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Abstract

Neutron noise has been observed in the in-core or ex-core neutron detectors
during normal operations. The amplitude of these fluctuations in PWRs typ-
ically can range between 2% and 10% of the steady-state signal - depending
on the reactor design, on the type of the fuel assemblies, on the core load-
ing pattern and on the burn-up state, etc. In the classical coupling models,
the modern 1D thermal-hydraulics code, such as TRACE, ATHLET, SUB-
CHANFLOW, is coupled with various neutronic solvers to perform both
steady-state and transient calculations. However due to the limitation of
their solvers, these coupling models lack the capability of handling intra-fuel
assembly disturbances, such as asymmetric power distribution, flow distribu-
tion, flow mixing, cross-flow, and so on.

In order to have a better insight of the neutron noise, a CFD based 3D
thermal-hydraulic solver (ANSYS-CFX) is coupled with a 3D diffusion equa-
tion solver (PARCS) to perform both steady-state and transient calculations
over a set of models with different scales. The setups of the TH model, the
neutronic model as well as the coupling procedure are explained in details.
Oscillating inlet boundary conditions (moderator temperature, moderator
velocity) are applied in the transient calculations to induce moderator tem-
perature oscillations which results in relative power fraction oscillations in
the neutronics calculation. Based on the mesh deformation method, the fuel
rod oscillation cases are also investigated to have an overview of the structure
vibration induced neutron oscillation.



The investigations on cases with oscillating moderator temperature and os-
cillating moderator velocity show a very good consistency with other neutron
noise analysis. A 180°phase difference can be observed in the neutron signals
between the top and the bottom half of the fuel assembly. On the other hand,
the moderator temperature seems limited influenced by the fuel rod oscilla-
tion to cause noticeable neutron oscillations. The reasons and the limitations
are specifically discussed in this dissertation. Taking the advantage of the
CFD-neutronic coupled model, the in project NEOSSIM developed model
can offer various possibilities to have high fidelity simulations to estimate
possible effects which can cause neutron oscillation before any experiment is
done and this model can also help to validate new methods for neutron noise
simulation.
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Chapter 1

Introduction

1.1 Neutron Noise: facts and possible reasons

During the normal operation of a nuclear reactor, the neutron flux is con-
tinuously monitored in order to obtain the real-time power of some FAs as
well as the averaged power of the core quadrants. The electric signal from
the detectors, which is converted later on to neutron flux, however shows
an oscillating behavior. These neutron flux fluctuations are known as the
neutron noise.

The data received from the neutron detectors reflects the neutron flux de-
velopment in time domain. By analyzing this data one can see the power
change during time (see Fig. 1.1) and calculate the amplitude of the power
oscillation. This signal is also fed in the reactor protection system in order
to prevent any unwanted power spike. The other way to analyze this data
is to convert it to the frequency domain involving a fast Fourier transforma-
tion (FFT) algorithm (see Fig. 1.1). The outcome of this conversion is the
so-called APSD plot which describes the power as a function of frequency.
Most of the power is deposited in the low frequency range and the peaks
shown in the APSD plot correspond to different characteristics of the nuclear
system. For example, the internal structures are under fluctuating pressure
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and drag forces which results in the excitement of natural vibration modes
of the internal structures and an oscillation of the neutron detector signals.
Any mechanical abnormalities or failures of the internal structures due to the
flow-induced vibration will result in a shift of the frequency peaks [DK90].
Therefore the APSD plot is of great interest in neutron noise analysis.

Figure 1.1: Example of neutron detector signal in time domain (left) and
in frequency domain (right) [BHK16]

Neutron noise can come up with various reasons. On one hand, nuclear re-
action in nuclear reactors has a stochastic behavior. When encountering a
target nucleus, neutrons can have reactions like fission, scattering, absorp-
tion, etc. The probability of each reaction is strongly related to the mi-
croscopic cross sections (σ) of the target nucleus depending on the incident
neutron energy as well as the energy level of the target nucleus energy. This
phenomenon occurs not only in fission chain reaction but also in neutron
detection. This effect is considerably large when dealing with zero power re-
actor noise [PD10b]. On the other hand, macroscopic cross sections (Σ) can
be strongly influenced by geometry changes or by temperature field changes,
which results in the change of the power distribution. Besides, the distance
between the neutron source and the neutron detector also plays an impor-
tant role when analyzing the ex-core detector signals. In early literature
[SMLS85], by analyzing the neutron noise signal of Sequoyah-1 reactor sev-
eral causes associated with the frequency range have already been pointed
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out (shown in Tab. 1.1). In year 1948 research [WS48] was conducted to

Frequency
range (Hz)

Possible noise sources Type of motion

0.01-1 Fuel motion, temperature noise, feed-
back effects

Unknown

1-2 Unknown Pendular
2-5 Fuel assembly vibration first mode Pendular
5-10 Core support barrel motion beam mode

and second mode of fuel assembly
Pendular

10-13 Thermal shield Shell
13-18 Pressure vessel Pendular
18-22 Pressure vessel Shell
22-28 Unknown In-phase
28-35 Unknown Pendular
35-40 Core support barrel shell mode Shell

Table 1.1: Frequency ranges studied at Sequoyah-1 and possible noise
sources [SMLS85].

investigate how the neutron flux reacted with a periodic oscillating neutron
absorber in a chain-reacting pile. Research [Rob67] studied the reactivity
fluctuation induced by changing inlet boundary conditions and the vibration
of the rods in small research reactors (the Oak Ridge research reactor (ORR)
and the high flux isotope reactor (HFIR)) using a one-group diffusion equa-
tion and point kinetic model. Given a relatively small reactor core and low
power the results from this research led to the conclusion that the main driv-
ing functions are the vibrations of the control rods and fuel elements induced
by fluctuations in the coolant velocity. Then researches focused on theoretical
investigation of the local and local components of the neutron-noise field in a
larger system ([BKK77, PT80]) with a one-/two-dimensional model. Meth-
ods were developed to determine and monitor the moderator temperature
coefficient (MTC) based on the noise analysis [THW91, LR99, DPA+03].
The space dependence of the neutron noise was investigated showing dif-
ferent behaviors of the point kinetic component and the space dependent
component induced by propagating perturbations [PD10a]. In the more

3
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recent researches, dedicated numerical investigations were carried out in
order to simulate the neutron noise with a stochastic perturbation model
([BHK16, CDB+17, BMO17, RSKB18, AP18, TCM+19]).

1.2 A quick summary of neutron noise in Ger-

man nuclear reactors

German PWRs were designed and built by Kraftwerk Union AG (KWU) in
two product lines: Vor-Konvoi and Konvoi. Both of them are similar in lots of
aspects: 4-loop primary coolant cycle, active zone with a height of 390cm, a
total number of 193 FAs and a similar average power density [SKSB15]. The
main differences between these two designs are: in the Vor-Konvoi design
the FA has a 16x16 layout whereas in the Konvoi design a 18x18 layout,
pre-heater in the steam generator (SG) in the Vor-Konvoi design and in the
Konvoi design there is a perforated cylinder in the lower plenum while in the
Vor-Konvoi design a simple hexagonal support structure (shown in Fig. 1.2).

The measurement system is furtherly divided into two parts: 6 axial self
powered neutron detectors (SPNDs) located in each of 8 radial positions in-
side the reactor pressure vessel (RPV), 2 axial ionization chambers located in
each of 4 radial positions in the biological shield of the reactor [SKSB15]. The
in-core detectors measure the thermal neutron flux coming directly from the
neighboring fuel pins since the diffusion length is about several centimeters.
The ex-core detectors on the other hand measure the fast neutron flux from
the periphery FAs since the thermal neutrons are mostly either absorbed or
scattered by the reflector. Besides, the in-core detectors measure the local-
ized power of some FAs while the ex-core detectors indicate the power of each
reactor quadrants.

An example of APSD of an ex-core neutron detector is shown in Fig. 1.3.
It is observed that the APSD is continuous in frequency domain with some
distinct peaks which can be explained by the flow-induced vibration of the

4
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Figure 1.2: Reactor pressure vessel in Vor-Konvoi design (left) [GRS90] and
Konvoi design (right) [KTA17]

internal structures(core barrel, different eigenmodes of FA, etc.). Besides, a
rapid decrease is also observed in the range of 0.5 to 10 Hz which is known
as the low frequency neutron noise (LFNS) and LFNS contributes about
95% of the energy [SKSB15]. It is also pointed out that APSD follows a
1/ω2 behavior (with ω being the perturbation frequency) and Studsvik’s
SIMULATE 3K (S3K) calculation also shows a good agreement with this
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behavior [SKSB15].

Figure 1.3: Example of the APSD (ASLD in German) of a neutron detector
with indication of oscillation modes [SKSB15].

In Fig. 1.4 and 1.5 the coherence and the phase angle of the ex-core detectors
are evaluated both for the Vor-Konvoi design and the Konvoi design. In the
Vor-Konvoi data, the coherence of two neighboring detectors as well as two
opposite located detectors reaches maximum at 1 Hz. The phase angle is
almost 0° for two neighboring detectors and 180° for two opposite located
detectors. However in the Konvoi data, both the coherence and the phase
angle behave differently as in the Vor-Konvoi data. The coherence is small
in the range of 0-5 Hz for both neighboring detectors as well as the opposite
detector. The phase angle on the other hand, oscillates between -45° and
270°.

Another characteristics of the neutron noise is that the amplitude of neutron
noise at BOC is smaller than that at EOC. This phenomenon indicates
that the amplitude of neutron noise increases when the average burn-up
(BU) of the core increases within the same cycle. Fig. 1.6 shows a brief
history of the neutron noise amplitude in a Vor-Konvoi design reactor. It
must be mentioned that the neutron noise amplitude doesn’t have a direct
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Figure 1.4: Example of the coherence and phase angle of two neighboring
ex-core detectors (top) and of two opposite ex-core detectors (bottom) in a
Vor-Konvoi reactor [BHK16].
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Figure 1.5: Example of the coherence and phase angle of two neighboring
ex-core detectors (top) and of two opposite ex-core detectors (bottom) in a
Konvoi reactor [BHK16].
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relationship with the average BU of the core when comparing two different
cycles. Besides, it is also noticed in Fig. 1.6 that the neutron noise behavior
changes unexpected from cycle N-10 (unexpected increase and decrease of the
neutron noise amplitude) and literature [SKSB15] has summarized several
possible causes:

• the change in MTC due to a change in fuel enrichment,

• the change in reactor power due to power updates,

• the use of MOX fuel, and

• the loading pattern.

Figure 1.6: History of the neutron noise amplitude at BOC and EOC of a
Vor-Konvoi reactor [SKSB15].

1.3 Motivation and objectives of this work

In the classical thermal hydraulics (TH) and neutronics coupled simulations
[XDW+09, Glü07, TEIJ11, MMNM+11, LAC+16, HBD+17, RSKB18], the
TH part is mostly simulated by solving 1-D two-fluid equations. With these
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tools the moderator is assumed to flow straight up through axial core channels
without mixing with neighboring fuel assembly channels. This rigid upward-
flow model has to be distinguished from models in which the moderator can
flow between subchannels inside a fuel assembly. The latter type of simulation
is important to correctly describe the steady-state subchannel temperature
rise and the associated departure of nucleate boiling ratio (DNBR). Another
issue with these tools is lack of capability of simulating cases with changing
flow areas (as in fuel assembly bow cases) and not to mention the fluid-
structure interaction (FSI) simulations.

In order to have a better insight of the neutron noise a fluid dynamic and
neutronics coupled code needs to be built to perform multi-physics calcula-
tions at the level of the fuel rods inside a fuel assembly. For this purpose a
computational fluid dynamics (CFD) code is chosen since it can both sim-
ulate the flow area changes and can be connected to other structure codes
to conduct FSI calculations. Although CFD calculations can deliver a more
precise and more detailed results compared to normal 1D TH code, more
computational resources are needed for CFD calculations. A full core CFD
calculation still seems not possible without millions of computation hours
and it would require the full computation resources of a supercomputer (like
in Leibniz-Rechenzentrum (LRZ)) at a research facility.

Therefore the objective of this work is to establish a reliable coupling regime
between a 3-D CFD model and a 3-D neutronics solver for a 3x3 FA matrix.
The neutronic power feedback has been studied on a fuel assembly level by
applying different boundary conditions: inlet temperature, inlet velocity, fuel
assembly bow.

10
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1.4 Softwares involved in this work

1.4.1 A brief overview of the CFD theory

CFD is widely used in simulating fluid flow (single & two phase flow) prob-
lems involving fluid-solid interaction, heat transfer, combustion, and so on.
Most of the CFD tools (including CFX) apply the finite volume method
(FVM) as the solution methods, in which the region is divided into small
control volumes and all the parameters inside this control volume (pressure,
temperature, velocity, density, viscosity and so on) are put into the discretiza-
tion process to solve the Navier-Stoke equation. The governing equations in
CFD calculations are:

• conservation of mass: continuity equation,

• conservation of momentum: momentum equation of Newton’s second
law, and

• conservation of energy: first law of thermodynamics or energy equation.

The continuity equation is written as follows:

Dρ

Dt
+ ρ

∂Ui

∂xi

= 0 (1.1)

If the fluid is an incompressible flow which means the density is not influenced
by pressure, then Eq. 1.1 is further simplified as:

∂Ui

∂xi

= 0 (1.2)

The momentum equation:

I︷ ︸︸ ︷
ρ
∂Uj

∂t
+

II︷ ︸︸ ︷
ρUi

∂Uj

∂xi

= −

III︷︸︸︷
∂P

∂xj

−

IV︷︸︸︷
∂τij
∂xi

+
V︷︸︸︷
ρgj (1.3)
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where term I is the local change with time, II is the momentum convection
term, III is the surface force term, term IV describes the molecular-dependent
momentum exchange with τ being the stress tensor and term V is the grav-
itational term. For an incompressible flow Eq. 1.3 can be simplified as:

ρ
∂Uj

∂t
+ ρUi

∂Uj

∂xi

= − ∂P

∂xj

− µ
∂2Uj

∂x2
i

+ ρgj (1.4)

And the total energy equation is written as follows [ANS19]:

I︷ ︸︸ ︷
ρcµ

∂T

∂t
+

II︷ ︸︸ ︷
ρcµUi

∂T

∂xi

= −

III︷ ︸︸ ︷
P
∂Ui

∂xi

+

IV︷ ︸︸ ︷
λ
∂2T

∂x2
i

−

V︷ ︸︸ ︷
τij

∂Uj

∂xi

(1.5)

in which term I is the local energy change with time, term II is the convection
term, term III is the pressure work, term IV describes the heat flux and term
V contains the information of the irreversible transfer of mechanical energy
into heat.

Depending on the treatment of the turbulence, the common computational
models are the Reynolds-averaged Navier-Stokes (RANS), the direct numer-
ical simulation (DNS), the large eddy simulation (LES) and so on. The
RANS equations are solved while introducing a set of new stresses (Reynolds
stresses) which requires a turbulence model such as k-ϵ model or k-ω model
to close the system. The drawback of using RANS is that it can only simulate
steady vortex since the solution is time-averaged and simulations including
vortex of different sizes and scales should be solved with the LES or the DNS
model. But the computational cost is much higher and larger volumes of
data are generated for the LES and DNS models. Based on the computa-
tional power and the model used in this work, the RANS simulation method
is chosen.

The turbulence models used in CFD calculations are normally k-ϵ, the k-ω
family and the k-ω based shear stress transport (SST) models. k denotes

12
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kinetic energy, ϵ is the rate of dissipation of turbulence kinetic energy and ω

is the the specific frequency of dissipation of kinetic energy. The k-ϵ model
has advantages of robustness and low memory requirements. It can predict
very well for the high Reynolds numbers while lacking accuracy facing large
pressure gradient and strong streamline curvature. The k-ω model is more
favorable for wall-bounded boundary layer or low Reynolds number flows.
The drawbacks of k-ω model is that it requires a higher mesh resolution
near the wall and is not as robust as the k-ϵ model. The k-ω based SST
model is a combination of both above mentioned models and is suitable for
both handling wall boundary problems (low Reynolds number flow) and high
Reynolds number flow (same as the k-ϵ model).

In case of dealing with the wall boundaries the near-wall modeling theory
should be mentioned. The near wall region can be divided into different
sub-layers, the laminar sub-layer, the buffer layer and the logarithmic layer
(shown in Fig. 1.7). In the laminar layer,which is the closest sub-layer to the
no-slip wall, the viscosity of the flow has the dominant effect on momentum
and heat transfer. The flow in this region is almost laminar-like. In the
logarithmic layer, which lies further away from the wall, the turbulence takes
the dominant role in the mixing process. In between locates the so-called
buffer layer in which the viscosity and turbulence play an equal role in the
flow. The thickness of these sub-layers depends on the material property and
flow velocity. A dimensionless parameter y+ is introduced to interpret the
ratio between turbulent and laminar influences in a cell. The definition of
y+ is as follows:

y+ =
yuτ

ν
(1.6)

uτ =

√
τw
ρ

(1.7)

τw = ρν(
d < U >

dy
)
∣∣∣
y=0

(1.8)
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where uτ is the friction velocity, y is the absolute distance from the wall, ν
is the kinematic viscosity, τw is the wall shear stress and ρ is the density of
the fluid.

