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Abstract

For nuclear safety, it is of the highest importance to be able to predict the exact power
production in a nuclear reactor during a transient. Such a transient might occur during
regular operation, but also in an accident scenario. It is of vital importance to calculate
the temperature during such a transient accurately, in order to predict fuel damage and

other consequences.

This thesis, developed in collaboration with Tractebel, aims to explore and test the tran-
sient simulation capabilities of the Serpent Monte Carlo code. The primary objective was

to simulate accidental transients in the core of the NuScale reactor.

The current methods for transient analysis, both deterministic and hybrid, although gen-
erally fast, still rely on numerous approximations such as homogenization, diffusion the-
ory, few-group cross sections, and factorization. These approximations make it difficult
to predict the error in the final result, and their validity for each specific case must be
determined separately, which is especially challenging for new and unique reactor designs.
Given the critical importance of transient analysis for safety calculations, it is desirable
to employ a higher-fidelity method. Therefore, the Monte Carlo method emerges as an

attractive option for performing reliable and accurate transient analyses.

In this work, a multi-physics coupling was implemented between Serpent and an external
thermodynamic code to simulate various transient scenarios. This coupling enabled the
study of both the neutronic behavior and the thermal feedback, specifically focusing on
Doppler effects within the reactor core. The results of these simulations demonstrated the
potential of using Monte Carlo for transient analysis, highlighting both its advantages in

accuracy and the challenges posed by computational requirements.

The computational cost of these simulations was notably high, limiting the feasibility of
performing large-scale or frequent transient analyses. To address these challenges and
improve the efficiency of such simulations, future developments could focus on integrating
machine learning algorithms and reduction order methods. These methods could signifi-
cantly accelerate the simulation process and optimize computational resources, making it

more practical to perform accurate and reliable transient analyses in real-world applica-
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tions.

Keywords: Monte Carlo, Neutronics, Fuel Feedback, Doppler Effect, Serpent, Point

Kinetics, Transient analysis, Reactivity insertion.
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Abstract in lingua italiana

Per la sicurezza nucleare, ¢ di fondamentale importanza essere in grado di prevedere
con precisione la produzione di potenza in un reattore nucleare durante un transitorio.
Un tale transitorio potrebbe verificarsi durante il normale funzionamento, ma anche in
uno scenario incidentale. E di vitale importanza calcolare accuratamente la temperatura

durante un transitorio, al fine di prevedere i danni al combustibile e le altre conseguenze.

Questa tesi, sviluppata in collaborazione con Tractebel, ha 1’obiettivo di esplorare e
testare le capacita di simulazione in modalita transitoria del codice Monte Carlo Ser-
pent. L’obiettivo principale consisteva nel simulare i transitori accidentali nel core del

reattore NuScale.

I metodi attuali per I’analisi dei transitori, sia deterministici che ibridi, sebbene general-
mente veloci, si basano comunque su numerose approssimazioni come la omogeneizzazione,
la teoria della Diffusione, la teoria del Multigruppo e la fattorizzazione. Queste approssi-
mazioni rendono difficile prevedere ’errore nel risultato finale, e la loro validita per ciascun
caso specifico deve essere determinata separatamente, il che é particolarmente difficile per
nuovi e unici progetti di reattori. Data I'importanza cruciale dell’analisi dei transitori per
i calcoli di sicurezza, ¢ desiderabile impiegare un metodo a maggiore affidabilita. Per-
tanto, il metodo Monte Carlo emerge come un’opzione interessante per eseguire analisi

transitorie affidabili e accurate.

In questo lavoro, é stato implementato un accoppiamento multifisico tra Serpent e un
codice termodinamico esterno per simulare vari scenari transitori. Questo accoppiamento
ha permesso lo studio sia del comportamento neutronico che del feedback termico, con
particolare attenzione agli effetti Doppler all’interno del core del reattore. I risultati di
queste simulazioni hanno dimostrato il potenziale dell'uso del Monte Carlo per 'analisi
dei transitori, evidenziando sia i suoi vantaggi in termini di accuratezza che le sfide legate

al requisiti computazionali.

Il costo computazionale di queste simulazioni é stato notevolmente elevato, limitando la
possibilita di eseguire analisi transitorie su larga scala o frequenti. Per affrontare queste

sfide e migliorare I'efficienza di tali simulazioni, gli sviluppi futuri potrebbero concentrarsi



sull’integrazione di algoritmi di machine learning e tecniche di riduzione d’ordine. Questi
metodi potrebbero accelerare significativamente il processo di simulazione e ottimizzare
le risorse computazionali, rendendo piti pratico eseguire analisi transitorie accurate e af-

fidabili in applicazioni reali.

