05 1.0899E-04 | -6.2975E-06 6.8268E-04 | -1.0975E+03
Diff. 0.24% 0.58% 0.64% 0.09% -1.40% -9.96% -17.45% 0.41% -1.01%
Table 5-10: Liquid Zone Controllers Homogenized Incremental Cross Sections at 20-day Burnup
AXir1 A2 AXa1 AXa2 AXs12 AXs21 AvXn Avis Ap
(cm) (cm1) (cm) (cm) (cm) (cm) (cm1) (cm1) (mk)
Type 3S2F
MPB 1.7564E-02 1.5232E-01 1.0030E-04 1.0865E-03 | 2.1023E-03 2.3976E-06 | 8.5825E-05 -4.8987E-07 -1.9462E+02
SCB 1.7587E-02 1.5213E-01 1.0152E-04 1.0853E-03 | 2.1036E-03 2.1955E-06 | 8.7946E-05 1.7260E-08 -1.9482E+02
Diff. -0.13% 0.13% -1.20% 0.11% -0.06% 9.21% -2.41% -2938.18% -0.10%
Type 2S1F
MPB 2.0233E-02 1.7030E-01 1.1523E-04 1.2125E-03 | 2.4227E-03 2.5898E-06 | 9.8737E-05 -1.2936E-06 -2.1550E+02
SCB 2.0258E-02 1.7009E-01 1.1660E-04 1.2112E-03 | 2.4241E-03 2.3295E-06 | 1.0119E-04 -7.2274E-07 -2.1567E+02
Diff. -0.12% 0.12% -1.17% 0.11% -0.06% 11.17% -2.42% 78.98% -0.08%
Type 1SOF
MPB 2.2973E-02 1.8793E-01 1.3080E-04 1.3355E-03 | 2.7525E-03 2.7500E-06 | 1.1208E-04 -2.6190E-06 -2.3542E+02
SCB 2.2999E-02 1.8770E-01 1.3234E-04 1.3342E-03 | 2.7539E-03 2.4260E-06 | 1.1487E-04 -1.8997E-06 -2.3556E+02
Diff. -0.11% 0.12% -1.16% 0.10% -0.05% 13.36% -2.43% 37.87% -0.06%
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Table 5-11: Guide Tubes Homogenized Incremental Cross Sections at 20-day Burnup

AXir1 AXir2 AXa1 AXaz AXs12 AXs21 AvIf Avie Ap
(cm1) (cm1) (cm?) (cm?) (cm?) (cm1) (cm1) (cm?) (mk)
AA-Guide Tube
MPB -3.9114E-02 -9.9793E-02 -7.1129E-05 | 3.0360E-05 | -3.4577E-03 3.6221E-05 -1.9690E-04 3.5271E-05 -1.1662E+02
SCB -3.9154E-02 -9.9753E-02 -7.4066E-05 | 3.0710E-05 | -3.4614E-03 4.0708E-05 -2.0317E-04 3.5751E-05 -1.2093E+02
Diff. -0.10% 0.04% -3.97% -1.14% -0.11% -11.02% -3.09% -1.34% -3.70%
SA-Guide Tube
MPB -3.9239E-02 -9.9764E-02 -7.3735E-05 | 1.9662E-05 | -3.4488E-03 3.5903E-05 -1.9662E-04 3.3347E-05 -1.1360E+02
SCB -3.9279E-02 -9.9724E-02 -7.6669E-05 | 2.0047E-05 | -3.4524E-03 4.0362E-05 -2.0288E-04 3.3849E-05 -1.1787E+02
Diff. -0.10% 0.04% -3.83% -1.92% -0.11% -11.05% -3.08% -1.48% -3.76%
LZC-3S2F Outer/Scavenger/Feeder Tubes
MPB -1.1230E-02 -8.0817E-03 -6.6342E-07 | 2.3611E-04 | -1.8466E-04 -5.8804E-08 -6.8344E-06 3.6229E-05 -4.7858E+01
SCB -1.1241E-02 -8.0854E-03 -1.3575E-06 | 2.3560E-04 | -1.8470E-04 2.4311E-07 -7.0826E-06 3.6009E-05 -4.8281E+01
Diff. -0.10% -0.05% -51.13% 0.22% -0.02% -124.19% -3.50% 0.61% -0.88%
LZC-2S1F Outer/Scavenger/Feeder Tubes
MPB -1.3610E-02 -1.8686E-02 -1.3685E-05 | 1.5864E-04 | -4.6196E-04 -6.2042E-09 -1.7882E-05 4.1720E-05 -3.5187E+01
SCB -1.3623E-02 -1.8686E-02 -1.4476E-05 | 1.5809E-04 | -4.6199E-04 3.7644E-07 -1.8421E-05 4.1403E-05 -3.5663E+01
Diff. -0.09% -0.00% -5.46% 0.35% -0.01% -101.65% -2.93% 0.77% -1.35%
LZC-1SOF Outer/Scavenger Tubes

MPB -1.6072E-02 -2.9209E-02 -2.7367E-05 | 8.2356E-05 | -7.5050E-04 7.9465E-08 -2.9427E-05 4.8068E-05 -2.3033E+01
SCB -1.6085E-02 -2.9206E-02 -2.8270E-05 | 8.1685E-05 | -7.5049E-04 5.4848E-07 -3.0267E-05 4.7556E-05 -2.3577E+01
Diff. -0.08% 0.01% -3.19% 0.82% 0.00% -85.51% -2.78% 1.08% -2.36%
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5.4.3 Comparison of Incremental Cross Sections and Incremental Supercell

Reactivities Between Cluster Fuel Model Versus Annularized Fuel Model

Production supercell calculations have been customarily performed using the
annularized fuel-bundle geometry [50] because three-dimensional transport
calculations for the detailed model are computationally expensive. In this section, the
reactivity device incremental cross sections and incremental supercell reactivities
obtained using the annularized fuel-bundle model are compared with those obtained
using the detailed fuel-bundle model. The modelling of the reactivity devices in this
comparison is the same, namely concentric cylindrical representation is used to
model AA and SA, and cluster geometry to model multiple feeders and scavenger

tubes of the LZC.