In the k-ω simulation the mesh cells closest to the wall should be within the
range of viscous sub-layer to obtain an accurate result. The typical y+ values
(shown in Fig. 1.7) for each layers are: the viscous sub-layer (y+ < 5), the
buffer layer (5 < y+ < 30) and the logarithmic area (y+ > 30). In general,
one should reduce the y+ value down to around 1 to obtain a better result
which will increase the mesh rapidly. One also has to consider keeping the
aspect ratio (the ratio of the length of longest side to the shortest side in one
cell) low so that the round off error has a reasonable value, which results in
a further increment of the mesh cell number. On the other hand, one can
also use k-ϵ model with y+ > 30 and apply the wall function to predict the
flow behavior for the region with y+ < 30. ANSYS CFX offers scalable wall
functions together with the k− ϵ model which shows a good agreement with
the k−ω model if the simulation doesn’t include any layer separation. Result
is shown in section 2.2.

Figure 1.7: Velocity profile and sub-layers in the near wall modeling [Ber16].

As mentioned before, ANSYS CFX is chosen for conducting the TH part of
calculation in this work based on its wide applicability, large extensibility
and solver robustness.

14
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1.4.2 One dimensional TH code TRACE

The TH code, TRAC/RELAP Advanced Computational Engine (TRACE)
which is developed by the U. S. nuclear regulatory commission (NRC), is
widely used in system safety analysis, such as large/small break LOCAs and
system transients in light water reactors [XDW+09, HBD+17]. By adding
new material component and point kinetics model, TRACE is also able to
simulate limited transient scenarios of the molten salt reactor (MSR) and the
dual fluid reactor (DFR) designs [He16]. Finite difference method (FDM) is
applied in TRACE to solve the partial differential equations for heat transfer
and two phase flow. TRACE uses components to model the nuclear system
which differ themselves between various types, such as the hydraulic com-
ponents, control components and so on. Some components can be further
discretized as cells for which TRACE calculates the nodal averaged value of
the parameters. In this work, the TRACE simulation is used for validation
of the CFX subchannel model and the fuel temperature (TFU) solver.

1.4.3 3D kinetics code PARCS

The Purdue advanced reactor core simulator (PARCS) is a 3D reactor core
simulator which is able to solve the steady-state as well as the transient,
multi-group diffusion equation and low order transport equation (SP3). The
general form of the steady-state diffusion equation is written in Eq. 1.10
[DXS12]. PARCS is released by U.S. NRC and can be coupled to other NRC
TH codes like TRACE and RELAP5 [XDW+09, HBD+17, EH15, MMNM+11].
Furthermore, with integrated internal TH solver PARCS is also able to per-
form stand-alone calculation with temperature feedback. The major func-
tions of PARCS are eigenvalue calculations, transient (kinetics) calculation,
Xenon transient calculations, decay heat calculation, pin-power reconstruc-
tion calculations and depletion calculations. Based on the card input system,
PARCS utilizes the maximized default input parameters so that the user only
needs to give a minimized input data.
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According to different discretization schemes, the solver can be divided into
two groups: the coarse mesh finite difference (CMFD) kernel and the fine
mesh finite difference (FMFD) kernel [DXS17]. In the CMFD method the
mesh size is typically the size of a fuel assembly. A more accurate solution
can be achieved using a higher order nodal method to update the neutron
current at the interface between two fuel assemblies. Two standard nodal
methods offered by PARCS are the nodal expansion method (NEM) and the
analytic nodal method (ANM). The NEM method is widely used in many
nuclear codes because of its robustness and speed. However, in some cases
it can be less accurate [DXS17]. On the other hand, the ANM method is
more accurate but less stable when the kinf is closed to entity than the NEM
solver. As a solution, PARCS offers a so-called hybrid ANM/NEM solver
which benefits from both the robustness of the NEM solver and the accuracy
of the ANM solver. By using the hybrid solver PARCS automatically switch
to NEM solver when the following criteria is satisfied [DXS17]:

δ =
∣∣∣ kinf
keff

− 1
∣∣∣ < ϵ (1.9)

where ϵ is defined by the user describing the difference between kinf and keff .

∇ ·Dg∇ϕg + Σtgϕg =
G∑

g′=1

Σsgg′ϕg′ +
χg

k

G∑
g′=1

νg′Σfg′ϕg′ (1.10)

where g denotes the neutron group (fast or thermal group in the classic two-
group separation), D is the diffusion coefficient which is inversely proportional
to the mean free length, ϕ is the neutron flux, Σt is the total macroscopic
cross section, Σsgg′ is the group-to-group scattering cross section, χ is the
fission neutrons yield, k is the multiplication factor, ν is the average number
of neutrons created per fission and Σf is the macroscopic fission cross section.

Another spatial discretization option in PARCS is to use the FMFD kernel
for which the size of the mesh is typically the size of a fuel pin. This kernel is
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more favorable when transport effects are important (e.g. MOX fuel analysis)
which is more accurately solved by using the SP3 transport equations.

1.4.4 3D Monte Carlo code SERPENT

The traditional core physics analysis relies on a multi-stage calculation rou-
tine. First, cross section libraries are calculated by some lattice code like
HELIOS or CASMO [RSL06] with respect to different state points (temper-
ature, boron concentration, history, control rod insertion, burnups etc.). The
spatial homogenized macroscopic cross section data is then used by the core
simulator (such as PARCS and SIMULATE) to solve the multi-group dif-
fusion equation or reduced-order transport equation. This method benefits
from its low computational usage and the result is reliable while having sim-
plified the transport physics to some degrees in both stages. Another option
is to use a Monte Carlo code which can model more complicated geometries
and neutron interactions ar the microscopic level without these simplifica-
tions. Even though Monte Carlo simulations give a more accurate result, its
biggest drawback, the enormous computation cost makes this method still
not as practical as the traditional way. On the other hand, Monte Carlo codes
are more preferable for the following simulations: unconventional fuel assem-
bly geometry which is beyond the normal lattice code, to capture both axial
and radial heterogeneous effect because its intrinsic 3D transport simulation,
and for validation process.

SERPENT is a 3D continuous energy Monte Carlo particle transport code
which is developed by VTT Technical Research Center of Finland. It has
been widely used in critical safety analysis, radiation shielding, dose rate cal-
culation and burn-up calculation. Group constant generation is one of the
initial applications of SERPENT code which has been implemented in various
research and validation processes. Researches [RSG+14, SGR+15, RSH+17]
have shown that the SERPENT generated group constants can be well im-
plemented in PARCS simulating small research reactors with good agree-
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ment with 3D Monte Carlo simulations like MCNP and SERPENT. Other
researches [FL11, FL12] point out that the difficulty of generating group con-
stants is the critical spectrum calculation because the fission source term has
to be scaled after each iteration which has an impact in the flux spectrum
and later on in the homogenized group constants. Deterministic codes use
leakage corrections to achieve the criticality. The B1 approximation, which
is widely applied by deterministic lattice codes, is also implemented in SER-
PENT to deliver a more reliable result. Improvements have been shown by
comparing the macroscopic cross sections between HELIOS and SERPENT
(with infinite spectrum and with B1 leakage correction method) calculations
[FL11]. Another article [HVFP13] compares the SERPENT and CASMO5M
results. Despite of a good agreement of the k-inf factor and the cross sec-
tions, large difference lies in diffusion coefficient (with B1 correction around
5% in the fast neutron group).
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Description of the TH models

2.1 Model setup

2.1.1 The CFX model setup

The CFX model setup follows the classic route: mesh generation, preprocess-
ing with CFX-PRE, simulation with CFX-Solver and post-processing with
CFX-Post. Before each step is explained, some parameters are listed in Tab.
2.1.

The very basic unit for this work is a single fuel rod subchannel. Since solid
domain movement cannot be modeled with CFX, only fluid domain is built.
The mesh can be further reduced to a quarter single fuel rod channel when
symmetric boundary condition is applied. Fig. 2.1 shows a quarter subchan-
nel mesh with an increasing mesh densities towards the cladding surface. By
extruding the plane mesh in axial direction, a 3D mesh is obtained. The
subchannel model is used for mesh density investigation as well as for the
validation of the TFU solver(explained in 4.3). The FA model is then just
a duplication of the subchannel model in radial direction (shown in Fig. 2.2
with 20 guide tubes located in different positions). In the single fuel as-
sembly model, heat flux is applied on the fuel rod cladding surface which
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FA design 16x16
Height [m] 3.9
FA pitch length [m] 0.23
Fuel rod pitch length [m] 0.014375
Fuel pellet outer radius [m] 0.004555
Cladding inner radius [m] 0.00465
Cladding outer radius [m] 0.005375
Guide tube inner radius [m] 0.0062
Guide tube outer radius [m] 0.0069
Power per FA [MW] 20
Power density [W/m3] 3.33E8
Reference pressure [bar] 158
Inlet moderator velocity [m/s] 4.6
Inlet moderator temperature [℃] 290

Table 2.1: Parameters of the TH-model under steady state condition.

is a function of the axial height (more details are explained in section 4.4).
Radially the heat flux is the same at the same height. The inlet bound-
ary is set at the bottom (with adjustable inlet temperature and velocity)
and the outlet boundary is set at the top (with 0 pressure difference to the
reference pressure). The model defines the fluid domain which is based on
high-temperature and high-pressure light water. The thermophysical prop-
erty of water is drawn continuously from the IAPWS 97 database which is
integrated inside the CFX solver.

2.1.2 The TRACE model setup

In Fig. 2.3 a simple TRACE subchannel model is shown. Each block stands
for a different component for which specific parameters need to be entered.
Component 20 and 30 are the break and fill components which define the
outlet and the inlet boundary condition respectively. Component 40 is the
heat structure component which is connected on one side to the power unit
and on the other side to the subchannel. Detailed materials as well as the
dimensions are defined in the heat structure component in order to obtain
the radial temperature distribution. Component 10 specifies a pipe which
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Figure 2.1: An example of the mesh of a quarter single fuel rod channel.

Figure 2.2: An example of the single FA mesh.

models the fluid flow in the subchannel. The parameters of the TRACE
subchannel model are shown in Tab. 2.2.
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Hydraulic diameter [m] 0.0137247
Flow area [m2] 1.159E-4
Reference power [W] 8.4745E4
Inlet temperature [K] 563.15
Inlet velocity [m/s] 4.6
Reference pressure [bar] 158
Number of fuel pellet nodes 10
Number of gap gas nodes 1
Number of cladding nodes 5

Table 2.2: Parameters used in the TRACE model.

Since the fluid, heat transfer as well as the kinetics equations give an average
estimation over each cell in TRACE, the model apparently needs to have a
fine discretization to obtain a more accurate result. In this work the TRACE
model is built axially with 10 nodes and 30 nodes seperately and the out-
coming influence is analyzed by comparing TRACE results and CFX results
(illustrated in Sec. 2.2).

2.2 Comparison of the CFX subchannel model

and the TRACE subchannel model

In general, the more mesh cells in the CFX model, the more accurate result
can be achieved from the CFD calculation. On the other hand, the computa-
tional cost in terms of the calculation time and the memory allocation is much
higher with more mesh cells which might make the calculation unattainable
without a super computer. From the solver’s point of view, one can use the
standard k-ϵ method to have faster convergence and more robustness. One
can also choose SST method to have a better near-wall simulation. In this
part simulations are done using different mesh densities and solvers in the
CFX subchannel model to illustrate the influence of the mesh density and
solver choice on the results. The results of the CFX subchannel model are
also compared with that of the best-estimate code TRACE .
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Figure 2.3: TRACE subchannel model.

CFX subchannel model: The basic setup has already been explained in
Sec. 2.1.1 and in tab. 2.1. The meshes used for the CFX calculation are
generated with ICEM software in a form of hexahedron cells. This cell form
benefits from a higher accuracy compared to other kinds of cells (tetrahedron,
triangular prism and so on). The parameters, which are changed in this
part, are illustrated in Fig. 2.4. Four mesh cases are set up and the mesh
parameters are listed in Tab. 2.3. The top view of four meshes is shown in
Fig. 2.5 (case 3 and case 4 only differ in the width of the first near wall node
which can not be seen from this figure). The heat flux added on the cladding
surface is 6.4342E5 W/m2 which corresponds to the reference power set in
the TRACE model shown in Tab. 2.2.

TRACE subchannel model: as already mentioned in Sec. 2.1.2 the model
is discretized into 10 and 30 axial nodes in the axial direction. Different axial
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Figure 2.4: Mesh parameters with a being the number of the nodes along
the side, b being the number of nodes along the diagonal line and c being
the number of nodes along the axial direction.

case 1 case 2 case 3 case 4
a 5 4 9 9
b 13 6 30 30
c 121 61 241 241
First cell width near wall [mm] 0.01 0.125 0.01 0.005
Mesh cell number 11520 1800 11360 11360

Table 2.3: Mesh parameter settings.

(a) Case 1 (b) Case 2 (c) Case 3 and 4

Figure 2.5: Top view of the meshes used in this part.

discretizations bring a significant difference in the result which is explained
as follows.

Fig. 2.6 and 2.7 show the nodal moderator temperature and the nodal
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cladding surface temperature of CFX simulation and TRACE simulation
in the 10-node case. It is seen that the nodal averaged moderator tempera-
ture doesn’t change noticeably by increasing the mesh density and TRACE
overpredicts moderator temperature (TMO) by 2K in the 10-node case. On
the other hand the nodal cladding surface temperature changes with differ-
ent solvers and meshes. When using the k-ϵ solver, the mesh density doesn’t
play a big role on getting the accurate cladding surface temperature since
wall-function is applied in k-ϵ solver and it can tolerate coarse meshes. The
result can differ a lot when using the SST solver. It is observed that using
a coarse mesh (case 2) the SST simulation further underpredict the nodal
cladding surface temperature while using a finer mesh the SST simulation
results are more closer to the TRACE result compared to the k-ϵ solver.

Figure 2.6: The moderator temperature in each axial node in the 10-node
discretization case.

Fig. 2.8 and 2.9 show the nodal moderator temperature and the nodal
cladding surface temperature of CFX simulation and TRACE simulation in
the 30-node case. Same as the 10-node case the mesh density doesn’t have a
noticeable influence on the nodal moderator temperature. The results from
CFX simulation agrees well with the TRACE simulation (difference smaller
than 0.3K). On the other hand the k-ϵ solver continuously underpredicts the
cladding surface temperature by 3-5K while the SST solver does yield a bet-
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Figure 2.7: The cladding surface temperature in each axial node in the
10-node discretization case.

ter result with a finer mesh especially with a low y+ value (case 4 y+ =2.8).
Same as the 10-node case, the SST solver delivers a less accurate result com-
pared to the k-ϵ solver using a coarse mesh (case 2).

Figure 2.8: The moderator temperature in each axial node in the 30-node
discretization case.

From the results shown above it is seen that in order to obtain a better
result one should use a mesh with low y+ value and SST solver. On the
other hand, applying these two criteria does require higher computational

26



Comparison of the CFX subchannel model and the TRACE subchannel model

Figure 2.9: The cladding surface temperature in each axial node in the
30-node discretization case.

power. When the model is further extended to the fuel assembly model or
the 3x3 FA matrix, the requirement of memory increases dramatically. The
memory allocation investigation based on the mesh cell number is illustrated
in Fig. 2.10. Based on the cluster setup where the calculations are carried
out, the memory allocation should not exceed 64GB. In the end, compromise
has to be made for the CFD part (the mesh in case 2 and k-ϵ are chosen) in
order to make the coupling simulation achievable.

Figure 2.10: Memory allocation with different meshes.
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2.3 Development of the 3x3 FA CFX model

In a more complex model like the 3x3 FA model (shown in Fig. 2.11), the
model itself is built by a duplication of the single fuel assembly model. Dif-
ferent names are given for each mesh domain so that during the coupling
procedure temperature feedback can be easily and precisely extracted from
the CFX model. In total 270 domains are defined for the 3x3 FA model.
Symmetric boundary condition is used on the periphery faces and interfaces
have to be built between neighboring FAs to enable the cross flow and heat
transfer. Heat flux is applied on the fuel rod cladding surface which can also
vary between different fuel assemblies or even within the same fuel assembly
(this requires the value from the pin power fraction calculation). Each fuel
assembly has its own inlet and outlet boundary condition to apply local dis-
turbances on different fuel assemblies. The center fuel assembly are set to
be a deformable domain so that the fuel rods in the center fuel assembly can
move in different directions according to the user input.