Parole chiave: Monte Carlo, Neutronica, Feedback del Combustibile, Effetto Doppler,

Serpent, Cinetica Puntuale, Analisi Transitoria, Inserzione di Reattivita.
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1 ‘ Introduction

Nuclear reactor technology has advanced a lot over the last 80 years. Although tradi-
tional reactor designs are based on well-validated conservative approaches, the industry is
continually looking for improvements in safety and e ciency. This has driven the devel-
opment of advanced multi-physics methodologies that reduce modeling approximations
and improve accuracy, to allow a more detailed analysis of modern reactor cores and
safety-related parameters.

The progress of reactor physics relies on high-performance computing (HPC). HPC can
do complex calculations that were impossible before. In this context, Monte Carlo (MC)
particle transport codes have attracted a lot of attention because of their accuracy and
suitability for HPC implementation. Recent developments in state-of-the-art neutronic
codes ([28]) have introduced multi-physics and transient simulation capabilities, expand-
ing the potential of MC methods. One key application is the study of coupled transient
scenarios in Light Water Reactors (LWRs), which can improve the evaluation of safety
parameters and operational limits. [7]

1.1. Aim and methodology of the Thesis

The main goal of this study is to explore an alternative modeling strategy for the cou-
pled neutronic and thermal problem, moving beyond the standard industry approach
that relies on deterministic solvers and multi-step approximations. In conventional re-
actor simulations, the neutronic and thermal-hydraulic domains are treated through a
sequence of homogenization and condensation processes. Although this method decreases
the computational costs and is very well validated for operational analysis, it inherently
introduces a loss of resolution and delity. Crucial spectral e ects, fuel heterogeneity, and
local power distributions at the pin level are often not accurately captured, in particular
during transient conditions.

The aim of this work is to study the capability of Serpent 2 to analyse the behaviour
of a nuclear system, in this case a fuel assembly in an in nite core, and its behavior
during a transient scenario. The focus is on investigating the feasibility of an MC-based
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approach to modelling the coupled behaviour of neutronics and fuel thermodynamics
under reactivity insertion events. Speci cally, this study examines two critical transient
scenarios: boron dilution and rod ejection, in order to evaluate how the system responds
to these perturbations.

The MC method allows for the direct use of pointwise cross sections and realistic 3D
geometries eliminating the need for simpli cations in the transport physics. Coupled with
a detailed thermal feedback model at the fuel pin level, this approach aims to provide
more accurate, physically consistent predictions of reactor behaviour, particularly under
transient conditions.

The methodology adopted to achieve these goals is based on an initial steady-state sim-
ulation (criticality calculation) of the system. This enabled key physical parameters to
be extracted, which are essential for the implementation of subsequent transient simu-
lations. Having analysed the system under stable conditions, transient simulations were
performed to evaluate the ability of Serpent 2 to handle time-dependent scenarios. The
parameters obtained during the criticality calculations were then used to develop analyti-
cal and numerical models for comparison with the results generated by Serpent 2. Finally,
coupled simulations integrating neutronics and fuel thermodynamics were implemented to
assess the thermal feedback of the fuel under adiabatic conditions. Serpent's multi-physics
coupling capabilities enabled this simulation mode, utilising a dedicated multi-physics in-
terface provided within Serpent 2. Furthermore, key quantities such as the time evolution
of assembly and rod-level power, system reactivity, and fuel temperature solutions were
evaluated to provide a comprehensive assessment of the system's transient behaviour.

1.2. Thesis structure

Concerning the structure of this thesis, a ow chart has been included to illustrate the
main phases of the project. It highlights the progression from the initial problem de ni-
tion, through the tools and methods used, to the nal results and conclusions. This ow
chart provides a clear overview of the logical sequence of steps involved in the study, em-
phasizing key stages such as steady-state analysis, transient simulations, code veri cation,
multi-physics coupling, and the integration of thermal feedback e ects.
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Figure 1.1: Thesis ow chart.
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1.3. NuScale Small Modular Reactor design

The calculations were conducted using a Serpent model for the NuScale reactor core
created at Tractebel by Agostin [1]. NuScale is an integrated PWR concept developed by
NuScale Power LLC based in USA. A single module is rated at 160 MWit.

Figure 1.2: Schematic view of a NuScale reactor module [30].

The NuScale core consists of 37 fuel assemblies surrounded radially by a heavy steel
re ector. The active height of the assemblies is 200 cm. The main thermal boundary
conditions are listed in Table 1.1.



1| Introduction S

Parameter Nominal Operation Value
Core power 160 MWth

System pressure (core outlet) 12.76 MPa

Core ow rate 587.15 kg/s (7.3% in bypass)
Core inlet temperature 531.45 K

Heavy metal loading 9367 kg

Power density 17.081 KW/kgU

Table 1.1: Thermal boundary conditions for the NuScale reactor core.