Table 5-12, Table 5-13 and Table 5-14 present the incremental cross sections
using the annularized fuel geometry at zero burnup for AA, SA and LZC, respectively.
Results are consistent with results obtained using the detailed-geometry (cluster)
model, in that for both fuel types, the calculated difference in incremental supercell
reactivity between the MPB and SCB is less than 1.5% for all reactivity devices. Similar
to when using the detailed, cluster, geometry, the highest reactivity difference for AA
occurs for Type 3 whereby the incremental-reactivity difference is 2.48 mk (-1.3%).
For SA, the difference is 11.23 mk (-1.1%). The highest difference for LZC occurs for
Type 1SOF whereby the difference is 1.01 mk (-0.4%), a result similar to the one

obtained using the detailed, cluster, geometry.
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A comparison of the cluster geometry representation with the annularized
representation for AA, SA and LZC is presented in Table 5-15, Table 5-16 and Table
5-17, respectively, where differences in the two-group homogenized incremental
cross sections and incremental supercell reactivity are given in percentage difference,

defined as (annularized geometry - cluster geometry)/cluster geometry x100%.

Table 5-15 and Table 5-16 show that the supercell reactivity increments for AA
and SA can differ substantially (reactivity difference is between 7.0% to 10.0% for AA
and between 10.0% to 11.0% for SA) for the two geometric representations and these
differences exist for both bundle types. For LZC, the supercell reactivity increments
are closer (less than 1.0% difference) for the two geometric representations, as

shown in Table 5-17.

The highest % reactivity-increment difference for AA is -9.1% for MBP
and -9.6% for SCB, for SA is -10.4% for MPB and -11.0% for SCB, and for LZC is -0.4%
for MPB and -0.6% for SCB. The negative sign of the % reactivity-increment difference
between the two modeling choices indicates that the annularized representation of
fuel pins underestimates the supercell reactivity increment, and hence the device
reactivity worth, compared to that calculated by the cluster representation. The
magnitude of the underestimation is highest for SA, which has the highest calculated

supercell reactivity, following AA and then LZC.

153



]J. Haroon
Ph.D. Thesis

Ontario Tech University

Chapter 5 FEAS

Table 5-12: Annularized Model Adjuster Absorbers Homogenized Incremental Cross Sections at Zero Burnup

AX i1 AXir2 AXa1 AXa2 AXs12 AXs21 AviIn Avip Ap
(cm™) (cm?) (cm1) (cm1) (cm1) (cm™) (cm1) (cm?) (mk)