Figure 2.11: 3x3 FA model in CFX-PRE with inlet boundary, outlet bound-
ary and symmetric boundary labeled.

As already illustrated in Sec. 2.2 the mesh is further reduced for the 3x3 FA
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matrix because of the limited computation capacity.

2.4 Summary

In this section, a brief introduction of CFD calculation is shown. Different
turbulence models are introduced and discussed.

As the next step, the CFX subchannel model is cross-validated through com-
paring the moderator temperature and the cladding surface temperature with
the best-estimate code TRACE. In this step different axial discretizations,
mesh densities as well as the solving methods (k-ϵ and SST methods) are
investigated for CFX model. In the 10-axial-node investigations the results
show an unsatisfying disagreement in moderator temperature and cladding
wall temperature while in the 30-axial-node investigations, the nodal av-
eraged moderator temperature agrees well in both models. On the other
hand, using SST method on a finer mesh does give a better estimation of the
cladding wall temperature and the advantage of using SST method applies
only for the meshes with a small y+ value. Otherwise the discrepancy grows
larger. Instead, one can use the k-ϵ method which is less y+ dependent but
with a disagreement of the cladding wall temperature of around 3-5K.

For the subchannel model one can use a finer mesh with a relatively small
y+ value and the advantages of more accurate simulation with SST method
can be taken. However, when the model expands to the single fuel assembly
model or even to the 3x3 fuel assembly model, which naturally leads to a
higher number of wall modeling and consequently a higher memory require-
ment, one has to take the computation cost into account. The memory usage
is investigated on different number of mesh cells. Based on the current com-
putation capacity, the modeling strategy (the mesh density and the solver
method) is fixed for latter models.
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Description of the neutronic

model

3.1 The PARCS model

In this work, PARCS focuses on calculating the RPF value of each node and
of each fuel assembly. The model contains 32 nodes in the axial direction
including 30 nodes of the active fuel zone and 2 reflector nodes on the top and
bottom. In the radial direction the model has a 3x3 FA configuration without
side or corner reflector nodes. Fig. 3.1 illustrates the FA configuration in the
radial and the axial view. The boundary condition is set to be "0 incoming
current" in the axial direction. In the radial direction the boundary condition
can differ from "reflective" or with specific "Albedo factors" depending on
the scenarios (Albedo factor describes the ratio of the incoming current and
the outcoming current). In order to obtain a non-uniform power distribution,
two types of FAs are used. Detailed information of the FA composition is
explained in Sec. 3.2.

There are several ways of specifying the cross section data for PARCS calcu-
lation. One can specify the multi-group group constants of each node which
includes the macroscopic transport cross section Σtr, the macroscopic absorp-
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(a) (b)

Figure 3.1: The FA configuration in radial (a) and axial (b) view. a) A
chessboard configuration is used in order to obtain a non-uniform power
distribution in the radial direction. Two types of FAs are applied and the
color indicates where each type of FA is located. b) Just a single fuel assembly
model in the axial view is illustrated here.

tion cross section Σab, the nu-fission cross section νΣfiss, the kappa-fission
cross section κΣfiss and the down-scattering cross section Σs. The tempera-
ture dependence, the boron concentration dependence as well as the control
rod insertion dependence are shown in Eq. 4.1. One can specify the cross
section change per each parameter and PARCS is able to perform criticality
or boron concentration search calculation together with internal or external
TH feedback. The other way to insert the cross section data is to apply the
depletion "DEPL" block and the burnup dependent macroscopic cross sec-
tions are read from the so-called PMAXS file which can be converted from
other cross section file of CASMO, HELIOS or SCALE by code GENPMAX.
Additional 3D TH parameter and boron concentration parameter can be read
from a ASCII file following a specific format. In this work the first method
is used to input the cross section data since the PMAX file cannot handle
the discontinuity factor (DF) (the assembly discontinuity factor (ADF) and
the corner discontinuity factor (CDF)) changes and FA bow cases while the
cross section data is more free to modify using the first method.
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3.2 The SERPENT model

The SERPENT model consists of two parts: the single fuel assembly part for
group constants generation and the 3x3 fuel assembly part for validation. In
order to have a heterogeneous configuration in the 3x3 FA matrix, two types
of fuel assembly are used. Both types of fuel assembly consist of 256 rods
in total, 236 of which are fuel rods and the rest is the guide tube containing
only moderator. What differs in these two types of fuel assemblies is that
one fuel assembly contains 8 fuel rods with gadolinium while the other one
contains only uranium fuel rods. The U-rod has a 3.95 w% enrichment of
U-5 while the Gd-rod has a 2.3 w% enrichment of U-5 and 7 w% of Gd2O3.
Fig. 3.2 shows the configurations of the U-FA and of the Gd-FA. The Gd-
rods are located close to the guide tubes where the neutron flux is supposed
to be high. Natural gadolinium has more than ten thousands times higher
thermal neutron capture cross section than U-238 (especially Gd-155 around
60700 barn and Gd-157 around 254000 barn compared to U-238 around 2.683
barn). Therefore introducing gadolinium will suppress the reactivity of the
fuel assembly and the relative power fraction of the Gd-FA is lower than the
U-FA.

(a) (b)

Figure 3.2: The configurations of the U-FA (a) and of the Gd-FA (b).

Before introducing SERPENT input setups, one thing which needs to be
mentioned is that in CASMO5 calculations the thermal expansion option is
by default turned on. In order to compare the results from both SERPENT
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and CASMO5, a separated calculation script is written according to the
CASMO subroutine [Stu11] to include the thermal expansion effect. The
material composition is given in SERPENT as number density which is taken
from the CASMO output file. As the number density defined in Eq. 3.1 is
only proportional to the material density, it can be solved with Eq. 3.2.

n =
ρwNA

M
(3.1)

n = nref
ρ

ρref
(3.2)

where w is the weight percentage of each nuclide, NA is the Avogadro constant
which equals to 6.022E23 mol−1, M is the molar mass of that nuclide and ref
denotes the reference state point.

The cross section library used in SERPENT is the ENDF/B-VII.0 library
which is the same as in CASMO5. The libraries are offered with temperatures
at 300K, 600, 900, 1200, 1500 and 1800K. A Doppler-broadening preproces-
sor routine is built in SERPENT resulting in a more accurate simulation of
the nuclear reactions at temperatures other than the standard library tem-
peratures.

Part of this work focuses on generating two-group (thermal group and fast
group) group constants with SERPENT. The energy groups are separated
at 0.625 eV. The B1 fundamental mode is turn on with 236 energy groups,
the same as in SCALE. The boundary condition is set to be reflective in
x-, y- and z-direction. Another set of critical parameters are the number of
neutrons per generation, the number of the inactive cycles and the number
of the active cycles. In each iteration, the fission source is assumed to emit a
specific number of neutrons which is the first parameter. Each neutron might
encounter different neutron reactions and the location where the fission re-
action takes place will be recorded for the next iteration. If the number of
fissioned neutrons is smaller than that of the neutron source, which means
that the multiplication factor is smaller than 1, the neutron source for the
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next generation is then up-scaled back to this number. The inactive cycle
are non-recorded cycles during which the fission source is supposed to con-
verge. The active cycles are recorded cycles during which the results are
collected. Both the number of neutrons per generation and the number of
inactive cycles influence the fission source convergence. The more neutrons
per generation, the faster the convergence is reached. The more inactive cy-
cles, the more confident the convergence is reached. The number of active
cycles is more related to the statistical error. The more active cycles, the
smaller the statistical error is. On one hand, one need to give a reasonable
set of these parameters to ensure that the convergence is reached and the
statistical error is small enough. On the other hand, when the number gets
larger, the need of memory as well as the computation time will also increase
accordingly.

The cross sections generated by SERPENT are extracted and written in a
separated file which can be treated as a cross section data bank. This data
bank is read in every iteration and according to the state point the group con-
stants, which are needed for the PARCS calculation, are generated through
an interpolation subroutine embedded in the PARCFX coupling model. The
evaluation of the SERPENT cross sections is illustrated in the next section.

3.2.1 The evaluation of the SERPENT results

As already mentioned in Sec. 3.2 the biggest challenge of using Monte Carlo
code to generate homogenized group constants lies on the diffusion coefficient.
In this part the SERPENT group constants are evaluated and compared with
CASMO group constants with respect to different state points. Each group
constant which is needed in the PARCS calculation and its corresponding
card name in SERPENT output file are listed in Tab. 3.1.

In Tab. 3.2 the comparison between SERPENT calculation and CASMO cal-
culation is shown for the reference case (with TMO=583.15K, TFU=873.15K,
BOR=500ppm). In general the SERPENT generated group constants agree
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Macroscopic group constants SERPENT card name
Transport Σtr INF_TRANSPXS
Absorption Σab INF_ABS
Nu-Fission νΣf INF_NSF
Kappa-Fission κΣf INF_KAPPA INF_FISS
Scattering Σs INF_S0
ADF DF_SURF_DF
CDF DF_CORN_DF

Table 3.1: Group constant names and the corresponding SERPENT card
name.

well with the CASMO result except for the diffusion coefficient with a max-
imal discrepancy of 7.77% in the B1 fundamental mode. SERPENT over-
estimates the fast group diffusion coefficient by c.a. 6% and underestimate
the diffusion coefficient by maximal 2.3% using the infinite medium mode.
Similar behavior can also be found in the previous research [HVFP13]. It
should be mentioned that in the default mode of CASMO calculation the
fundamental mode is turned off [Stu11] which can explain to some extent
the SERPENT result using infinite medium is much closer to the CASMO
result than the SERPENT result using B1 fundamental mode. Further dis-
cussion regarding whether to use infinite medium group constants or group
constants with B1 fundamental mode will not be repeated. For the following
investigations the infinite medium group constants are used based on the
good agreement of k-inf factor with CASMO result.

Fig. 3.3-3.12 illustrate how the group constants change with respect to mod-
erator temperature, fuel temperature and boron concentration. In general,
the group constants change linearly with boron concentration and the square
root of fuel temperature. On the other hand the group constants change non-
linearly with moderator temperature. In classic neutronics code the group
constants should have a linear dependency on moderator temperature and
nonlinear dependency on moderator density (shown in Eq. 4.1). In this
work, the moderator density change is already included when defining a new
moderator temperature case and therefore its effect is superpositioned con-
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U-FA CASMO SERPENT-inf Diff. SERPENT-B1 Diff.
k-inf 1.33166 1.33179 13 pcm 1.32323 843 pcm
D-1 1.4447 1.53251 6.078% 1.3944 -3.482%
D-2 0.398 0.38865 -2.349% 0.420795 5.727%
Ab-1 0.0096694 0.00969779 0.294% 0.00933275 -3.482%
Ab-2 0.092562 0.092854 0.315% 0.0927237 0.175%
NuF-1 0.007563 0.00753 -0.391% 0.00734131 -2.931%
NuF-2 0.1536 0.1541 0.329% 0.153885 0.186%

DS 0.016209 0.0165571 2.638% 0.0153691 -5.182%

Gd-FA CASMO SERPENT-inf Diff. SERPENT-B1 Diff.
k-inf 1.23006 1.2293 -76 pcm 1.22469 537 pcm
D-1 1.4452 1.53306 6.08% 1.40162 -3.02%
D-2 0.39029 0.386748 -0.91% 0.420612 7.77%
Ab-1 0.0097936 0.00981732 0.24% 0.00955253 -2.46%
Ab-2 0.098819 0.09919250 0.38% 0.09909970 0.28%
NuF-1 0.00747110 0.00744408 -0.36% 0.0073803 -2.18%
NuF-2 0.14962 0.150034 0.28% 0.14989 0.18%

DS 0.01611 0.016454 2.14% 0.0156107 -3.10%

Table 3.2: Comparison of the group constants from SERPENT result and
CASMO result of U-FA and Gd-FA. The abbreviations on the left column
have the following meanings: k-inf for the multiplication factor with infi-
nite medium, D for diffusion coefficient, Ab for the macroscopic absorption
cross section, NuF for the nu-fission and DS means the macroscopic down-
scattering cross section.
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sequently. When looking at the group constants separately the moderator
temperature has a dominant effect on the transport cross section and it de-
creases when the moderator temperature increases. Similar tendency can
also be seen in all other group constants. As for the absorption cross sec-
tion, it increases with increasing fuel temperature due to the Doppler effect
in the fast group and decreases with an increasing fuel temperature in the
thermal group. Besides the absorption cross section increases dramatically
with an increasing boron concentration since boron-10 has a large neutron
absorption cross section. In both the nu-fission and kappa-fission group con-
stants a negative effect of the fuel temperature and boron concentration can
be seen. In the k-inf figure 3.12 it is seen that the moderator temperature
coefficient can reach positive region when the boron concentration is above
around 1700ppm. When the moderator temperature increases, the moder-
ator density decreases. On one hand, less neutrons will be moderated and
therefore it brings a negative effect on the reactivity. On the other hand, less
neutrons will be absorbed by boron-10 due to decreasing moderator density
which introduce a positive reactivity. When the boron concentration is high
enough, the second effect takes the dominant role and results in a positive
moderator temperature coefficient (can also be seen in Fig. 3.5 and 3.6).
Although the MTC is not a constant value over the moderator temperature
range which can also be seen in Fig. 3.12, by rule of thumbs analyzing k-inf at
state points with TMOs (563.15K, 583.15K) and TFUs (563.15K, 873.15K)
at different boron concentration (BOR)s gives a roughly impression of the
magnitude of MTC and the fuel temperature coefficient (FTC). The result
can be found in Tab. 3.3. It needs to mention that with different boron
concentrations (for example 500ppm and 2400ppm) the neutronic response
can behave oppositely to moderator temperature change. A similar behavior
can be found for the Gd-FA case in Tab. 3.4
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(a)

(b)

(c)

Figure 3.3: Macroscopic transport cross section group 1 of U-FA with re-
spect to moderator temperature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.4: Macroscopic transport cross section group 2 of U-FA with re-
spect to moderator temperature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.5: Macroscopic absorption cross section group 1 of U-FA with re-
spect to moderator temperature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.6: Macroscopic absorption cross section group 2 of U-FA with re-
spect to moderator temperature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.7: Nu-fission Group 1 of U-FA with respect to moderator temper-
ature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.8: Nu-fission Group 2 of U-FA with respect to moderator temper-
ature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.9: Kappa-fission group 1 of U-FA with respect to moderator tem-
perature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.10: Kappa-fission group 2 of U-FA with respect to moderator
temperature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.11: Macroscopic down-scattering cross section of U-FA with re-
spect to moderator temperature, fuel temperature and boron concentration.
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(a)

(b)

(c)

Figure 3.12: k-inf of U-FA with respect to moderator temperature, fuel
temperature and boron concentration.
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Boron concentration [ppm] MTC [pcm/K] FTC [pcm/K]
500 -13.90 -1.84
1000 -4.22 -1.93
2400 22.61 -2.18

Table 3.3: The moderator temperature coefficient and fuel temperature
coefficient with different boron concentrations (U-FA).

Boron concentration [ppm] MTC [pcm/K] FTC [pcm/K]
500 -18.28 -2.06
1000 -8.12 -2.19
2400 19.18 -2.45

Table 3.4: The moderator temperature coefficient and fuel temperature
coefficient with different boron concentrations (Gd-FA).

3.2.2 Implementation of SERPENT XS in PARCS model

In this section both the CASMO and the SERPENT cross sections are imple-
mented in the PARCS model to have a general overview of the the difference
in the outcoming result. Black boundary condition is applied in axial direc-
tion and reflective boundary condition is applied in the radial direction. The
axial power distribution should have a parabolic shape with its maximum at
half height and its minimum at the top and bottom layer. Fig. 3.13 and 3.14
plot the relative difference based on the CASMO result. The result agrees
well with a maximal difference below 2% in the single fuel assembly model
and 1% in the 3x3 fuel assembly model. On the other hand, Fig. 3.15 shows
the radial RPF distribution with the 3x3 FA matrix model and Gd-FA in the
center. The radial RPF distribution agrees well between both results with
an overestimation of the Gd-FA power of max. 0.46% and a underestimation
of the U-FA power of max. 0.55%. As a result, SERPENT XSs can be used
for the 3x3 FA model with a negligible difference with the CASMO result.

Difference =
RPFs-RPFc

PRFc
(3.3)
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Figure 3.13: Comparison of the axial power distribution using CASMO and
SERPENT cross sections with single fuel assembly model.

Figure 3.14: Comparison of the axial power distribution using CASMO and
SERPENT cross sections with 3x3 fuel assembly matrix model.