Type 1

MPB 1.3029E-03 7.6349E-04 2.5462E-05 5.9316E-04 | -3.6007E-05 6.8638E-06 | -1.4135E-06 7.1864E-05 -1.2107E+02

SCB 1.3038E-03 7.5990E-04 2.5452E-05 5.9166E-04 | -3.6278E-05 7.6954E-06 | -1.4999E-06 7.1318E-05 -1.2266E+02

Diff. -0.07% 0.47% 0.04% 0.25% -0.75% -10.81% -5.76% 0.77% -1.29%
Type 2

MPB 1.0599E-03 6.1790E-04 2.0722E-05 | 4.8447E-04 | -2.9268E-05 5.6003E-06 | -1.1560E-06 5.9312E-05 -9.9136E+01

SCB 1.0607E-03 6.1490E-04 2.0714E-05 | 4.8324E-04 | -2.9493E-05 6.2802E-06 | -1.2268E-06 5.8860E-05 -1.0044E+02

Diff. -0.07% 0.49% 0.04% 0.25% -0.76% -10.83% -5.78% 0.77% -1.30%
Type 3

MPB 2.4617E-03 1.2973E-03 4.7449E-05 | 9.5111E-04 | -6.9530E-05 1.1240E-05 | -2.4663E-06 1.1911E-04 -1.9184E+02

SCB 2.4635E-03 1.2914E-03 4.7423E-05 | 9.4870E-04 | -6.9948E-05 1.2582E-05 | -2.6104E-06 1.1819E-04 -1.9432E+02

Diff. -0.07% 0.45% 0.06% 0.25% -0.60% -10.67% -5.52% 0.78% -1.28%
Type 4

MPB 1.9666E-03 1.0970E-03 3.8184E-05 | 8.2519E-04 | -5.4988E-05 9.6540E-06 | -2.0460E-06 1.0143E-04 -1.6714E+02

SCB 1.9679E-03 1.0920E-03 3.8165E-05 | 8.2310E-04 | -5.5353E-05 1.0814E-05 | -2.1683E-06 1.0065E-04 -1.6931E+02

Diff. -0.07% 0.46% 0.05% 0.25% -0.66% -10.73% -5.64% 0.77% -1.28%
Type 5

MPB 7.0018E-04 4.2107E-04 1.3744E-05 3.3803E-04 | -1.9164E-05 3.8816E-06 | -7.8721E-07 4.1032E-05 -6.9513E+01

SCB 7.0065E-04 4.1914E-04 1.3739E-05 3.3715E-04 | -1.9329E-05 4.3543E-06 | -8.3535E-07 4.0692E-05 -7.0437E+01

Diff. -0.07% 0.46% 0.04% 0.26% -0.85% -10.86% -5.76% 0.84% -1.31%
Type 6

MPB 1.076E-03 6.257E-04 2.104E-05 4.899E-04 -2.974E-05 5.666E-06 -1.1715E-06 6.0053E-05 -1.0023E+02

SCB 1.077E-03 6.227E-04 2.103E-05 4.887E-04 -2.997E-05 6.354E-06 -1.2432E-06 5.9594E-05 -1.0155E+02

Diff. -0.07% 0.49% 0.04% 0.25% -0.76% -10.82% -5.77% 0.77% -1.30%
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Table 5-13: Annularized Model Shutoff Absorber Homogenized Incremental Cross Sections at Zero Burnup

AXir1 AXir2 AXa1 AXa2 AXs12 AXs21 Avip Avisp Ap
(cm?) (cm) (cm?) (cm?) (cm?) (cm?) (cm) (cm?) (mKk)
MPB 1.5864E-03 -2.2761E-03 7.0239E-05 6.1912E-03 | -5.6377E-05 6.4630E-05 | -7.4331E-06 6.9041E-04 -1.0315E+03
SCB 1.5871E-03 -2.2968E-03 7.0362E-05 6.1796E-03 | -5.7901E-05 7.3147E-05 | -7.9601E-06 6.8550E-04 -1.0427E+03
Diff. -0.04% -0.90% -0.18% 0.19% -2.63% -11.64% -6.62% 0.72% -1.08%
Table 5-14: Annularized Model Liquid Zone Controllers Homogenized Incremental Cross Sections at Zero Burnup
AXir1 AXir2 AXa1 AXaz AXs12 AXs21 Avip Avie Ap
(cm?) (cm?) (cm?) (cm™) (cm?) (cm™) (cm1) (cm) (mKk)
Type 3S2F
MPB 1.7558E-02 1.4946E-01 1.0038E-04 1.0713E-03 | 2.1025E-03 2.7919E-06 | 8.4457E-05 1.0231E-05 -1.9973E+02
SCB 1.7584E-02 1.4910E-01 1.0207E-04 1.0689E-03 | 2.1039E-03 2.6419E-06 | 8.7423E-05 1.0869E-05 -2.0065E+02
Diff. -0.15% 0.24% -1.66% 0.23% -0.07% 5.68% -3.39% -5.86% -0.46%
Type 2S1F
MPB 2.0227E-02 1.6713E-01 1.1525E-04 1.1962E-03 | 2.4230E-03 3.0549E-06 | 9.7158E-05 1.1292E-05 -2.2135E+02
SCB 2.0255E-02 1.6675E-01 1.1714E-04 1.1936E-03 | 2.4245E-03 2.8481E-06 | 1.0057E-04 1.1928E-05 -2.2236E+02
Diff. -0.14% 0.23% -1.61% 0.22% -0.06% 7.26% -3.40% -5.33% -0.45%
Type 1SOF
MPB 2.2965E-02 1.8447E-01 1.3075E-04 1.3185E-03 | 2.7528E-03 3.2917E-06 | 1.1028E-04 1.1874E-05 -2.4211E+02
SCB 2.2995E-02 1.8405E-01 1.3286E-04 1.3156E-03 | 2.7544E-03 3.0212E-06 | 1.1416E-04 1.2710E-05 -2.4312E+02
Diff. -0.13% 0.23% -1.59% 0.22% -0.06% 8.95% -3.39% -6.58% -0.41%
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Table 5-15: Cluster versus Annularized Homogenized Incremental Cross Sections for

Adjuster Rods at Zero Burnup

| Typel1 | Type2 | Type3 | Type4 | Type6 [ Type6 |
% Differences for MPB
AXir1 -15.03 -15.11 -15.05 -15.03 -15.10 -15.12
AXir2 -46.69 -46.90 -46.57 -46.57 -47.05 -46.89
AXa1 -0.88 -1.02 -1.09 -0.96 -0.98 -1.03
AXaz 5.68 5.86 4.29 4,94 6.34 5.83
AXs12 38.41 37.83 39.59 39.14 37.22 37.84
AXs21 -27.21 -27.08 -28.08 -27.69 -26.76 -27.10
AvXgp 72.31 72.84 75.58 73.64 72.25 72.92
AvXe 36.05 36.24 33.39 34.59 37.21 36.17
Ap -7.54 -7.37 -9.12 -8.38 -6.82 -7.40
% Differences for SCB
AXir1 -14.97 -15.06 -15.00 -14.98 -15.05 -15.07
AXir2 -46.84 -47.05 -46.72 -46.72 -47.19 -47.05
AXa1 -0.48 -0.62 -0.73 -0.57 -0.58 -0.63
AXa:z 5.71 5.89 4.31 4,97 6.37 5.86
AXsi2 38.65 38.07 39.82 39.36 37.52 38.09
AXs21 -27.51 -27.38 -28.37 -27.97 -27.09 -27.40
AvXgp 54.16 54.49 57.83 55.80 53.41 54.59
AvEp 36.49 36.64 33.73 35.03 37.46 36.58
Ap -8.05 -7.89 -9.63 -8.89 -7.34 -7.92

Table 5-16: Cluster versus Annularized Homogenized Incremental Cross Sections for
Shutoff Absorber at Zero Burnup

% Differences for MPB % Differences for SCB
AXir1 -16.23 -15.98
A2 -281.50 -284.97
AXa1 2.63 3.50
AXa; -0.15 -0.17
AXs12 14.05 14.72
AXs21 -30.62 -31.05
AvIn 48.02 26.86
Avip 22.24 22.61
Ap -10.42 -10.97
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Table 5-17: Cluster versus Annularized Homogenized Incremental Cross Sections for
Liquid Zone Controllers at Zero Burnup

3S2F | 2S1F | 1SOF 3S2F | 2S1F | 1SOF
% Differences for MPB % Differences for SCB

AXir1 0.04 0.03 0.03 0.02 0.02 0.02
AXir2 0.14 0.14 0.14 0.18 0.18 0.17
AXa1 0.19 0.16 0.12 0.35 0.31 0.27
AXa: 0.10 0.10 0.10 0.13 0.12 0.12
AXs12 0.06 0.06 0.06 0.05 0.05 0.05
AXs21 -1.27 -1.28 -1.32 -2.27 -2.45 -2.63
Avin -1.04 -1.05 -1.05 -0.58 -0.60 -0.61
Avip -7.83 -7.32 -7.49 -9.42 -9.70 -9.88
Ap -0.34 -0.36 -0.38 -0.56 -0.58 -0.61

5.5 Conclusions

Results show that the incremental macroscopic cross sections of CANDU
reactivity devices are very similar for MPB and SCB designs. Maximum differences in
reactivity-device supercell reactivity increments, and hence in device reactivity
worth, are less than 2% for any given device at zero burnup and less than 1.5% at
20-day burnup. Consequently, these differences have no operational implication.
While a 2% across-the board reactivity-device difference might be thought to have
some impact on the achievable burnup, it is noteworthy that only four MPBs by three
or four fuel channels are expected to be in the core at any given time (as will be
discussed in Chapter 6) and, therefore, only a small number of reactivity devices will
have their reactivity worth altered by their proximity to an MPB. As a result, the
difference in the overall core reactivity will be negligible and no discernible effect on
the achievable burnup is expected. It is therefore concluded that the use of up to 12

or 16 MPBs in a CANDU core is entirely compatible with the current reactivity devices
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and it is anticipated that no changes to reactivity devices will be necessary to allow

the use of MPBs.

Results also show that the use of the annularized bundle geometry to calculate
reactivity-device incremental cross-sections underestimates the supercell reactivity
increment and hence the device reactivity worth. Consequently, the use of the
annularized model is conservative. However, for a more accurate core reactivity
calculation especially during fast transients, a detailed, cluster, representation of the

bundle is recommended.
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Chapter 6: Refuelling Considerations for Molybdenum

Producing Bundle

For MPBs, an irradiation period of approximately 20 days is sufficient to reach
the maximum attainable activity of Mo in the enriched outer region of the fuel pins.
If MPBs are to be employed in a CANDU reactor, departure from the standard fuelling
scheme will be unavoidable for one or more fuel channels in the core. In this chapter,
a modified fuelling scheme is developed that is suitable for the purpose of irradiating
MPBs in the core and harvesting of Mo thereafter. The modified fuelling scheme is

assessed by performing full-core time-average calculations.

The MPB has been shown to produce approximately 4000 six-day Curies of Mo
activity per bundle when irradiated in the peak-power channel of a CANDU reactor
[3]. Accounting for the lower channel flux away from the core center, a production
rate of ~4 bundles per week is estimated to meet the global demand of Mo, which is

estimated to be 12,000 six-day Curies as noted in Section 2.2.

6.1 Fuelling Scheme for Channels Containing MPB

The horizontal cylindrical vessel of a CANDU reactor contains 380 horizontal
fuel channels placed on a square lattice pitch of 28.575 cm. Each channel holds 12 fuel
bundles that are 49.53 cm in length. Coolant flows in opposite directions in adjacent

channels, in a checkerboard pattern. Refuelling of a channel is carried out by 2 fuelling
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machines that are attached to each end of the channel. The insertion of fresh bundles
is performed in the coolant flow direction, where one of the fuelling machines pushes
fresh fuel bundles in the channel while the other fuelling machine recovers irradiated
bundles. Usually, eight bundles are replaced in a refuelling operation known as an

8-bundle shift.

In the modified fuelling scheme proposed herein, an MPB-fuelled channel does
not contain just MPBs, but rather contains 4 MPBs and 8 SCBs. The MPBs occupy the
4 positions in the middle of the channel (5-8) and the SCBs occupy the inlet 4 positions
(1-4) and outlet 4 positions (9-12). The 8-bundle shift refuelling procedure for an
MPB-fuelled channel using 4 MPBs and 4 SCBs is depicted in Figure 6-1. MPBs
removed from the channel (positions 5-8) are sent for *?Mo harvesting, while SCBs
removed from the channel (positions 9-12), which have not reached their discharge
burnup limit, can be either discharged or reloaded into the core. This work assumes

that the SCBs removed from the channel are discharged.

| » SENT FOR
| MPB | PROCESSING
1 2 3 4 5 6 7 8 9 10 11 12
| | | | |
L, RELOADED/
RELOADED DISPLACED l DISCHARGED
S
| I |
1 2 3 4 5 6 7 8 9 10 11 12