3.2.3 Preparation of the pin power factors for the FA

bow case with 3x3 FA geometry

The group constants which are shown in the last section 3.2.1 are homog-
enized over the entire fuel assembly. When the fuel assembly is under the
bowing condition which implies that the water gap between two fuel assem-
blies gets narrower, the group constants should not change much theoreti-
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Figure 3.15: Comparison of the radial power distribution using CASMO
and SERPENT cross sections with 3x3 fuel assembly matrix model. RPFC
stands for the RPF result with CASMO XS and RPFS stands for the RPF
result with SERPENT XS.

cally since these values are homogenized over the entire fuel assembly. On
the other hand, the ADF and the pin power distribution changes because the
fuel to moderator ratio changes on the periphery side which results in a lower
or higher moderation effect and a change in the power distribution not only
of the fuel pins but also of the fuel assemblies. In Tab. 3.5 the group con-
stants as well as the ADFs are listed for the reference cases (TMO=583.15K,
TFU=873.15K, BOR=500ppm) with and without fuel assembly bow. The
fuel assembly bow is simply assumed to be the center fuel assembly under-
going a displacement of 2 mm in both x- & y-directions in a 3x3 FA matrix.
A graphic illustration is shown in Fig. 3.16. It is seen that under the fuel
assembly bow condition the ADFs change to different degrees whereas the
group constants stays quite the same. Due to the decreased water gap and
moderation effect to the east and north side of the center fuel assembly, the
ADFs on these sides increase in the fast group and decrease in the thermal
group. The reason that the group constants don’t change or don’t change
much is that the bowed fuel assembly (the fuel pins) is still located in that
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Without bow With bow
D-1 1.532 1.532
D-2 0.388 0.388
Ab-1 0.00969749 0.00969383
Ab-2 0.00928537 0.0926181
NuF-1 0.00753344 0.00753255
NuF-2 0.154104 0.153615

ADF-E-1 & ADF-N-1 0.990031 1.02952
ADF-E-2 & ADF-N-2 1.0689 0.926528
ADF-W-1 & ADF-S-1 0.990031 1.01034
ADF-W-2 & ADF-S-2 1.0689 1.29312

Table 3.5: Comparison of the group constants and ADFs under the bow
condition. E stands for east, N stands for north, W stands for west and S
stands for south.

calculation lattice. Once the fuel assembly is bowed inside another fuel as-
sembly lattice (in centimeter range), the conventional diffusion codes might
not be suitable here since they are based on the regular space discretization.

In addition to the ADFs, the other factor that the fuel assembly bow can
largely influence is the pin power distribution. In Fig. 3.17 and 3.18 the
percentage-wise change of pin power fraction is plotted for different state
points. It is seen that due to the fuel assembly bow up to 3 rows of the
periphery fuel pins are influenced. The most affected rods are then on the
upper right and lower left corner. With a displacement of 1mm the maximal
change is about 4% whereas this value increases up to 8% when the displace-
ment reaches 2mm. Moreover, by comparing Fig. 3.17 and 3.18 it seems
that this pin power fraction (PPF) change doesn’t depend on the modera-
tor temperature or the fuel temperature and its dependency on the boron
concentration is only limited to a small extent.

Neglecting the temperature and boron concentration influences, the PPF
which is applied to the CFX model is then simply generated using the refer-
ence state point (TMO 583.15K, TFU 873.15K, BOR 500ppm). Since in Fig.
3.17 and 3.18 the PPF change seems to be roughly linearly correlated to the
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Figure 3.16: Illustration of the fuel assembly bow case in the 3x3 fuel
assembly matrix setting.

displacement, a new parameter σ is defined here as in Eq. 3.4 to examine
this hypothesis. The more closer the σ value of each fuel pin power to 1 is,
the more the hypothesis is valid. Fig. 3.19 gives an impression of the σ value
of each fuel pin in the center fuel assembly. The first row of the periphery
fuel pins, which are influenced by the FA bow the most, has a σ value be-
tween 0.95 to 1.1. The second and the third row of the periphery fuel pins
can have higher or lower σ value. But since their PPF changes are smaller
compared to the first periphery row, the PPF change can still be considered
proportional the the FA displacement. The white color in Fig. 3.19 means
the location where the relative power change is zero or relatively negligible
(<0.3%).
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(a) TMO 563.15K, TFU 873.15K, BOR 500ppm

(b) TMO 583.15K, TFU 873.15K, BOR 500ppm

(c) TMO 583.15K, TFU 1500K, BOR 500ppm

Figure 3.17: Pin power fraction change in percentage due to fuel assembly
bow with respect to different state points.
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Figure 3.18: Pin power fraction change in percentage due to fuel assembly
bow (TMO 583.15K, TFU 873.15K, BOR 2400ppm).

σ =
Relative power change(2mm)
Relative power change(1mm)

· 1mm
2mm

(3.4)

In Fig. 3.20 the relative pin power fraction distribution is shown for the 3x3
FA matrix with the chessboard configuration and Gd-FA in the middle.

3.3 Further cross sections using the lattice code

CASMO

In order to investigate the power fraction behavior under different burnups,
two cross section libraries (PMAX files) were generated from CASMO cal-
culations using GENPMAX: one normal U-FA with 3.95% U-235 and one
MOX-FA with a mixture of U and Pu nuclide vectors. Fig. 3.21 depicts the
Kinf curve of both FAs with different burnups. Compared to the MOX-FA,
U-FA has a higher Kinf within the range of 0-44 MWd/kg which results in
a higher reactivity in the U-FA. Tab. 3.6 shows the moderator temperature
feedback coefficient and fuel temperature feedback coefficient under the con-
dition of TMO 583.2K, TFU 873.2K and BOR 500ppm for both FAs. It is
seen that the MOX fuel assembly has a relative higher MTC (in absolute
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Figure 3.19: The σ value of the middle FA

value) which means the MOX will react stronger to the moderator change.
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Figure 3.20: Pin power fraction in the 3x3 fuel assembly matrix setting.

Figure 3.21: The infinite multiplication factor of the U-FA and MOX-FA
with respect to burnups
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Burnups [MWd/kg] MTC [pcm/K] FTC [pcm/K]
U-FA

0 -13.77 -1.86
10 -18.80 -2.18
30 -25.96 -2.91

MOX-FA
0 -37.70 -2.95
10 -36.88 -3.07
30 -41.79 -1.57

Table 3.6: The moderator temperature coefficient and fuel temperature
coefficient with different Burnups (CASMO XSs).
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Description of the coupling model

4.1 General overview of the coupling procedure

In order to connect the TH CFX model and the neutronics PARCS model a
coupling tool is developed. Like the other coupling tools, this coupling tool,
which is named PARCFX in this work, is responsible for data extraction,
data exchange and data storage. PARCFX is achieved through using the
user defined fortran (UDF) model, which is embedded in CFX. The coupling
model contains different blocks which are called in different steps in the CFX
calculation. More details are explains as follows together with Fig. 4.1.
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initial.F: This block is called during the "User Input" phase which
reads the model setting and allocates the data area us-
ing the memory management system (MMS) in the CFX-
solver.

main.F: This block is called during the "Start of Coefficient Loop"
phase which is the main body of the coupling model. Its
functions include extracting the TH data, preparing and
initiating the neutronics calculation, feeding the RPF data
back to the CFX model.

record.F This block is called during the "End of Timestep" phase
which writes the necessary data into a file which can be
post-processed.

heat flux.F This block is called during the solution phase. In this block
the heat flux is read and applied to each fuel pin at different
height.

Used for SERPENT XS coupling:

More detailed information about the main.F block is shown in Fig. 4.2. The
CFX model has the advantage of having a more discretized structure than
the PARCS model in the radial as well as the axial direction. In order to
transfer the data to the less discretized neutronics model, the temperatures
(the TMO and the temperature of the cladding surface (TWALL)) are aver-
aged over each node in the neutronics model. Additional three modules (the
XS-Generator, the TFU-Solver and the Curve-fitting tool in Fig. 4.2) are
integrated in this block in order to create the input for the PARCS model
and the heat flux data for the CFX model. The XS-Generator generates
the cross section data based on the preset BOR, TMO and TFU for all 270
nodes. The TFU-Solver solves the 1-D heat conduction equation based on
TWALL and the RPF of each node. And after the neutronics calculation the
RPF of each node is put into the Curve-fitting module to obtain a smooth
power distribution along the axial direction of each FA. The methodology of
each module is explained in more details in the following subsections.
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Figure 4.1: Calculation steps of a CFX calculation [ANS19].

Used for CASMO XS coupling:

For coupling with CASMO XS, the coupling routine is slightly changed. Since
the macroscopic XS is calculated internally by PARCS, the XS-Generator in
the coupling model (shown in 4.2) is replaced by a subroutine which writes
the 3D TH and burnup parameters (TMO, TFU, BOR, BU) into a PARCS
history format file and feeds it to PARCS.
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Figure 4.2: An illustration of the coupling model for SERPENT XS
datasets.

4.2 The XS-Generator module

The XSs are necessary for solving the diffusion equation. Typically it can
be interpreted as a function of TFU, TMO, density of the coolant (DCO)
and control rod insertion shown in Eq. 4.1 [DXS12]. The equation basically
suggests that the macroscopic XS has a linear correlation with the square
root of TFU, TMO, percentage of the control rod insertion and BOR while a
non linear correlation with DCO. A more detailed evaluation of the influence
are shown in section 3.2.1.

Σ(α, TFU, TMO,DCO,BOR) =Σr + α∂Σcr +
∂Σ

∂
√
TFU

∂
√
TFU

+
∂Σ

∂TMO
∂TMO +

∂Σ

∂BOR
∂BOR

+
∂Σ

∂DCO
∂DCO ++

∂2Σ

∂DCO2
(∂DCO)2

(4.1)
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The XS-Generator module

where

Σr = the macroscopic XS at the reference state

α = percentage of the control rod insertion

TFU = ωTCL
F + (1− ω)T PS

F

ω = weight factor between 0 and 1

TCL
F = fuel temperature at the center-line

T PS
F = fuel temperature at the pellet surface

Since in the SERPENT calculation the temperature induced density change
is considered for the moderator and the control rod is not modeled, only
TFU, BOR and TMO are the parameters that can influence the XS. The
desired XS is obtained through linear interpolation or extrapolation between
a set of state points (shown in Fig. 4.3).

Figure 4.3: An illustration of the data structure of the XS set.
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4.3 The TFU solver

4.3.1 An introduction to the TFU solver

Since CFX cannot model the solid part with the mesh deformation method.
A TFU solver is integrated inside the coupling model in order to calculate
the correct nodal averaged fuel temperature. The TFU solver solves the 1-
D heat conduction equation based on the state of the nodal relative power
fraction and the temperature of the cladding outer surface. We assume that
the heat conduction along the axial direction is negligible since the r/L is
extremely small, the heat is generated inside the fuel pellet evenly and the
temperature distribution has no dependence in the azimuthal direction. With
these assumptions, the equation in cylinderal coordinate is written as:

CV (T )
∂T

∂t
=

1

r

∂

∂r

[
λ(T )r

∂T

∂r

]
+ q̇′′′ (4.2)

where CV (T ) is the volumetric heat capacity, λ(T ) the thermal conductivity
of the material and both of them are dependent on temperature. q̇′′′ is the
volumetric heat generation rate.

In steady-state case, the time-dependent term is neglected and Eq. 4.2 is
simplified as:

1

r

∂

∂r

[
λ(T )r

∂T

∂r
] = −q̇′′′ (4.3)

⇒
∫
r

[
λ(T )r

∂T

∂r

]
∂r = −

∫
r

q̇′′′r∂r (4.4)

⇒ λ(T )r
∂T

∂r
= − q̇′′′r2

2
+ C (4.5)

where C is determined separately by applying different boundary conditions
in the fuel zone where q̇′′′ is not zero and in the non-fuel zone where q̇′′′ is
zero.
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In the fuel zone (q̇′′′ is not zero):

−λ(T )
∂T

∂r

∣∣∣∣∣
r=0

= 0 ⇒ Cfuel = 0 (4.6)

In the none-fuel zone (q̇′′′ is zero):

−λ(T )
∂T

∂r

∣∣∣∣∣
r=rfo

= q̇′′′
πr2fo
2πrfo

(4.7)

⇒ Cnon−fuel =
q̇′′′r2fo
2

(4.8)

where rfo is the radius of the fuel pellet.

Then Eq. 1.3 is rewritten as:

fuel zone:
∂T

∂r
=

q̇′′′r

2λ(T )
(4.9)

none-fuel zone:
∂T

∂r
=

q̇′′′r2fo
2λ(T )r

(4.10)

The TFU-solver in the coupling model solves the above mentioned two dif-
ferential equations 4.9 4.10 based on the 4th order Runge-Kutta method il-
lustrated as follows:

Ṫ = f(r, T ), T (r0) = Tco

Tn+1 = Tn +
1

6
(k1 + 2k2 + 2k3 + k4)

rn+1 = rn + ∂r

65



Chapter 4. Description of the coupling model

where

k1 = ∂rf(rn, Tn)

k2 = ∂rf(rn +
∂r

2
, Tn +

k1
2
)

k3 = ∂rf(rn +
∂r

2
, Tn +

k2
2
)

k4 = ∂rf(rn + ∂r, Tn + k3)

∂r : the step size

f(r, T ) : the differential equations 4.9 4.10

Tco : temperature of the cladding outer surface

The material properties, the thermal conductivity λ(T ), are taken from
FRAPCON [GLRP15a, LGP15]. The thermal conductivity of UO2 at 95%
of the theoretical density is calculated as:

λf95 = [A+a·gad+BT+f(Bu)+(1−0.9 exp−0.04Bu)g(Bu)h(T )]−1+
E

T 2
e−F/T

(4.11)
where

A = 0.0452 mK/W

B = 2.46E − 4 m/W

E = 3.5E9 WK/m

F = 16361 K

a = 1.1599

gad = gadolinia weight fraction

Bu = burnup, GWd/MTU

f(Bu) = effect of fission products in crystal matrix

= 0.00187Bu
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g(Bu) = effect of irradiation defects

= 0.038Bu0.28

h(T ) = temperature dependence of annealing on irradiation defects

=
1

1 + 396 exp(−Q/T )

Q = 6380 K

Assuming that the FA is a fresh one and contains only UO2 in the fuel pellet
at 95% of the theoretical density, the thermal conductivity is plotted in Fig.
4.4 with different temperatures.

Figure 4.4: The thermal conductivity of UO2 at 95% dense in range of
400-1300K.

The none-fuel zone consists of the helium gas gap and the cladding material.
Here we assume that the heat is conducted only through conduction. The
thermal conductivity for the helium gas is calculated in Eq. 4.12 and for
zircaloy as Eq. 4.13 [LGP15].

λHe = 2.531 ∗ 10−3T 0.7146 (4.12)
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λc = 7.51 + 2.09 ∗ 10−2T − 1.45 ∗ 10−5T 2 + 7.67 ∗ 10−9T 3 (4.13)

And the thermal conductivity for the helium gas gap and zircaloy are plotted
in Fig. 4.5 and 4.6. While the thermal conductivity for UO2 decreases with
an increasing temperature, the thermal conductivity for the helium gas as
well as for zircaloy increases(in range of 400-1300K).

Figure 4.5: The thermal conductivity of helium gas in range 400-1300K.

Figure 4.6: The thermal conductivity of zircaloy in range 400-1300K.
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As already illustrated in Eq. 4.1, the effective Doppler fuel temperature
(TFU) is calculated in PARCS by default as a linear interpolation between
the fuel center-line temperature and the fuel pellet surface temperature. The
default value for ω is 0.3. One can also change the mode in PARCS to
calculate the volumetric averaged fuel temperature. On the other hand,
other reactor simulator, such as SIMULATE-3, uses different subroutines to
calculate TFU shown in Eq. 4.14 [BHD+13].

TFU = TMO + aQ+ bQ2 (4.14)

where

Q = the nodal power density

a = the linear coefficient of fuel temperature with respect to Q

b = the quadratic coefficient of fuel temperature with respect to Q

In this work the volumetric averaged fuel temperature is used and it is solved
by the following equation 4.15.

TFU =

∑
TFUm · V m∑

V m
(4.15)

where TFUm is the fuel temperature of node m and V m is the volume of
node m.

In the transient calculation we simply consider the fuel pellet as a whole with
a temperature of T , and Eq. 4.2 is rewritten as:

∫
V

CV (T )ρ(T )
∂T

∂t
dV =

1︷ ︸︸ ︷∫
S

λ(T )∇TdS+

2︷ ︸︸ ︷∫
V

q̇′′′dV (4.16)

where the first term on the right hand side (RHS) means the total heat
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lost through area S and the second term on the RHS means the total heat
generation over the volume V . In literature [SKSB15] it is mentioned that
the fuel pellet temperature responds normally several seconds later to power
burst due to its large heat capacity and density. Here is one example.