Figure 6-1: CANDU 8-bundle shift scheme incorporating MPBs
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6.2 MPB Channel Pools

For a core refuelled exclusively with SCBs, a channel is refuelled, on average,
every 180 full-power days, which corresponds to approximately two channels being
refuelled each day. In other words, the dwell time for an SCB-fuelled channel is
Tsce=180 days. For MPBs, a 20-day irradiation time is sufficient to reach the maximum
attainable activity of Mo in the fuel pins. Consequently, for an MPB-fuelled channel,
the dwell time is Tmpe=20 days. If a given channel was refuelled with MPBs at every
refuelling operation, its refuelling frequency would be nine times higher than the
average refuelling frequency, which would result in excessive wear and tear on the
channel end fittings. To avoid excessive wear and tear from frequent refuelling, MPB
fuelling can be rotated among channels in a pool designated for MPB production. The
larger the number of channels in the pool, the less frequent a channel’s turn to be
refuelled using MPBs will be, and the smaller the increase in its average refuelling

frequency. If every channel in the pool undergoes a cycle consisting of one MPB

refuelling followed by n SCB refuellings, its average refuelling frequency, [_?, will be:

- n+1
R=—— (6.1)
nT., +T

scg ™ 4 mps
After a channel in the pool has gone through one MPB refuelling, it will
experience n SCB refuellings before it can be refuelled with MPB again. Therefore, the

total length of the cycle for a subsequent MPB refuelling, which is Tmps multiplied by
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the number of channels in the pool, Np, is larger than (or at least equal to) the channel

refuelling cycle. That is:

TopgN ) 2 Ty + 11T, (6.2)

MPB MPB SCB

The minimum number of channels in the pool, Ny, can be calculated as:

T
N,=1+n*% (6.3)
MPB

At any given time, one and only one channel in the pool will contain MPBs. If, at
any given time, more than one channel needs to contain MPBs, then more than one

MPB refuelling pool is necessary.

This work aims to have the refuelling frequency increased by no more than 25%

compared to the usual refuelling frequency for SCBs, that is:

RxT. <125 (6.4)

SCB
Consequently, for each channel, the number of SCB refuelling operations

separating MPB refuelling operations has to satisfy:

<T, <125 (6.5)

That target of 25% increase in the refuelling frequency is based on best
judgement, rather than on empirical data or operational experiences from refuelling
activities at CANDU stations. It can be easily verified that the lowest integer value to
satisfy inequality (6.5) is m=4, which corresponds to a 22% increase in the average

refuelling rate. Therefore, the minimum number of channels in the pool is:
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N :1+4%:37 (6.6)
p 20d

Because, on average, 4 MPBs need to be discharged per week to satisfy the world
demand of ?°Mo, approximately 12 MPBs need to be discharged every Tmps=20 days,
which means that three channels in the core need to irradiate MPBs at any given time.
Consequently, three 37-channel pools need to be set up for the MPB refuelling
operation. At any given time, one channel in each pool will contain 4 MPBs in the

center and all other channels will contain only SCBs.

Figure 6-2 displays one possible arrangement, which has four 37-channel
MPB-refuelling pools and the selection of channels inside the core is performed in a
symmetrical manner. Of the 4 channel pools, only three will be active. As can be seen
from Figure 6-2, the channels designated for MPB production are located in the inner
region of the core and hence are exposed to a high neutron flux. Efforts are made, as
much as possible, to prevent loading of MPBs in two adjacent channels while, at the
same time, ensuring that the MPB channel pools are located in the inner burnup

region.

It is noteworthy that the 4t pool of 37 channels may be used to increase the
supply of molybdenum in the future or be utilized as a backup to further reduce the
strain caused by increased frequency of fuelling for an active pool by switching the
MPB production from an active pool to the back-up pool. These possibilities are not

investigated in this work.
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Figure 6-2: Four 37-channel pools for molybdenum production

6.3 Diffusion Code and Time-average Calculations

The general effects of MPB loading in some of the channels can be studied using
a time-average core calculation. Such a calculation determines the time-average value
of the core reactivity, as well as time-average values of burnup, macroscopic cross
sections, neutron flux and power for each bundle position, based on the fuel type,

refuelling scheme and prescribed discharge burnup for each fuel channel.

A time-average calculation assumes that each fuel channel is always refuelled
with the same fuel combination and at the same time interval, equal to the dwell time

for that channel. Such a calculation is well suited for studying a configuration whereby

164



J. Haroon Ontario Tech University
Ph.D. Thesis Chapter 6 FEAS

three channels in the core are always fuelled with MPBs every 20 days, while all the
other channels are refuelled exclusively with SCBs at channel-specific time intervals
which average approximately 180 days. The time-average calculation is unable to
directly model the rotation of the MPB-bearing channels among the 37-channels in
each MPB pool. However, if operational limits are not exceeded when any of the 37
channels is refuelled continuously with MPBs, it can be inferred that rotating the
MPB-bearing channel among the channels in the pool will not cause operational limits

to be exceeded either.

The neutron diffusion code DONJON ver. 5 [79] is used to perform time-average
calculations. The core model used in this study utilizes burnup-dependent
bare-lattice two-group homogenized cross sections and reactivity device incremental

cross sections from Chapter 5, which were obtained using the lattice code DRAGON.

The time-average calculation is performed considering the bidirectional nature
of the refuelling scheme of CANDU and assuming that all channels employ the
8-bundle shift refuelling scheme. The core is divided into two separate burnup
regions: outer and inner. The boundary of the inner region coincides with the
combined outer boundary of the four MPB producing channel pools as shown in
Figure 6-2. The exit burnups used in the time-average simulations are provided in

Table 6-1. The flux is normalized to a total reactor power of 2,061 MW.

In addition to specifying the fuel type, the time-average calculation has two
main free variables that need to be provided by the user, namely the refuelling

scheme and the target exit burnup of each fuel channel. When the target exit burnups
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are provided for each fuel channel, the exact burnup integration limits for each fuel
bundle are unknown and need to be determined. The burnup integration limits are a
function of the normalized axial power shape which depends on the flux solution over
the reactor core. Moreover, the flux solution depends on the fuel properties, which in
turns depends on the burnup integration limits for each fuel bundle. Consequently,
the time-average calculation is an iterative process of repeating steps required for the
axial power shape computation. The process is repeated until the relative error
between two successive axial power shape -calculations is smaller than a
user-specified value. In this case, a convergence limit of 1.0 x 10-*is used. A flow chart
of the DON]JON iterative calculations for time-average simulations is shown in Figure

6-3.

The reference time-average calculation scheme is repeated many times while
adjusting the exit burnups and liquid zone controller levels until an acceptable

effective multiplication factor and power profile are achieved.

Table 6-1: Exit Burnups for Different Core Regions

Region Burnup [MWd/t(U)]
Inner 7,806

Outer 7,253

MPB Channels 1,125%

T Exit burnup of MPB channels is selected to ensure the average burnup of MPBs at positions
5-8 are as close as possible to 906.62 MWd/t(U)
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Assign burnup regions,
exit burnup per region,
axial refuelling scheme per region

A

L

Establish initial flux guess

!

Calculate refuelling rate for each fuel
channel

A

:

Calculate entrance and exist irradiations
for each bundle location

.

Calculate time-average cross sections

A\ 4

Solve neutron diffusion equation for Kef,
fluxes

:

If axial convergence and time-average
convergence of macroscopic cross
sections are reached, go to box below

:

If keff and power distribution acceptable, stop.
Otherwise, modify input and go through the calculation scheme again.

Figure 6-3: Flow chart of iterative scheme for time average calculations
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6.4 Results and Interpretation

An initial time-average simulation is done for a CANDU core fuelled entirely
with SCBs to establish a reference. The effective multiplication factor for the reference
core is calculated to be 1.00001. The corresponding time-average properties for a
core in which, at any given time, 3 channels (one in each pool) contain a set of 4 MPBs,

depends on which specific channels contain these bundles.

Figure 6-4 shows the core effective multiplication factor for the reference core
and for the time-average simulation as a function of the position of the MPB-bearing
channel in each of the three pools. In addition to the reference case, a total of 37
time-average simulations are performed where 4 MPBs are placed in positions 5-8, in
series, starting from pool-channel # 1 and ending with #37 for MPB channel pools 1,
2 and 3, as depicted in Figure 6-2. Additional results for these 37 time-average
simulations are recorded in Table 6-2, which includes the overall core reactivity and

the core average exit burnup.

As can be seen from Table 6-2, a slight increase in the core reactivity is observed,
which is due to the higher refuelling frequency in the three MPB-bearing channels.
The magnitude of the reactivity increases when averaged over the 37 positions in the
3 MPB pools is 0.31 mk, which can be easily compensated by the zone-control units.
The core-average exit burnup is decreased slightly due to the short residence time for
MPB-bearing channels. The reference core-average exit burnup is 7,517 MWd/t(U),
whereas the value of the core-average exit burnup averaged over the 37 time-average

simulations is 7142 MWd/t(U), which is a relative decrease of 5.0%. It is noteworthy
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that the increase in reactivity mentioned earlier and the decrease in the core-average
exit burnup can be completely eliminated by increasing the discharge burnup values

in all SCB-fuelled channels.

A sensitivity study is performed where the target burnup values are increased
0.65% from those listed in Table 6-1 to 7,856 MWd/t(U) for the inner region and
7,301 MWd/t(U) for the outer region. The target burnup for MPB-bearing channels is
not modified in this case. Figure 6-5 shows the core effective multiplication factor as
a function of the position of the MPB-bearing channel in each of the three pools for
the sensitivity case. As can be seen from Figure 6-5, the reduction in core reactivity is
achievable by increasing the discharge burnup values in SCB-fuelled channels in the

core, thus also improving slightly the fuel utilization in the reactor.
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Table 6-2: Time-average Results for Reference Case and 37 Time-average Simulations
Employing 4 MPBs per Three Selected Channels