We assume that the first term in Eq. 4.16 is the same and the temperature
change is due to a power burst of 10%. The CV is taken from FINIX and
FRAPTRAN [Iko13, LGP15, GLCP16] which are two transient codes for
calculating fuel behavior. The specific heat capacity is given as:

CV =
K1θ

2 exp(θ/T )

T 2[exp(θ/T )− 1]2
+K2T +

Y K3ED

2RT 2
exp(−ED/RT ) (4.17)

where

T = temperature(K)

Y = oxygen-to-metal ratio

R = 8.3143 (J/mol*K)

θ = 535.285 (K) for UO2

ED = 1.577E5 (J/mol)

K1 = 296.7

K2 = 2.43E-2

K3 = 8.745E7

Assuming the oxygen-to-metal ratio is 2, the specific heat capacity of UO2

is then shown in Fig. 4.7. With an increasing temperature the specific heat
capacity increases, which means if the temperature gets higher, the material
is more resistant to temperature increase in case of power burst.

Assuming the volumetric power generation rate is 3.34E8 W/m3 which cor-
responds to the averaged volumetric heat generation rate of a 20 MW FA,
and the density of the fuel pellet is 10.2 g/cm3, the maximal temperature
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Figure 4.7: The specific heat capacity of UO2 in range 400-1300K.

increase due to a 1 Hz oscillating 10% power burst is listed in Tab. 4.1 with
respect to different reference temperatures. Given that typically the MTC
is in the magnitude of several dozens of pcm/K (negative value) whereas
the fuel temperature coefficient is about several pcm/K (negative value), the
influence of the fuel temperature change is much smaller than the modera-
tor temperature change. Due to this effect the fuel temperature is therefore
considered constant in the transient calculation.

Temperature (K) ∂T (K)
600 3.57
700 3.48
800 3.41
900 3.36
1000 3.32
1100 3.28
1200 3.25
1300 3.21

Table 4.1: Temperature increase of the UO2 pellet due to a 10% power
burst at different reference temperatures.
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Reference volumetric heat rate [W/s] 3.34E8
Power factors 0.2, 0.5, 1.0, 1.5, 2.0

Table 4.2: Power factor settings for TFU-solver & TRACE comparison.

4.3.2 A quick comparison with the TRACE solver

Steady state calculations are made here to examine the applicability of the
TFU solver by comparing the results from the TFU solver and TRACE with
the same boundary conditions. In the radial direction, the model is divided
into 10 annular regions for the fuel pellet, one region for the gas gap and
5 layers for the cladding material. The fuel assembly is put under different
volumetric heat generation rates so that the solver is examined under different
power regimes. Detailed settings can be found in Tab. 4.2.

As is shown in Fig. 4.8 the results of the TFU-solver agree very well with
the TRACE results for all power factors. The maximal deviation of the fuel
center-line temperature is about 2.3K for the case with the power factor of
1.5 while the temperature deviation at fuel center-line for the other cases are
well held within 1.3K.

4.4 Curve-fitting module

Since the PARCS model is a less discretized model, the RPF data obtained
from the neutronics calculation is then the averaged value over each node.
Normally with a reasonable number of nodes in the axial direction, these
values can be directly applied to some 1-D TH code with the same number
of axial layers. But tools like CFX, which offers the possibility to model the
fuel assembly at the pin level, require a more smoother power distribution
feedback. In Fig. 4.9 one example of the axial power distribution of a single
FA model from PARCS can be seen. While the power profile in the middle
is more or less flat, large gradient can be observed at the top and bottom
nodes. Therefore this module is developed to transform the nodal RPF into
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Figure 4.8: Comparison of the TFU-solver result with TRACE result with
different power factors. The TFU-solver results are drawn with circles and
the TRACE results are drawn with lines.

a 5th order polynomial of the axial height z.

Figure 4.9: One example of the axial power distribution from PARCS.
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The curve-fitting module is written based on the least squares methods which
is achieved by minimize the error sum of squares, err, given by Eq. 4.18.

err =
n∑

i=1

(
RPFi − fi(zi)

)2 (4.18)

where RPFi is the data point value obtained from the PARCS calculation,
fi(zi) is the predicted value with a specific parameter zi, which in our case
is the axial height. Since we assume that the RPF has a shape of a 5th order
of polynomial, fi(zi) is illustrated in Eq. 4.19.

fi(zi) = a0 + a1z
1
i + a2z

2
i + a3z

3
i + a4z

4
i + a5z

5
i (4.19)

The goal is to determine the polynomial parameters {a0, a1, ..., a5} in order
to minimize the error, err, whose derivative over each parameter should equal
to zero.

∂err

∂a0
= −2

n∑
i

(
yi − fi(zi)

)
= 0

∂err

∂a1
= −2

n∑
i

(
yi − fi(zi)

)
zi = 0

∂err

∂a2
= −2

n∑
i

(
yi − fi(zi)

)
z2i = 0

∂err

∂a3
= −2

n∑
i

(
yi − fi(zi)

)
z3i = 0

∂err

∂a4
= −2

n∑
i

(
yi − fi(zi)

)
z4i = 0

∂err

∂a5
= −2

n∑
i

(
yi − fi(zi)

)
z5i = 0
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This turns into a set of linear equations with the form of Ax = B which can
be easily solved by method like Gaussian elimination.
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A quick implementation of the curve-fitting module is shown in Fig. 4.10. It
can be seen that the power profile prediction from the curve-fitting module
agrees well with the PARCS result.
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Figure 4.10: Comparison of the axial power distribution from PARCS and
the result from the curve-fitting module.
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Chapter 5

Single FA simulation

5.1 Definition of the test scenarios

Based on the current coupling methodology, the following scenarios are de-
fined:

• Steady-state calculation

• Transient calculations

– Tin transient cases: with oscillating inlet moderator temperature

– Vin transient cases: with oscillating inlet moderator velocity

– Rod movement cases: with oscillating fuel rod based on the mesh
deformation method

5.2 Steady-State Calculation

The simulations are conducted firstly with a single fuel assembly model to
have a general overview of the relative power fraction changes due to flow or
structure oscillations. The power is kept constant at 20MW for the single
fuel assembly model. Therefore all the RPF evaluations exclude the effect
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brought by the total power change of the fuel assembly.

Fig. 5.1 shows the axial moderator temperature distribution. The maximal
moderator temperature is located at the top of the model (30th layer) with a
value of 597.2K. Fig. 5.2 illustrates the axial fuel temperature distribution.
The nodal averaged fuel temperature is much more influenced by the axial
power distribution (shown in Fig. 5.3). The maximal fuel temperature as
well as the maximal relative power fraction are located on the 18th layer
(TFUmax=1010K and RPFmax=1.45) whereas in the classic analysis with the
assumption of having homogeneous temperature distribution in the axial di-
rection, the axial power distribution has a sine shape with its maximum
directly in the middle. With the feedback of the moderator temperature and
the fuel temperature the power peak is shifted upwards. The direction of
the shift is related to the value of boron concentration. A high boron con-
centration value results in a positive MTC (shown in Table 3.3) which could
compensate the negative FTC. And with a higher moderator temperature
in the upper part, the reactivity is also larger than the bottom part which
causes the peak to shift upwards. But this behavior doesn’t mean that the
power peak should be located at the top layer where the TMO is the high-
est since the leakage of that layer is much larger than the other layers. For
boron concentration which is low (500ppm for example), the peak is shifted
downwards.
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Steady-State Calculation

Figure 5.1: The axial TMO distribution of the steady state calculation with
the single fuel assembly model.

Figure 5.2: The axial TFU distribution of the steady state calculation with
the single fuel assembly model.

Figure 5.3: The axial RPF distribution of the steady state calculation with
the single fuel assembly model.
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a f

Tin

2[K] 5[Hz]
2[K] 1[Hz]
5[K] 5[Hz]
5[K] 1[Hz]

Vin

0.2[m/s] 5[Hz]
0.2[m/s] 1[Hz]
0.5[m/s] 5[Hz]
0.5[m/s] 1[Hz]

Table 5.1: Cases under oscillating moderator inlet boundary condition with
single fuel assembly model.

5.2.1 Transient Calculations

This section presents the results of applying different oscillating boundary
conditions on the model. A sine form time dependent disturance is applied to
the moderator inlet temperature and moderator inlet velocity (see Eq. 5.1).
To investigate the system’s response to different oscillation mode, the cases
are divided into two categories: varying the amplitude of the oscillation and
varying the frequency of the oscillation. A list of the cases is shown in Tab.
5.1.

δ = a · sin(t · f · 2π) (5.1)

where δ is the time dependent disturbance, a is the amplitude of the oscilla-
tion, t is time and f is the frequency of the oscillation.

Then simulations are done with the assumption that the fuel rods are under
vibration condition with unknown reasons. The directions of the vibration is
in one case in x direction and in the other case in x- & y-direction (diagonal
direction). The displacement also follows a sine function with the amplitude
of 1mm and the frequency of 1Hz. The fuel rod vibration is simulated using
the mesh deformation method which changes the flow area accordingly. Four
cases are set for the rod vibration case simulating different locations of the
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Case1-single rod x-directional displacement
Case2-single rod x- & y-directional displacement
Case3-all rods x-directional displacement
Case4-all rods x- & y-directional displacement

Table 5.2: Cases for oscillating moderator inlet boundary condition with
single fuel assembly model.

disturbance: single-rod vibration (center four pins) and all-rod vibration
(settings shown in Tab. 5.2).

5.3 Tin investigations

Fig. 5.4 and 5.5 show the nodal averaged moderator temperature at different
axial layers due to the Tin oscillation. Several things can be noticed here:
the amplitude of the temperature becomes smaller with an increasing height.
For example, an amplitude of 5K on layer 1 becomes 3.5K on layer 30 cor-
responding to the a=5K and f=1Hz case. A transport effect can be easily
seen in the temperature field. Besides, the frequency of the oscillation can
also influence the amplitude change. The lower the frequency is, the bigger
the amplitude changes(defining this change as the difference of the oscillation
amplitude between layer 30 and layer 1). For instance, comparing both cases
with an amplitude of 5K at the entrance, the change in amplitude is 1.5K
with an oscillation frequency of 1Hz and 4K with an oscillation frequency of
5Hz.

The results of the relative power fraction on the other hand also show a
transport effect along the axial direction (shown in figure 5.6 and 5.7). With
an increasing moderator temperature, a positive reactivity is introduced at
that layer which results in an increasing RPF at that layer. On the contrary
the RPF at the other layers are reduced so that the averaged RPF equals to
1. Fig. 5.8 shows a heterogeneous distribution of the oscillation amplitude
along the axial direction with a maximum value of about 8% absolute value
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(a)

(b)

Figure 5.4: TMO at lower layers due to Tin oscillation.

at around the 7th and 23rd layer (a=5K, f=1Hz). It is also seen that the
percentage-wise oscillation amplitude curve has its maximum at the bottom
layer and decreases firstly to the middle layer and then increases further to
the top layer. It seems the inlet temperature oscillation has minimum effect
on the middle layer. Besides, higher frequency of inlet temperature oscillation
can bring very limited effects in the RPF field.
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(a)

(b)

Figure 5.5: TMO at upper layers due to Tin oscillation.
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(a)

(b)

(c)

Figure 5.6: RPF at lower layers due to Tin oscillation.
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(a)

(b)

(c)

Figure 5.7: RPF at upper layers due to Tin oscillation.
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(a)

(b)

Figure 5.8: RPF oscillation amplitude along the axial direction.
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5.4 Vin investigations

Fig. 5.9 and 5.10 show the nodal averaged moderator temperature at different
axial layers due to the Vin oscillation. With an increasing inlet velocity, the
mass flow rate increases and TMO decreases globally. Same as the Tin
cases, the frequency of the oscillation can influence the amplitude change.
The lower the frequency is, the bigger the amplitude changes(defining this
change as the difference of the oscillation amplitude between layer 30 and
layer 1). Furthermore, given a=0.5m/s and f=1Hz which corresponds to
an oscillation about 11kg/s of coolant mass flow rate, the outcome of the
temperature change is relatively small (about 1K at plane 30 and 0.6K at
plane 10).

The results on the neutronics side on the other hand show that the inlet
mass flow rate oscillation has a global effect along the axial direction (shown
in figure 5.6 and 5.7). With an increasing coolant mass flow rate, the RPF
at the lower layers increases whereas the RPF at the upper layers decreases.
It seems that the moderator temperature changes more at the top than at
the bottom and an larger positive reactivity is introduced at the lower layers
which results in an increasing RPF at the lower layers. The amplitude of the
RPF oscillation has a heterogeneous distribution along the axial direction
with a maximum value of about 1.2% absolute value at around the 7th and
23rd layer (a=0.5m/s, f=1Hz). Fig. 5.13 shows the oscillation amplitude
along the axial direction. It is seen that the percentage-wise oscillation am-
plitude curve has its maximum at the bottom layer and decreases first to
the middle layer and then increases further to the top layer. It seems the
inlet velocity oscillation has minimum effect on the middle layer. Besides,
the higher the frequency of inlet velocity oscillation is, the smaller the RPF
oscillates.

87



Chapter 5. Single FA simulation

(a)

(b)

Figure 5.9: TMO at lower layers due to Vin oscillation.
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(a)

(b)

Figure 5.10: TMO at upper layers due to Vin oscillation.
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(a)

(b)

(c)

Figure 5.11: RPF at lower layers due to Vin oscillation.
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(a)

(b)

(c)

Figure 5.12: RPF at upper layers due to Vin oscillation.
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(a)

(b)

Figure 5.13: RPF oscillation amplitude along the axial direction in Vin
cases.
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5.5 Rod movement investigations

As it can be seen in Fig. 5.14 and 5.15, the nodal averaged temperature
change due to the rod movement is very limited. And the relative power
fraction change, on the other hand (Fig. 5.16 and 5.17), shows an oscillating
behavior. But judging on the magnitude of the oscillation (below 0.05% at
layer 10 for example), the rod vibration can hardly influence the RPF with
a maximum displacement of 1mm.

(a)

(b)

Figure 5.14: TMO at lower layers due to rod oscillation.
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(a)

(b)

Figure 5.15: TMO at upper layers due to rod oscillation.

94



Rod movement investigations

(a)

(b)

(c)

Figure 5.16: RPF at lower layers due to rod oscillation.
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(a)

(b)

(c)

Figure 5.17: RPF at upper layers due to rod oscillation.
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5.6 Summary

In this chapter, the coupled model is tested on the single fuel assembly model.
Both steady-state and transient calculations are conducted. The transient
cases are simulated with oscillating inlet temperature, oscillating inlet ve-
locity and oscillating fuel rods to investigate the resulted power distribution
oscillation.

In the Tin cases, two oscillation frequencies and two oscillation amplitudes
are chosen so that the RPF response to different oscillation modes can be
obtained. From the temperature oscillation aspect, it is seen that the oscil-
lation amplitude at the top is smaller than at the bottom. The higher the
frequency is, the faster the oscillation amplitude decreases with increasing
height. The first behavior can be explained by the feedback of the neutronic
field and the second behavior is caused by the fact that with a higher oscil-
lation frequency, the coolant flow per unit time, which is influenced by the
temperature oscillation, is smaller. Consequently the coolant flow is more in-
fluenced by the neutronics feedback and therefore the amplitude oscillation
is decreasing faster with increasing height. From the neutronics aspect, the
RPF oscillation is caused by the moderator temperature oscillation which in-
cludes the density factor in one-phase flow (since the cross-section generation
puts these two factors together). In general high neutron oscillation happens
when and where strong temperature oscillation occurs. It is seen that in
the mode with low temperature oscillation frequency and high amplitude the
neutron oscillation is the largest. After calibration (in Fig. 5.13) it is seen
that the oscillation is the strongest at the bottom layer (about 12%) and the
amplitude decreases from the bottom to the middle region (about 2%). Then
the amplitude increases roughly linearly from the middle to the top region
(about 8%). Besides, due to the transport effect of the coolant, the neutron
oscillation also shows a phase difference between different layers. There is an
almost 180°phase difference between the neutron signals at the top half and
the bottom half of the fuel assembly.
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In the Vin investigation, two oscillation frequencies and amplitudes are cho-
sen based on the same consideration in the Tin cases. The transport effect
can be barely seen in the temperature plot in the Vin cases since the change
of inlet velocity is a global effect. Like the Tin cases, the neutronics feed-
back in the Vin cases also shows a 180°phase difference between the top and
bottom half fuel assembly. The oscillation amplitudes correspond to 4.3%
and 10.9% of the total mass flow rate and it is seen that the temperature
oscillation under these conditions is relatively small. Therefore, the resulted
neutronic oscillation is small compared the the Tin cases. Like the Tin cases,
after calibration the amplitude of the neutron oscillation shows a similar be-
havior in the axial direction with a maximum of 2% at the bottom layer and
a minimum of 0.2% in the middle.