Core Avg. Exit
Reactivity Burnup
Case # Kesr (mkK) [MWd/t(U)]
Reference 1.00001 0 7,517
1 1.00038 0.37 7,107
2 1.00037 0.37 7,107
3 1.00036 0.36 7,112
4 1.00035 0.34 7,123
5 1.00030 0.29 7,149
6 1.00031 0.30 7,144
7 1.00032 0.32 7,135
8 1.00035 0.35 7,119
9 1.00036 0.35 7,118
10 1.00035 0.34 7,129
11 1.00036 0.35 7,119
12 1.00035 0.34 7,120
13 1.00034 0.33 7,129
14 1.00030 0.30 7,151
15 1.00029 0.28 7,161
16 1.00029 0.28 7,158
17 1.00027 0.27 7,173
18 1.00029 0.28 7,164
19 1.00031 0.31 7,143
20 1.00034 0.33 7,129
21 1.00036 0.35 7,118
22 1.00037 0.36 7,116
23 1.00035 0.35 7,122
24 1.00033 0.32 7,133
25 1.00030 0.29 7,148
26 1.00029 0.28 7,162
27 1.00027 0.26 7,177
28 1.00026 0.25 7,183
29 1.00025 0.24 7,189
30 1.00026 0.25 7,184
31 1.00027 0.27 7,171
32 1.00029 0.28 7,158
33 1.00030 0.29 7,146
34 1.00033 0.32 7,130
35 1.00035 0.34 7,118
36 1.00032 0.31 7,138
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37 1.00029 0.28 7,156
Average 0.31 7142

SCB Only A 4 MPBs x 3 Channels
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Figure 6-4: Core effective multiplication factor for reference case and 37 time-average
simulations

The largest change in core reactivity for the reference time-average simulations
(Table 6-2) is seen for Case 1 whereby 4 MPBs are loaded inside channel position 1
in each of the 3 MPB channel pools, namely channels E8, E15 and S8. Figure 6-6 shows

a comparison of the channel powers for a core fuelled with SCBs only and for Case 1.

As can be seen in Figure 6-6, the maximum increase in channel power is 8.3 %,
which is not expected to create any fuelling related operational difficulties as it is
within the limits of channel power increase immediately following standard

refuelling.
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Figure 6-5: Core effective multiplication factor for reference case and 37 time-average
simulations with 0.65% increase in target burnups for inner and outer regions

The prescribed fuelling scheme proposes that MPBs will occupy the 4 positions
in the middle of the active MPB-bearing channel (bundle position 5-8). The average
bundle power for these centrally positioned bundles in the 4 MPB channel pools is
determined to be 655 kW. The Mo yield for MPB bundles being irradiated in the
inner region of the core is proportional to the bundle power. At a rated bundle power
of 655 kW it is calculated to be 2,970 six-day Curies. This means that at a production
rate of 4 MPB bundles per week, the proposed refuelling scheme will produce
approximately 11,880 six-day Curies per week, which is very close to the global

demand of 12,000 six-day Curies per week [6].
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1 2 3 4 5 6 7 | 8 [ o9 10 11|
A ] 3579 3742 3791
B | 3303 3986 4527 4804 4963 4963
c | 3715 4421 5101 5563 5814 5885 5804
D | 3890 4666 5382 5960 6283 6394 6335 6116
E | 3755 4713 5477 6046 6430 6444 6262 5936
F ] 4538 5430 6033 6355 6453 6363 6018 5775 5553
G | 4057 5105 5923 6332 6461 6387 6173 5750 5520 5453
H | 4561 5557 6197 6331 6328 6169 5920 5521 5326 5306
0 | 3679 4899 5854 6208 6091 5939 5772 5561 5299 5156 5142
K | 3928 5168 6053 6365 5927 5687 5568 5377 5161 5045 5039
L | 4086 5317 6186 6493 6130 5848 5575 5336 5117 5007 5004
1 2 3 4 5 6 7 | 8 [ o9 10 11 |
A ] 3700 3863 3910
B | 3409 4124 4689 4971 5128 5121
c | 3818 4563 5287 5782 6029 6086 5991
D | 3972 4786 5554 6195 6583 6654 6558 6312
E | 3807 4795 5601 6227 6706 6734 6479 6117
F | 4582 5501 6139 6504 6655 6619 6225 5942 5696
G | 4072 5135 5974 6409 6568 6522 6326 5887 5638 5558
H | 4562 5567 6223 6375 6393 6250 6009 5603 5400 5372
J | 3666 4885 5844 6298 6105 5966 5809 5603 5340 5191 5172
K | 3905 5140 6026 6343 5915 5684 5572 5385 5169 5049 5037
L | 4055 5277 6144 6454 6099 5824 5557 5321 5101 4987 4978
1 2 3 4 5 6 7 | 8 [ o9 10 11|
A ] 34% 32% 3.1%
B | 3.2% 35% 36% 35% 33% 3.2%
c | 28% 32% 37% 3.9% 37% 34%  3.2%
D | 21% 26% 32% 3.9% 48% 41% 35% 3.2%
E | 14% 17% 2.3% 3.0% 4.3% 45% 35%  3.1%
F 10% 13% 18% 24% 3.1% 40% 34% 29% 26%
G | 0.4% 06% 09% 12% 17% 21% 25% 24% 21%  1.9%
H | 0.0% 02% 04% 07% 10% 13% 15% 15% 14%  1.2%
0| -04% -03% -02% 00% 02% 04% 06% 08% 08% 07% 0.6%
K | -0.6% -0.5% -0.5% -0.3% -02% 00% 01% 02% 02% 01% 0.0%
L] -08% -0.7% -0.7% -0.6% -05% -04% -03% -03% -0.3% -0.4% -0.5%

Figure 6-6: Quarter-core view of reference channel powers (top), quarter-core view of
position 1 (Ch. E8) fuelled with 4 MPBs (middle), and percent channel-power differences
(bottom)
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6.5 Conclusions

The work documented in this chapter demonstrates that the shorter dwell time
required by MPBs (20 days) can be accommodated without inducing excessive wear
and tear to channel end fittings by rotating the MPB-bearing channels within three
pools of 37 channels located in the inner region of the core. A series of 37
time-average calculations when compared to the reference case with only SCBs,
indicate that a slight increase in the core reactivity can be expected when 3 fuel
channels containing a total of 12 MPBs and where the three MPB-bearing fuel
channels are refuelled after roughly 20 days. The study also shows that reactivity
increase in the core can be eliminated by slightly increasing the discharge burnup in

the SCB channels.

These preliminary time-average calculations indicate that no major changes in
the channel power map are to be expected from the use of MPBs. The case with the
highest core reactivity change results in an 8.3% change in the maximum channel
power as compared to the reference case, hence indicating that no fuelling related
operational difficulties are to be expected as it is within the limits of channel power
increase immediately following refuelling for SCB channels in the high-power region

of the core.

The calculated °°Mo yield corresponds to approximately the world weekly
demand. A production rate of 4 bundles per week will be able to satisfy the global
demand of ?°Mo. Overall, the proposed refuelling scheme ensures the feasibility of

producing significant and continuous quantities of Mo in a CANDU reactor. The
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continuous and reliable supply of °Mo will ensure the availability of life saving

medical procedures for millions of patients around the globe.
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Chapter 7: Summary and Future Work

The research presented in this dissertation is composed of three main research
segments. The integrated work presented herein and the precursor work
documented in Reference [3] ensure the comprehensiveness of the research and
support the development and neutronic assessment of the MPB in a manner

consistent with standard industry practices.

The multi-phase analysis began with the design of the MPB composition and
bundle geometry as presented in Reference [3] and, as presented in Chapter 4,
assessment of single lattice reactivity feedback effects is performed for key reactor
parameters and comparison of the results are made between the MPB and SCB. Since
the preliminary assessment of the fuel pin radial temperatures in the two bundles
were calculated to be significantly different, this work employed a detailed lattice
model utilizing the variation in the radial fuel pin temperatures for more accurate
predictions of the reactivity feedback. A first-of-a-kind application of the linear
perturbation theory is applied to explain the small variation in the reactivity effects

between the two bundles.

The key focus of the study was to assess whether the reactivity effects of the
MPB and SCB are similar without necessarily assessing the magnitude of the
reactivity feedback effects. The study presented in Chapter 4 is limited by the use of
a single-cell two-dimensional model and by the fact that it does not address combined

effects of possibly large perturbations occurring under specific transient scenarios.
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However, the advantage of using individual parametric reactivity effects is that, as
long as perturbations are small, arbitrary combined effects can be reconstructed by

simply adding the individual effects.

Given that all individual reactivity effects are shown to be quasi-identical for the
two bundles, any combined reactivity effect can also be expected to be quasi-identical
(for small perturbations). This extends to perturbations where multiple parameters
vary simultaneously, such as a power increase accompanied by fuel-temperature
increase, coolant-temperature increase and average coolant density decrease due to
partial boiling. Of course, if perturbations become large, reactivity effects will stop
being additive and detailed calculations for the specific scenario under investigation

(e.g., loss of coolant) need to be performed.

Showing that the single-parameter reactivity effects are very close is a first and
necessary step in showing equivalence between the two bundles for transient
conditions. To gain full confidence in the equivalence of the reactivity feedback effects
in the two bundle types under transient scenarios, future work will have to include
detailed, three-dimensional simulations of transients of interest, including the

coupling between thermal-hydraulic and neutronic analyses.

Chapter 5 presented the incremental effects of CANDU reactivity devices on
lattice properties which are determined to be very similar for MPB and SCB. A
comparison of the detailed cluster representation of the fuel bundle and the reactivity

devices was made with the standard annularized fuel bundle model that has been
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used in the industry. The use of the standard model is determined to be conservative

compared to the fully explicit supercell model.

For future work, it is recommended to perform transient analyses to ascertain
the difference in transient simulation results between the case when cross-section
increments are calculated using the standard annularized fuel-bundle geometry and
the case when cross-section increments are calculated using a detailed, cluster,

fuel-bundle geometry.

This work and its finding are based solely on 3D lattice calculations. The focus
of the work is on reactivity-device increments, not on the actual reactivity worth of
individual devices. Focusing on increments allows one to draw more general
conclusions (i.e., covering, at least in principle, any reactivity device combination and
any depth of insertion) than it is possible when analyzing individual reactivity-device
worth. The study concludes that device reactivity worths are expected to be only
marginally affected by the presence of MPBs because cross sections and supercell
reactivity increments are only marginally affected by the presence of MPBs.
Confirmatory full-core analyses are anticipated in the future to determine the actual
reactivity worths and the effect the proximity of an MPB may have on individual

reactivity devices.

The work of Chapter 6 involved developing a full-core 3D model using 2 neutron
group properties with all relevant structures, devices and reactor core geometry. The
full-core model used a detailed 3D representation of generic CANDU-6 reactor

specifications. A suitable fuelling strategy is developed to achieve the desired weekly
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yield of °Mo. The adequacy of the proposed refuelling scheme is evaluated using

time-average properties.

In future work, the findings based on a time-average method will have to be
confirmed by detailed, core-follow calculations, whereby the detailed sequence of
channels being refuelled is simulated and where detailed bundle and channel power

distributions are calculated for each resulting core configuration.

Future work will also have to include additional refuelling schemes, as well as
fuel manufacturing and irradiated fuel processing aspects. This will ensure that Mo
can be safely and reliably produced in the MPB inside CANDU by maintaining a
comparable operational envelope to a standard natural uranium fuelled

configuration.
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