The last part of single fuel assembly section consists of the investigations on
the rod movement cases. It is seen that due to the changed flow area and
the unchanged heat flux the moderator temperature has a slight oscillation
(around 0.02K) which also results in a almost negligible neutron oscillation.
One can also see that in case 4 where all fuel rods move in the diagonal
direction has a higher oscillation amplitude. In the future investigation on
the 3x3 FA model the FA will bow to the same direction (diagonal direction)
to see some effects.

Since in the Tin and Vin cases it is seen that high frequency oscillations only
bring limited influences on the temperature field as well as the neutronic
field. It is decided to fix the frequency 1 Hz in the future 3x3 FA model to
see the effect more clearly.

In the next chapter the results using the coupled 3x3 FA model are illus-
trated. The CFX model is built with an simplified mesh due to the lack of
computation resources. From the neutronics point of view, PPFs are calcu-
lated for the 3x3 FA model under both FA bow and no FA bow conditions. A
dramatic ADF change can be observed and the power distribution of the fuel
pins on the periphery row change up to 8% when the center fuel assembly
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has a displacement of 2mm in both x- & y-directions. Besides, the pin power
distribution change has a roughly linear correlation with the displacement.
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Chapter 6

3x3 FA Simulation

This chapter depicts the results of the TH/neutronics coupled transient sim-
ulations with both SERPENT and CASMO cross sections. The SERPENT
XS simulations (shown in sec. 6.1) address the neutronics response of a chess
board configuration filled with U-FA and Gd-FA. Both kinds of FAs are in
fresh state. In this part the pin-by-pin power distribution is implemented in
the FA bow investigation to achieve a higher fidelity. In the second section
the CASMO XS simulations (shown in sec. 6.2) contain more investigations
on the influence of BUs and MOX-FA.

6.1 SERPENT XS simulations

6.1.1 Description of the Cases

The model has been extended to the 3x3 FA model in order to investigate
the relative power fraction change due to flow oscillations in a larger scale.
Heat transfer as well as the cross flow is enabled between two neighboring
fuel assemblies. The averaged power for each fuel assembly is kept at 20MW.
The RPF evaluation only reflects the power fraction relative to the nominal
power. The model has a chessboard configuration in the radial direction
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(shown in Fig. 6.1) consisting of two different FA types (Gd-FA and U-FA).
The power difference between the center FA (Gd-FA) and its neighboring
FAs (U-FAs) is about 10%. The boron concentration is set to be in one
case as 500ppm while in the other case 2200ppm. As it is shown in section
3.2.3, the pin power distribution can be influenced by the fuel assembly bow.
Therefore, additional subroutine is implemented in the rod movement cases
in the coupling model to apply the heterogeneous heat generation rate on
the fuel pins. Results are compared in this section between simulations with
PPFs and without PPFs to see whether PPFs have an influence on both
temperature and neutronic field.

Figure 6.1: Radial configuration of the SERPENT XS case

In sec. 6.1.2 the steady state calculation results are shown for both BOR
500ppm and 2200ppm cases. In sec. 6.1.3 the results of selected transient
calculations are shown and discussed.

6.1.2 Steady-State Calculation

Fig. 6.2 depicts the axial averaged RPF for the 3x3 fuel assembly matrix
in both cases. The radial power distribution is pretty similar in both cases
showing a factor of 0.97 in the middle and 0.94 in the corner fuel assembly
despite of different boron concentrations. On the other hand, because of
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different boron concentrations, the axial power distribution shows a different
shape. Fig. 6.3 illustrates the axial relative power fraction of FAs at different
locations (FA3, FA5, FA6). The axial power distribution in the BOR500ppm
case has a peak in the lower half of the fuel assembly (around node 11)
whereas in the BOR2200ppm case the peak is located slightly above the
middle of the fuel assembly (around node 18). The maximum RPF is around
1.6 in the BOR500ppm case and 1.54 in the BOR2200ppm case.

In Fig. 6.3 the axial moderator temperature distribution is shown for FAs
at different locations. Since the radial power distribution is almost the same
in both cases, it is seen that the moderator temperature is quite the same at
the outlet (node 30) in both cases. The maximal moderator temperature is
around 597.8K for the middle Gd-FA (FA5), 600.6K for the side U-FA (FA6)
and 596.6K for the corner GA-FA (FA3).

Figure 6.2: The radial RPF distribution of the steady state calculation
with the 3x3 assembly model (SERPENT XS): 500ppm case (left), 2200ppm
case(right).

Besides, Fig. 6.4 shows the moderator temperature distribution radially at
the height of 2.5m. It can be seen that the moderator temperature distri-
bution is locally influenced by PPFs. By applying the PPFs, the power is
higher at the fuel pins around the guide tubes where a higher moderation ef-
fect is expected. The location of the Gd fuel rod can also be easily identified
since the Gd is a strong neutron absorber and its power is largely suppressed
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Figure 6.3: The axial RPF and moderator temperature distributions in the
steady state calculation with the 3x3 fuel assembly model (SERPENT XS).

compared to other fuel rods.
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(a) Without PPFs (b) With PPFs

Figure 6.4: The radial moderator temperature distribution of the steady state calculation with the 3x3 fuel assembly
model at the height of 2.5m (SERPENT XS).
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6.1.3 Transient Calculations

This section presents the results of applying different oscillating boundary
conditions on the model. A sine form time dependent disturbance is applied
to the moderator inlet temperature and moderator inlet velocity (see Eq.
6.1). The frequency is fixed at 1Hz and the amplitude of the oscillation varies.
Another varying parameter is the location where the oscillation boundary
condition is applied. Here it differs between FA5 and all FAs. A list of the
cases is shown in Tab. 6.1.

δ = a · sin(t · 1[Hz] · 2π) (6.1)

where δ is the time dependent disturbance, a is the amplitude of the oscilla-
tion and t is time.

As for the simulations with the fuel assembly bow, here the bow is simply
assumed located in the center fuel assembly where axially the displacement
follows a sine distribution which means 0mm for the top and bottom and
maximum at the middle of the fuel assembly. The direction of the vibration
is just assumed to be in x- & y-direction (diagonal direction). And the
maximum displacement is assumed to follow a rump function (shown in Fig.
6.5).

Figure 6.5: The maximum displacement of the center fuel assembly in the
FA bow case (SERPENT XS).
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a Location BOR [ppm]

Tin

-3[K] FA5 500
-5[K] FA5 500
-3[K] All FAs 500
-5[K] All FAs 500
-3[K] FA5 2200
-5[K] FA5 2200
-3[K] All FAs 2200
-5[K] All FAs 2200

Vin

0.5[m/s] FA5 500
1.0[m/s] FA5 500
0.5[m/s] All FAs 500
1.0[m/s] All FAs 500
0.5[m/s] FA5 2200
1.0[m/s] FA5 2200
0.5[m/s] All FAs 2200
1.0[m/s] All FAs 2200

Table 6.1: Cases under oscillating moderator inlet boundary condition with
3x3 fuel assembly model (SERPENT XS).

6.1.3.1 Tin investigations

Fig. 6.6 shows the nodal TMO at different axial layers of two neighboring
FAs (FA5 and FA6) due to the Tin oscillation. The label in the legend-box
contains the basic boundary condition of the transient: the magnitude of the
oscillation, the location of the applied oscillation and the boron concentra-
tion. Noted that the inlet coolant velocity is around 4.6m/s and the total
active length is 3.9m which means that the coolant total travel time is about
0.85s. This can also be seen when comparing the TMO charts between plane
1 and plane 30 that the first bottom in the 30th plane is about at around 1.1s
whereas in the 1st plane at about 0.26s. Due to different boundary condi-
tions (oscillation modes & boron concentration) and the resulting neutronics
feedback, the temperature oscillation of the other planes can have different
amplitudes than the inlet boundary condition. For example in FA5, with
an oscillating inlet temperature of 3K the outlet temperature oscillates with
a smaller amplitude (around 2.2K) in both BOR500 cases whereas in the
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(a) (b)

Figure 6.6: TMO oscillation due to Tin oscillation with 3x3 FA model
(SERPENT XS).

BOR2200 cases with oscillation applied on all FAs the outlet temperature
oscillates with a slightly higher amplitude of 3.3K. A similar behavior can
also be found in FA6 temperature distribution.

The neutronics response (RPF) also shows a oscillating behavior (shown in
Fig. 6.7). When comparing cases of BOR500 and cases of BOR2200, it is seen
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that at the beginning of the transient due to different neutronics feedback
(different moderator temperature feedback caused by boron concentration)
the power increases in the bottom half in the BOR500 cases while decreasing
in the BOR2200 cases. The power in the upper half of the fuel assembly reacts
oppositely. It can also be seen when the oscillating boundary condition is
applied only on the central fuel assembly, the power oscillation is smaller
compared to the "ALL FA" cases.

In Fig. 6.8 the RPF oscillation amplitude of each plane is normalized to its
initial value. This figure gives an idea of the oscillation amplitude detected
by the detectors at different axial height. It is seen in both figures the power
oscillation has a minimum amplitude at about the middle height (around
plane 15). The power oscillation is generally smaller in "FA5" cases than in
"All FA" cases indicating that the local oscillation of inlet TMO, in which
only small amount of FAs are involved, has a limited effect on the neutronics
field. With an amplitude of 5K oscillating inlet TMO on FA5, the power
fraction on each plane only oscillates about 0.2 to 2%. On the other hand,
when the oscillating BC is applied on all FAs’ inlet, with an amplitude of
5K, the power can oscillate between 1 to 13%.
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(a) (b)

Figure 6.7: RPF oscillation due to Tin oscillation with 3x3 FA model (SER-
PENT XS).
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Figure 6.8: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial height
of FA5 and FA6 in Tin (left: FA5, right: All FA) cases (SERPENT XS).

111



Chapter 6. 3x3 FA Simulation

6.1.3.2 Vin investigations

Assuming that the inlet moderator temperature doesn’t change, changing
the inlet velocity change results in the inlet mass flow change. Consequently
the moderator temperature oscillates since the total heat power conducted
through the cladding surface remains merely changed. Unlike the Tin cases
in which the temperature change has some transport effect along the axial
direction, the mass flow change should be effective on all axial planes at the
same time since the mass continuity law must be fulfilled. Besides, different
mass flow should induce different pressure loss for different FAs resulting in
cross-flow between FAs which could introduce more moderator mixing effects
(cold and hot moderator in neighboring FAs). But on the other hand, the
cross-flow also compensates the mass flow difference which is introduced on
the inlet and in the end the mass flow is quite similar in each FA.

Fig. 6.9 illustrates the temperature oscillation of both FA5 and FA6 at
different layers in the Vin cases. With an increasing inlet velocity which
is equivalent to an increasing mass flow rate, the moderator temperature
on all axial layers also oscillates. In general, the larger the amplitude of
the Vin oscillation is, the stronger the moderator temperature oscillates on
each plane. Unlike the Tin cases, there’s a phase difference of the TMO
oscillation between "FA5" and "ALL FA" cases. It is seen in "FA5" cases,
the TMO on each plane reaches its first bottom value 0.2-0.5s later than in
the "ALL FA" cases and the higher the plane is, the later the oscillation
reaches its first bottom. This can be explained that due to the pressure
difference between two FAs the induced cross-flow helps the moderator to
redistribute and rehomogenize. And the rehomogenization can also influence
the moderator temperature which furtherly influences the power distribution.

In Fig. 6.10, the RPF changes of both FA5 and FA6 at different axial height
are shown for the Vin oscillation case. The RPF change shows a similar
behavior to what we observed in the Tin cases, namely with a decreasing
inlet velocity the RPF of the bottom half FA decreases in the BOR500 cases
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(a) (b)

Figure 6.9: TMO oscillation due to Vin oscillation with 3x3 FA model
(SERPENT XS).

while increases in the BOR2200 cases. The amplitude of the RPF oscillation
is quite small for the cases in which only the FA5 inlet boundary condition
is changed. As a consequence, the RPF oscillations of these cases contribute
a negligible amount of influence to the TMO oscillations. And the TMO
oscillates mainly due to the mass flow rate change. On the other hand, since
the amplitude of the TMO oscillation is small, the neutronic field can also
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(a) (b)

Figure 6.10: RPF oscillation due to Vin oscillation with 3x3 FA model
(SERPENT XS).
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only be limited influenced. As a consequence, the temperature oscillation is
reduced in "FA5" case.

The percentage-wise amplitude of the RPF oscillation is plotted in Fig. 6.11
for FA5 and FA6 with different axial heights. Similar to the Tin cases, the
RPF oscillation amplitude is larger in the "All FA" cases than in the "FA5"
cases. It can also be seen that, in these cases the middle region is the least
influenced region with values of around 1% in "BOR500" cases and around
0.5% in "BOR2200" cases (e.g. in "ALL FA" cases). The effect is more
obvious at the top and the bottom region. Up to 6% (BOR500) and 4%
(BOR2200) RPF oscillation can be found at the top and bottom layer (e.g.
in "ALL FA" cases).

115



C
hapter

6.3x3
FA

Sim
ulation

Figure 6.11: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Vin (left: FA5, right: ALL FA) cases (SERPENT XS).
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6.1.3.3 Rod movement investigations

In Fig. 6.12 and 6.13, the results of moderator temperature and relative
power fraction are shown for FA5 and FA6 at different axial planes. It is
seen that although some oscillating behavior can be observed in the TMO
plot at plane 20 for both FA5 and FA6, the amplitude of the oscillation is
still relatively small (0.06K for FA5 and 0.1K for FA6) to cause an obvious
change in the relative power fraction. Furthermore, the neutronic response
doesn’t show an oscillating behavior and the amplitude can also be considered
as negligible small (smaller than 0.1%). Therefore, PPFs doesn’t play an
important role here.

Figure 6.12: TMO of FA5 and FA6 at plane 10 and plane 20 due to FA
bow (SERPENT XS).
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Figure 6.13: RPF of FA5 and FA6 at plane 10 and plane 20 due to FA bow
(SERPENT XS).

118



CASMO XS simulations

6.2 CASMO XS simulations

6.2.1 Description of the Cases

Changing the burnup of the fuel assembly meaning changing the internal
nuclide vector can strongly influence the neutronic feedback coefficients (the
moderator temperature coefficient, the Doppler feedback coefficient, etc.).
It is shown in Tab. 3.6 that the moderator temperature coefficient of the
U-FA becomes almost twice as large when changing the burnup from 0 to
30 MWd/kgHM. Considering that the real reactor core has a heterogeneous
loading pattern, that is to say the neighboring fuel assemblies could have
different types (Uranium, MOX, shown in Fig. 6.14), different enrichments
and different burnups, the neutronic behavior of each fuel assembly inside a
bundle unit (e.g. 3x3 FA matrix) can be different under a transient situation.

The purpose of this section is investigate the neutronic behavior of each
fuel assembly inside the 3x3 FA matrix with different burnup compositions
under transient conditions. Two types of configuration are applied in this
investigation: one configuration only with Uranium-FA, the other configura-
tion with both Uranium-FA and MOX-FA. Both a heterogeneous FA pattern
and a heterogeneous burnup distribution are considered. Besides, two sets
of boron concentration are applied: 1300ppm simulating a BOC condition
while 50ppm simulating a near EOC condition. A more detailed overview of
the setups is shown in Tab. 6.2. The transient cases are set to be the same
cases as the SERPENT cases described in Sec. 6.1.1.
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Configuration Burnup
[MWd/kgHM]

Boron Concen-
tration [ppm]

U-FA

0-10 50
0-10 1300
10-30 50
10-30 1300

U-FA & MOX-FA

0-10 50
0-10 1300
10-30 50
10-30 1300

Table 6.2: FA pattern, burnup and boron concentration setup for the
CASMO cases.

Figure 6.14: The radial configuration of the CASMO cases.
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6.2.2 U-FA Cases

6.2.2.1 Burnup 0-10 MWd/kgHM

6.2.2.1.1 Steady-State Calculation

Figure 6.15: The radial RPF distribution of the steady state calculation
with the 3x3 assembly model (CASMO XS, U-FA, BU: 0-10 MWd/kgHM):
50ppm case (left), 1300ppm case(right).

Fig. 6.15 depicts the radial power distribution of each FA with respect to
different boron concentrations. Compared to the SERPENT XS cases, the
power fraction distribution is similar.

Fig. 6.16 depicts the moderator temperature distributions along the FA 3, 5
and 6. The outlet temperature is around 596K in FA3, 597.5K in FA5 and
601K in FA6. In Fig. 6.16 the RPF is plotted for each planes in FA3, FA5
and FA6. While in the BOR50ppm case the axial power profile has a peak
on the bottom half of the FA, the axial power profile in the BOR1300ppm is
more symmetric distributed. The maximum RPF can be found in FA6 with
a value of 1.6 in the BOR50ppm case and 1.45 in the BOR1300ppm case
respectively.
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Figure 6.16: The axial RPF and TMO distribution in the steady state
calculation with the 3x3 fuel assembly model (CASMO XS, U-FA, BU: 0-10
MWd/kgHM).
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6.2.2.1.2 Transient cases

6.2.2.1.2.1 Tin cases

In Fig. 6.17 the TMO is shown for FA5 and FA6 with respect to different
axial planes. Beside the temperature oscillation similar to the cases before,
an interesting point is that while in the BOR1300 cases the temperature
oscillation has a similar amplitude on each plane in FA5 when the inlet
temperature oscillation has the same amplitude (-3 or -5K), whereas in the
BOR50 cases the temperature oscillation has a obvious different amplitude
between "FA5" and "ALL FA" cases. This behavior will be explained in the
following paragraph when taking the RPF oscillation into consideration.

The neutronics response (RPF) also shows a oscillating behavior (shown in
Fig. 6.18). In general the neutronics field is more sensitive to the temper-
ature oscillation when the boron concentration is low (50ppm). When the
inlet temperature decreases the positive reactivity causes the RPF at the
bottom half of the FA to increase and on the contrary at the upper half to
decrease. The increasing power at the bottom half also minimizes the tem-
perature oscillation. Since the RPF oscillation is higher in the "ALL FA"
cases compared to the "FA5 case", the TMO oscillation is more compensated
in the "ALL FA" cases. On the other hand, when the the "cold" moderator
travels to the upper part the induced increasing power in the upper half will
continue minimizing the temperature oscillation. As a result, the temper-
ature oscillation of FA5 in the "ALL FA" cases is smaller compared to the
"FA5" cases (when the TMO oscillation amplitude is the same). This be-
havior can also be observed in the SERPENT cases (BOR500 cases) in Fig.
6.6, but the difference in the oscillation amplitude is not as obvious as the
BOR50 case. But on the other hand, when the boron concentration is high
enough (e.g. 2200ppm in SERPENT cases), the decreasing TMO introduces
a negative reactivity which has an opposite effect on the RPF oscillation and
results in a larger TMO oscillation.
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(a) (b)

Figure 6.17: TMO oscillation due to Tin ocillation with 3x3 FA model
(CASMO XS, U-FA, BU: 0-10 MWd/kgHM).

In Fig. 6.19 the RPF oscillation amplitude of each plane is normalized to
its initial value. This figures gives an impression of the oscillation amplitude
detected by the detectors at different axial height. It is seen in both figures
the power oscillation has a minimum amplitude at about the middle height
(around plane 15). The power oscillation is generally smaller in "FA5" cases
than in "All FA" cases, also smaller in BOR1300 cases compared to BOR50
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(a) (b)

Figure 6.18: RPF oscillation due to Tin oscillation with 3x3 FA model
(CASMO XS, U-FA, BU: 0-10 MWd/kgHM).
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cases. The maximum power oscillation can be found at the top and bottom
nodes in the "ALL FA BOR50" cases with a value of around 10%.
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Figure 6.19: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Tin (left: FA5, right: ALL FA) cases (CASMO XS, U-FA, BU: 0-10 MWd/kgHM).
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6.2.2.1.2.2 Vin cases

In Fig. 6.20 the TMO is shown for FA5 and FA6 with respect to different
axial planes. Similar to what we have observed before in the SEPRENT
cases, when the oscillating velocity (or mass flow) is only applied on one FA
(FA5), the TMO oscillation effect will be reduced by the horizontal cross
flow between FAs. In the Vin cases, the large difference between BOR50 and
BOR1300 cases as in the Tin cases is not observed.

The neutronics response (RPF) also shows a oscillating behavior (shown in
Fig. 6.21). In general the neutronics field is more sensitive to the velocity
oscillation when the boron concentration is low (50ppm). When the mass
flow increases at the FA inlet, the TMO starts to decrease on each plane
of the FAs. From Fig. 6.20 it is seen the TMO oscillation is larger on the
upper half of the FA (in "ALL FA" cases) causing a larger reactivity insertion
on the upper half. Therefore at the beginning of the transient, the power
decreases on the lower half while increasing on the upper half.

In Fig. 6.22 the RPF oscillation amplitude of each plane is normalized to its
initial value. It is seen in both figures the power oscillation has a minimum
amplitude at about the middle height (around plane 15). The power oscilla-
tion is generally smaller in "FA5" cases than in "All FA" cases, also smaller
in BOR1300 cases compared to BOR50 cases. The maximum power oscil-
lation can be found at the top and bottom nodes in the "ALL FA BOR50"
cases with a value of around 5%.
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(a) (b)

Figure 6.20: TMO oscillation due to Vin oscillation with 3x3 FA model
(CASMO XS, U-FA, BU: 0-10 MWd/kgHM).
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(a) (b)

Figure 6.21: RPF oscillation due to Vin oscillation with 3x3 FA model
(CASMO XS, U-FA, BU: 0-10 MWd/kgHM).
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Figure 6.22: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Vin (left: FA5, right: ALL FA) cases (CASMO XS, U-FA, BU: 0-10 MWd/kgHM).
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6.2.2.2 Burnup 10-30 MWd/kgHM

6.2.2.2.1 Steady-State Calculation

Figure 6.23: The radial RPF distribution of the steady state calculation
with the 3x3 assembly model (CASMO XS, U-FA, BU: 10-30 MWd/kgHM):
50ppm case (left), 1300ppm case(right).

Fig. 6.23 depicts the radial power distribution of each FA with respect to
different boron concentrations. Compared to the U-FA 0-10 MWd/kgHM
case before (sec. 6.2.2.1.1), the RPF at the corner (which has a higher
burnup) is around 10% smaller and the RPF on the side is around 10%
larger.

Fig. 6.24 depicts the moderator temperature distributions and axial RPF
distribution along the FA 3, 5 and 6. The outlet temperature is around
594K in FA3, 596K in FA5 and 603K in FA6. The maximum RPF can be
found in FA6 with a value of 1.8 in the BOR50ppm case and 1.64 in the
BOR1300ppm case respectively.
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Figure 6.24: The axial RPF and TMO distribution in the steady state
calculation with the 3x3 fuel assembly model (CASMO XS, U-FA, BU: 10-30
MWd/kgHM).
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6.2.2.2.2 Transient cases

6.2.2.2.2.1 Tin cases

In Fig. 6.25 the TMO is shown for FA5 and FA6 with respect to different
axial planes. In all cases, the TMO oscillation amplitude decreases with an
increasing axial height. Depending on the cases, with an inlet temperature
oscillation of 5K the outlet temperature oscillation can range from 2-3K
while with an inlet temperature oscillation of 3K the temperature oscillation
at the outlet is reduced to 1-1.5K. It is also seen in the BOR50 cases, the
TMO oscillation is smaller in the "ALL FA" cases than in the "FA5" cases,
which is not observed in the BOR1300 cases. This behavior is similar to the
U-FA Tin cases which is explained in sec. 6.2.2.1.2.1.

The neutronics response (RPF) also shows a oscillating behavior (shown in
Fig. 6.26). In general the neutronics field is more sensitive to the temper-
ature oscillation when the boron concentration is low (50ppm). When the
inlet temperature decreases the positive reactivity causes the RPF at the
bottom half of the FA to increase and on the contrary at the upper half to
decrease. The increasing power at the bottom half also minimizes the tem-
perature oscillation. Since the RPF oscillation is higher in the "ALL FA"
cases compared to the "FA5 case", the TMO oscillation is more compensated
in the "ALL FA" cases. On the other hand, when the the "cold" moderator
travels to the upper part the induced increasing power in the upper half will
continue minimizing the temperature oscillation. As a result, the temper-
ature oscillation of FA5 in the "ALL FA" cases is smaller compared to the
"FA5" cases (when the TMO oscillation amplitude is the same).

In Fig. 6.27 the RPF oscillation amplitude of each plane is normalized to its
initial value. It is seen in both figures the power oscillation has a minimum
amplitude at about the middle height (around plane 15). The power oscilla-
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(a) (b)

Figure 6.25: TMO oscillation due to Tin ocillation with 3x3 FA model
(CASMO XS, U-FA, BU: 10-30 MWd/kgHM).

tion is generally smaller in "FA5" cases than in "All FA" cases, also smaller
in BOR1300 cases compared to BOR50 cases. Compared to the previous
investigation with U-FA 0-10 MWd/kg the relative power oscillation is quite
comparable. The maximum value can be found at top and bottom of the fuel
assembly. The absolute amplitude is slightly higher in the "ALL FA" cases
(10-30 MWd/kgHM). But in general the power and temperature oscillation
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(a) (b)

Figure 6.26: RPF oscillation due to Tin oscillation with 3x3 FA model
(CASMO XS, U-FA, BU: 10-30 MWd/kgHM).
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amplitudes are similar between two burnup sets.
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Figure 6.27: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Tin (left: FA5, right: ALL FA) cases (CASMO XS, U-FA, BU: 10-30 MWd/kgHM).
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6.2.2.2.2.2 Vin cases

In Fig. 6.28 the TMO is shown for FA5 and FA6 with respect to different axial
planes. The oscillation behavior is quite similar to what we have observed in
U-FA 0-10 MWd/kgHM cases (s. sec. 6.2.2.1.2.2).

The neutronics response (RPF) is shown in Fig. 6.29. The oscillation be-
havior is quite similar to the U-FA 0-10 MWd/kgHM (s. sec. 6.2.2.1.2.2)
featuring a higher oscillation amplitude in the 50ppm cases. The reason has
already been explained in sec. 6.2.2.1.2.2.

In Fig. 6.30 the RPF oscillation amplitude of each plane is normalized to its
initial value. Despite of the similarities of the oscillation behavior, the max-
imum oscillation amplitude is slightly higher (6% in the "ALL FA BOR50"
case) than in the U-FA 0-10 MWd/kgHM cases (around 5% in the "ALL FA
BOR50" case), which is consistent with the observation in the Tin cases (s.
sec. 6.2.2.2.2.1).
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(a) (b)

Figure 6.28: TMO oscillation due to Vin oscillation with 3x3 FA model
(CASMO XS, U-FA, BU: 10-30 MWd/kgHM).
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(a) (b)

Figure 6.29: RPF oscillation due to Vin oscillation with 3x3 FA model
(CASMO XS, U-FA, BU: 10-30 MWd/kgHM).
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Figure 6.30: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Vin (left: FA5, right: ALL FA) cases (CASMO XS, U-FA, BU: 10-30 MWd/kgHM).
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6.2.3 U-MOX-FA Cases

6.2.3.1 Burnup 0-10 MWd/kgHM

6.2.3.1.1 Steady-State calculation

Figure 6.31: The radial RPF distribution of the steady state calcula-
tion with the 3x3 assembly model (CASMO XS, U-MOX-FA, BU: 0-10
MWd/kgHM): 50ppm case (left), 1300ppm case(right).

Fig. 6.31 depicts the radial power distribution of each FA with respect to
different boron concentrations. Compared to the cases with only U-FA at
presence (s. sec. 6.2.2.1.1), the power fraction distribution shows a lower
power fraction in the corner MOX-FA (0.8351-0.8650) and a higher power
fraction in the side U-FA (1.1465-1.1805). This behavior also reflects that
this MOX-FA has a lower reactivity than the U-FA with the same burnup
(10 MWd/kgHM).

Fig. 6.32 depicts the moderator temperature distributions along the FA 3,
5 and 6. The outlet temperature is around 594K in FA3, 597K in FA5 and
603K in FA6. In Fig. 6.32 the RPF is plotted for each planes in FA3, FA5
and FA6. The maximum RPF can be found in FA6 with a value of 1.8 in
the BOR50ppm case and 1.6 in the BOR1300ppm case respectively.
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Figure 6.32: The axial RPF and TMO distribution in the steady state
calculation with the 3x3 fuel assembly model (CASMO XS, U-MOX-FA,
BU: 0-10 MWd/kgHM).
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6.2.3.1.2 Transient cases

6.2.3.1.2.1 Tin cases

In Fig. 6.33 the TMO is shown for FA5 and FA6 with respect to different
axial planes. As previously described, the temperature oscillation amplitude
decreases with an increasing axial height. It can also be seen that due to
different neutronic feedback between "FA5" and "ALL FA" cases the TMO
oscillation shows a different amplitude between these two series although the
inlet oscillation amplitude is the same (when looking at the TMO oscillation
in FA5). On layer 30 in FA5, the TMO starts to drop faster in the "ALL
FA BOR50" cases than in the "FA5 BOR50" cases however resulting in a
smaller oscillation amplitude. The same behavior can also be observed in the
BOR1300 cases but the difference is smaller.

The neutronics response (RPF) also shows a oscillating behavior (shown in
Fig. 6.34). In general the neutronics field is more sensitive to the temperature
oscillation when the boron concentration is low (50ppm).

In Fig. 6.35 the RPF oscillation amplitude of each plane is normalized to its
initial value. The power oscillation is generally smaller in "FA5" cases than
in "All FA" cases, also smaller in BOR1300 cases compared to BOR50 cases.
The maximum power oscillation can be found at the top and bottom nodes
in the "ALL FA BOR50" cases with a value of around 12%.
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(a) (b)

Figure 6.33: TMO oscillation due to Tin oscillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 0-10 MWd/kgHM).

146



CASMO XS simulations

(a) (b)

Figure 6.34: RPF oscillation due to Tin ocillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 0-10 MWd/kgHM).
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Figure 6.35: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Tin (left: FA5, right: ALL FA) cases (CASMO XS, U-MOX-FA, BU: 0-10 MWd/kgHM).
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6.2.3.1.2.2 Vin cases

In Fig. 6.36 the TMO is shown for FA5 and FA6 with respect to different
axial planes. In both BOR50 and BOR1300 cases, the temperature oscillation
shows a similar behavior. The maximum oscillation amplitude is around 2K.

The neutronics response (RPF) also shows a oscillating behavior (shown in
Fig. 6.37). Although the TMO oscillation figure shows a similar behavior in
the BOR50 and BOR1300 cases, the RPF oscillation shows a larger amplitude
in the BOR50 than in the BOR1300 cases.

In Fig. 6.38 the RPF oscillation amplitude of each plane is normalized to its
initial value. It is seen in both figures the power oscillation has a minimum
amplitude at about the middle height (around plane 13). The power oscilla-
tion is generally smaller in "FA5" cases than in "All FA" cases, also smaller
in BOR1300 cases compared to BOR50 cases. The maximum power oscil-
lation can be found at the top and bottom nodes in the "ALL FA BOR50"
cases with a value of around 6-7%.
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(a) (b)

Figure 6.36: TMO oscillation due to Vin oscillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 0-10 MWd/kgHM).
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(a) (b)

Figure 6.37: RPF oscillation due to Vin oscillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 0-10 MWd/kgHM).
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Figure 6.38: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Vin (left: FA5, right: ALL FA) cases (CASMO XS, U-MOX-FA, BU: 0-10 MWd/kgHM).
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6.2.3.2 Burnup 10-30 MWd/kgHM

6.2.3.2.1 Steady-State calculation

Figure 6.39: The radial RPF distribution of the steady state calcula-
tion with the 3x3 assembly model (CASMO XS, U-MOX-FA, BU: 10-30
MWd/kgHM): 50ppm case (left), 1300ppm case(right).

Fig. 6.39 depicts the radial power distribution of each FA with respect to dif-
ferent boron concentrations. Compared to the U-MOX-FA 0-10 MWd/kgHM
case before (sec. 6.2.3.1.1), the RPF has a similar distribution which is dif-
ferent to the observation when comparing the RPF distribution in the U-FA
cases with different burnup compositions (s. in Fig. 6.15 and 6.23).

Fig. 6.40 depicts the moderator temperature distributions and axial RPF
distribution along the FA 3, 5 and 6. The outlet temperature is around
594K in FA3, 596K in FA5 and 604K in FA6. The maximum RPF can be
found in FA6 with a value of 1.85 in the BOR50ppm case and 1.6 in the
BOR1300ppm case respectively.
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Figure 6.40: The axial RPF and TMO distribution in the steady state
calculation with the 3x3 fuel assembly model (CASMO XS, U-MOX-FA,
BU: 10-30 MWd/kgHM).
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6.2.3.2.2 Transient cases

6.2.3.2.2.1 Tin cases

In Fig. 6.41 the TMO is shown for FA5 and FA6 with respect to different
axial planes. In all cases, the TMO oscillation amplitude decreases with an
increasing axial height. Depending on the cases, with an inlet temperature
oscillation of 5K the outlet temperature oscillation can range from 1.5-2.5K
while with an inlet temperature oscillation of 3K the temperature oscillation
at the outlet is reduced to 0.8-1.5K. It is also seen in the BOR50 cases, the
TMO oscillation is smaller in the "ALL FA" cases than in the "FA5" cases,
which is not observed in the BOR1300 cases. This behavior is similar to the
U-MOX-FA Tin cases.

The neutronics response (RPF) also shows a oscillating behavior (shown in
Fig. 6.42). Similar to other cases, the neutronics oscillation has a higher
amplitude in the BOR50 cases than in the BOR1300 cases given the same
inlet oscillation boundary condition.

In Fig. 6.43 the RPF oscillation amplitude of each plane is normalized to
its initial value. Compared to the previous investigation with U-MOX-FA 0-
10 MWd/kgHM case the relative power oscillation behavior is quite similar.
The maximum value can be found at top and bottom of the fuel assembly
with a maximal value of around 13.5% (in the -5K ALL FA BOR50 case)
which is slightly higher than the maximal power oscillation amplitude in the
U-MOX-FA 0-10 MWd/kgHM cases (around 12% in sec. 6.2.3.1.2.1).
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(a) (b)

Figure 6.41: TMO oscillation due to Tin ocillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 10-30 MWd/kgHM).
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(a) (b)

Figure 6.42: RPF oscillation due to Tin oscillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 10-30 MWd/kgHM).
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Figure 6.43: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Tin (left: FA5, right: ALL FA) cases (CASMO XS, U-MOX-FA, BU: 10-30 MWd/kgHM).
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6.2.3.2.2.2 Vin cases

In Fig. 6.44 the TMO is shown for FA5 and FA6 with respect to different axial
planes. The oscillation behavior is quite similar to what we have observed in
U-MOX-FA 0-10 MWd/kgHM cases (s. sec. 6.2.3.1.2.2).

The neutronics response (RPF) is shown in Fig. 6.45. The oscillation behav-
ior is quite similar to the U-MOX-FA 0-10 MWd/kgHM (s. sec. 6.2.3.1.2.2)
featuring a higher oscillation amplitude in the 50ppm cases. The reason has
already been explained in sec. 6.2.2.1.2.2.

In Fig. 6.46 the RPF oscillation amplitude of each plane is normalized to its
initial value. The distributions of the oscillation amplitude shown in these
cases are also similar to the previous U/MOX-FA 0-10MWd/kgHM cases (s.
sec. 6.2.3.1.2.2).
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(a) (b)

Figure 6.44: TMO oscillation due to Vin ocillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 10-30 MWd/kgHM).
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(a) (b)

Figure 6.45: RPF oscillation due to Vin oscillation with 3x3 FA model
(CASMO XS, U-MOX-FA, BU: 10-30 MWd/kgHM).
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Figure 6.46: Percentage-wise amplitude of RPF oscillation with respect to its reference value at different axial
height of FA5 and FA6 in Vin (left: FA5, right: ALL FA) cases (CASMO XS, U-MOX-FA, BU: 10-30 MWd/kgHM).
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6.2.4 Additional Cases

In the previous sections, the oscillating boundary conditions were applied
either on the central fuel assembly or on all fuel assemblies which reflected
more or less a symmetric distribution of the boundary condition. On the
other hand, based on the example of the APSD diagram (see Fig. 1.3) it was
decided to set the frequency of the oscillation to be 1 Hz. In sec. 5 cases
applying 1Hz and 5Hz of oscillation have been investigated giving a general
comparison of the axial power distribution. In the first part of this section,
the oscillating boundary condition is applied on the two opposite corner fuel
assemblies (FA1 and FA9) simulating an asymmetric temperature change. In
the second part, a wider range of the oscillation frequencies (or periods) is
investigated. In both part, the same fuel composition as in section 6.2.2.1.1
(CASMO XS libraries, U-FA, burnup 0-10 MWd/kgHM, boron concentration
50ppm) is used.

6.2.4.1 Case 1

The general idea of this investigation is to apply an opposite temperature
oscillation on the opposite corner fuel assemblies with each corner fuel as-
sembly trying to represent one quadrant of the reactor. In Fig. 6.47 the
location and the magnitude of the temperature oscillation are depicted. The
equation used to calculate the oscillation can be found in Eq. 6.1.

In Fig. 6.48 the coolant temperature and the axial power fraction are shown
for different axial planes in different fuel assemblies. Noticeably, the neu-
tronic oscillation mainly locates in the corner FAs (FA1 and FA9) whereas
it is barely seen in the other fuel assemblies. In this case, the neutronic be-
havior in the upper par and the lower part of the fuel assembly doesn’t have
a 180◦ of phase change.

Fig. 6.49 depicts the percentage oscillation magnitude of the relative power
fraction with respect to its initial value. In this case, the percentage-wise os-
cillation in the corner fuel assemblies (FA1 and FA9) has a relatively uniform
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Figure 6.47: Illustration of the asymmetric distribution of the disturbances.

distribution at around 1.5% while it can be barely seen in FA5 and FA3.
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(a) (b)

Figure 6.48: TMO and neutronic behavior at different axial planes due to
Tin oscillation (asymmetric inlet boundary condition).
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Figure 6.49: Percentage-wise amplitude of RPF oscillation with respect
to its reference value at different axial planes (asymmetric inlet boundary
condition).
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6.2.4.2 Case 2

In this section, different inlet oscillation frequencies (or periods) will be ap-
plied as the boundary condition to furtherly illustrate the impact of the
oscillation frequency on neutronic field. The reference case is the CASMO
case, U-FA with a burnup composition of 0-10 MWd/kgHM, boron concen-
tration of 50ppm, inlet temperature oscillation of -5K on all FA (see sec.
6.2.2.1.2.1). A list of the boundary conditions in other cases is shown in Tab.
6.3. Noted that the frequency f boundary condition is converted to period
T . The equation 6.1 can be rewritten as:

δ = a · sin( t
T

· 2π) (6.2)

Reference New cases
Period (T) [s] 1 0.4, 0.6, 0.7, 0.8, 1.2,

1.5, 2.1

Table 6.3: Cases of the investigations on oscillation frequency (or period
T).

In the following figure 6.50 the coolant temperature of FA5 and FA6 on dif-
ferent axial planes are shown. It can be seen that with a higher period (or a
lower frequency) the coolant temperature oscillation shows a more consistent
behavior as the inlet temperature oscillation with respect to the amplitude
(5K). On the other hand, when taking a look at the axial relative power frac-
tion (in Fig. 6.51), the same tendency of the RPF oscillation with the period
increment can not be concluded. For example, on plane 10 the oscillation
amplitude increases with a period from 0.4s to 1.0s and then decreases from
1.2s to 2.1s whereas on plane 15 the oscillation amplitude increases with a
period from 0.4s to 0.7s and then decreases from 0.8s to 2.1s. In Fig. 6.52
the information of the neutronic oscillation amplitude is put into two more
informative graphs. In the upper graph the percentage-wise RPF oscillation
amplitude is plotted for each axial plane of FA5 and in the lower graph this
information is plotted with colored bins. In this series of investigation it can
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be concluded that when the inlet oscillation period is higher (or frequency
is lower), the neutronic oscillation is more suppressed in the middle height.
The maximum oscillation amplitude is around 11% at the top and bottom
node when the inlet oscillation period is around 1.2s.

(a) (b)

Figure 6.50: TMO oscillation due to Tin oscillation with 3x3 FA model.
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CASMO XS simulations

(a) (b)

Figure 6.51: RPF oscillation due to Tin oscillation with 3x3 FA model.
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Figure 6.52: Percentage-wise amplitude of RPF oscillation with respect to
its reference value at different axial height of FA5.
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Summary

6.3 Summary

In this chapter, the coupled model was tested with the 3x3 fuel assembly
model. The tested transients were focused on investigating the thermody-
draulic & neutronic behavior with different core configurations while chang-
ing the inlet boundary condition.

Cases simulated with the SERPENT cross sections illustrate a basis simula-
tion of the 3x3 fuel assembly model behavior under the transient cases: the
neutronic behavior in the upper part and lower part of the fuel assembly has
a phase shift of almost 180◦, the amplitude of the neutronic oscillation has
the maximum at the top and bottom and the minimum at the middle of
the fuel assembly. Utilizing the pin power distribution under a fuel assembly
bow case from the SERPENT calculation, this model also tested the system
behavior due to oscillating fuel rods. Under the 3x3 fuel assembly model,
the maximum rod displacement was restricted under 1.5mm avoiding fuel
rod touch between two neighboring fuel assemblies. No obvious neutronic
oscillation induced by oscillation fuel rods can be observed.

Cases simulated with the CASMO cross sections investigate the 3x3 fuel
assembly model behavior implementing different burnups which can have in-
fluences on the moderator temperature coefficient and fuel temperature coef-
ficient. In general, the neutronic behavior is quite similar to the SERPENT
cases. The difference is that in the CASMO cases the boron concentration
is set to be 50ppm or 1300ppm while in the SERPENT cases 500ppm or
2200ppm. By comparing these two test sets it is also shown that the neu-
tronic field is more sensitive to the TH parameter oscillation with a relative
low boron concentration (50ppm, close to the EOC condition) than with a
higher boron concentration (1300ppm, close to BOC condition). This is also
in accordance with the observation shown in Fig. 1.6.

In the last part of the investigation, a phase difference of 180◦ can be ob-
served in the neutronic signal in the two opposite corner fuel assemblies if
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an opposite oscillating boundary condition is applied on both fuel assembly
inlets. Besides, the investigation of the oscillation period shows that the axial
coolant temperature distribution as well as the neutronic oscillation ampli-
tude distribution can be influenced by inserting different oscillation period.
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Chapter 7

Conclusion and outlook

In this work, a thermohydraulic-neutronics coupled model has been estab-
lished for a 3x3 fuel assembly matrix to conduct multi-physics simulations.
The commercial software ANSYS CFX was chosen for the thermohydraulic
simulation and the master process due to its high fidelity, solver robustness
and the in-code embedded user define routine function. On the other side,
a highly discretized multilayer neutronics model was built for the 3x3 fuel
assembly model using NRC developed solver PARCS. For the generation of
group constants and the pin power fraction calculation the Monte Carlo code
SERPENT was used.

The TH model was developed and validated with a best-estimate subchannel
model using TRACE. Due to the limitation of the accessible computation
power, the TH model was simplified to some extent. But the results have
shown that the difference can be maintained in an acceptable range thanks
to the integrated wall function in CFX. The coupling model was developed
based on the UDF module in CFX so that the data transfer between differ-
ent models could be performed in each calculation step, which accelerated
the convergence. Three additional modules have been developed to obtain
essential data for the coupling and to offer different modes for the simula-
tion. Two group constant sets were generated with SERPENT for U-FA and
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Gd-FA. These group constants were implemented in PARCS and the results
showed good agreement with the simulation with CASMO cross-section li-
brary. Furthermore, pin power fraction calculations were performed in order
to investigate the FA bow cases in which local power change could play a role.
Furthermore, some CASMO generated cross section libraries were converted
for simulations with different burnup compositions.

Both in the single FA simulations and in the 3x3 FA simulations one can
see that the Tin and Vin oscillations mostly influence the neutronic field
of the top and bottom of the fuel assembly and a clear almost 180°phase
difference can be seen in the neutronic signals between the top and bottom
half of the fuel assembly. The observed neutron oscillation shows a regional
increase or decrease in power rather than at a specific FA. It is seen that in
the 3x3 FA simulations, even when the oscillation is locally applied (the FA5
cases), the neutronic feedback shows a global effect which means the trend
of the neutron signal is the same for all FAs at the same height. The size
of the 3x3 FA model may still be too small to observe any regional increase
or decrease in power. Another effect which needs to be considered in the
future modeling and simulation is the transversal flow between different FAs.
From this model it can be seen the cross-flow is induced by the pressure
difference of the neighboring FAs which happens mostly at the bottom of
the FA and smooths out the effect of local mass flow rate oscillations. But
yet still a question remains, the mass flow rate inside a reactor is quadrant
related to one of the four pumps in the Vor-Konvoi and Konvoi design. The
rehomogenization of the mass flow rate must be considered and simulated in a
bigger scope which leads to full core simulations. It is also seen that the boron
concentration plays an important role here. The results have shown that the
neutronic oscillation is constantly higher in the low boron concentration cases
(50ppm) than in the high boron concentration cases (1300ppm) which is in
accordance with the observation in the nuclear power plant (the comparison
between EOC and BOC).
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On the other hand, the FA bow simulation doesn’t show a noticeable moder-
ator or neutron oscillation due to the flow area change or redirection of the
flow direction. Due to the size of the model, the fuel assembly can bow up
to about 3.5mm otherwise the fuel rods between different FAs can get con-
tacted. From the pin by pin calculation it is seen that the pin power fraction
change is mainly located on the peripheral row which means the neutron
flux inside the detector channel (the guide tube) is less influenced. A pos-
sible cause for a noticeable power change could be due to the temperature
change induced by cross-flow between two FAs with large temperature gradi-
ent and this FA bow induced cross-flow demands a relative large magnitude
of displacement. Besides, the conventional diffusion solver is designed for
the normal fuel assembly without any displacement. For cases in which part
of the fuel assembly enters another fuel assembly’s location, new simulation
method and experiment data are needed. And the model established by this
work can be deployed for validation.

Apart from all the above mentioned restrictions of the 3x3 FA model, one
of the phenomena which can be observed in this model is the 180°phase
difference of the neutronic signals in the two opposite located corner fuel
assemblies when inserting opposite boundary conditions on them. Yet the
model only represents a 3x3 FA matrix model. To verify this phenomena a
full core simulation is needed.

In the future, the CFD-neutronic coupled model can still play an important
role for estimating possible effects which can cause neutron oscillation. One
can add the FSI into the coupling model. But the structure vibration induced
TMO change needs to be examined at a bigger scale, a full scale core simula-
tion for example. Given the current computation capability, a full scale core
simulation is hardly achievable at the level of fuel rods. On the other hand,
one can use porous medium to build a reactor core to conduct Tin and Vin
simulations. The advantage of using porous medium is that the mesh can
be much coarser than the model in this work and the calculation speed is
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much faster. The fuel temperature cannot be calculated backwards from the
cladding temperature but from a correlation with TMO and power density.
Besides, the CFD & 3D neutronics coupled model can also be used for code
validation offering high fidelity and robust results.
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Appendix A

Material compostion for the

reference state point

Nuclide Number density [1024 cm−3]
U-235 9.10243E-04
U-234 8.59221E-06
U-238 2.18459E-02
O-16 4.5524E-02

Table A.1: Fuel pellet (U-rod) at 873.15K



Appendix

Nuclide Number density [1024 cm−3]
U-235 4.7417E-04
Gd-154 4.40236E-05
Gd-155 2.98876E-04
Gd-156 4.13377E-04
Gd-157 3.16041E-04
Gd-158 5.01629E-04
Gd-152 4.03890E-06
Gd-160 4.41449E-04
U-234 4.34435E-06
U-238 1.75346E-02
O-16 3.90560E-02

Table A.2: Fuel pellet (Gd-rod) at 873.15K

Nuclide Number density [1024 cm−3]
H-1 4.71482E-02
O-16 2.35765E-02
B-10 3.88173E-06
B-11 1.57545E-05

Table A.3: Moderator (fluid inside the guide tube) at 583.15K with BOR
500ppm

178



Nuclide Number density [1024 cm−3]
H-1 4.65115E-02
O-16 2.32622E-02
B-10 3.82931E-06
B-11 1.55417E-05
Natural Sn 6.47695E-06
Natural Fe 1.99401E-06
Natural Cr 1.01981E-06
Nb-93 5.70768E-06
Zr-90 2.90439E-04
Zr-91 6.33377E-05
Zr-92 9.68129E-05
Zr-94 9.81112E-05
Zr-96 1.58062E-05
Co-59 8.99767E-09
Ni-58 9.15259E-09
Ni-62 8.56255E-09
Fe-54 9.83069E-09

Table A.4: Moderator (fluid outside the guide tube) at 583.15K with BOR
500ppm

Nuclide Number density [1024 cm−3]
Natural Sn 4.78906E-04
Natural Fe 9.47811E-05
Natural Cr 7.54052E-05
Natural Ni 3.67402E-05
Zr-90 2.17006E-02
Zr-91 4.73238E-03
Zr-92 7.23354E-03
Zr-94 7.33055E-03
Zr-96 1.18099E-03
O-16 3.06399E-04

Table A.5: Cladding material (fuel rod) at 617.95K
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Nuclide Number density [1024 cm−3]
Natural Sn 4.79215E-04
Natural Fe 9.48424E-05
Natural Cr 7.54539E-05
Natural Ni 3.67640E-05
Zr-90 2.17146E-02
Zr-91 4.73544E-03
Zr-92 7.23821E-03
Zr-94 7.33528E-03
Zr-96 1.18175E-03
O-16 3.06597E-04

Table A.6: Cladding material (guide tube) at 617.95K
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