Fuel rods can be described as a combination of three di erent pin-cell geometries, the
fuelled part, the plenum and the end cap. In addition to fuel rods, the fuel assemblies
contain guide tubes (guide thimbles) into which control rods can be inserted. Control
rods have several axial parts, the absorber AIC and B4C parts as well as a plenum part
and end cap part. In this speci cation the fuel assemblies either have zero or 16 gadolinia
containing rods. All fuel assemblies have 24 guide tubes into which control rods can
be inserted. In addition, the assemblies contain a central instrumentation tube, which is
modelled as an empty guide tube in this benchmark. The placement of burnable absorbers
and guide tubes in fuel assemblies is shown in Figure 1.3. The fuel rod pitch inside the
assembly is 1.2598 cm.

Figure 1.3: Placement of burnable absorbers and guide tubes in fuel assemblies [30].
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The fuel assemblies have two di erent spacer grid types, the more numerous HTP spacer
made of Zircaloy 4 and the bottommost HMP spacer grid made of Alloy 718 (Inconel). The
bottom and top nozzle parts of fuel assemblies are modelled as homogeneous mixtures
of steel and water. The loading pattern of the initial core is shown in the left part of
Figure 1.4, while the right part of the gure illustrates the positioning of the control rod
banks. The fuel assembly pitch inside the core is 21.5036 cm.

Figure 1.4: Loading pattern of the initial core (left) and positioning of the control rod
banks (right) [30].

The control rod assemblies are divided into four banks, two of which are reserved for
shutdown operation. The in-core instrumentation indicated in the gure is not modelled
in this benchmark and the central instrumentation tubes in all assemblies are simply
modelled as water- lled guide tubes.

The materials to be used for the di erent parts of the simulation model are collected in
Table 1.2.
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Part Material
Guide tube Zircaloy-4
Fuel pellets Uranium dioxide (UQ) or

Fuel rod cladding

Fuel rod plenum springs
Fuel rod lower end cap
Fuel rod upper end cap
Control rod cladding
Control rod upper end plug
Control rod bottom plug
Core barrel

HMP—grid

HTP—qrid

Gadolinium oxide (Gd,0s)
Zircaloy-4
Alloy 718
Zircaloy-4
Zircaloy-4
304 L SS
304 L SS
304 L SS
304 L SS
Alloy 718 (Inconel)
Zircaloy-4

Table 1.2: Materials used for di erent components of the NuScale core model.

In this analysis, a single fuel assembly of the entire reactor was considered, speci cally
assembly BO1 at position F5 within the reactor core, along with its corresponding control
rod bank, Shutdown CRA Bank 3, which was included in the simulation. This fuel
assembly does not contain gadolinium, and its fuel characteristics are summarized in
Table 1.3. [30]
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Parameter Value

Fuel Type U0,

Enrichment 2.5 wt% U-235
Gadolinium Content None

Initial Burnup 0 MWd/tHM (Fresh Fuel)
Xenon Concentration 0 ppm (Clean Fuel)

Fuel Density 10.5216 g/cm

U-235 5:94084 10%° atoms/cm®
U-238 2:28766 10?2 atoms/cm’
0-16 4:69414 10?2 atoms/cm®

Table 1.3: Fuel characteristics of assembly BO1.

These modeling choices were made to simplify the system while maintaining key physical
characteristics relevant to transient analysis. Simulating a single assembly instead of the
entire core reduces computational costs and provides a more controlled environment for
evaluating the response of the system to transient conditions. Additionally, the fuel was
assumed to be fresh (i.e., without burnup) and clean (without xenon) to focus solely on the
transient behavior, avoiding additional complexities such as reactivity e ects due to fuel
depletion or xenon oscillations. The exclusion of gadolinium was intended to prevent any
additional spectral e ects from burnable absorbers, ensuring that the transient behavior
could be analyzed independently. While these simpli cations help establish a baseline
understanding of the transient response, future studies may incorporate additional e ects
such as burnup, xenon transients, and the presence of burnable absorbers to further re ne
the model.

1.4. Monte Carlo approach

The MC method is a statistical approach developed in the late 18th century that can

be used to simulate mathematical and physical problems. The basic idea behind the
MC technique is to estimate the expectation value of a given variable. The process is
repeated, with each one being governed by a known or assumed probability density func-
tions (PDFs), which make it a stochastic method. This is done using pseudo-random
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numbers, which are now generated computationally, to model these processes. It is im-
portant to repeat simulations so that we can reduce statistical uncertainty and ensure a
reliable estimation of the expected values.

1.4.1. Basics of the Monte Carlo method

In a MC simulation, the objective is to replicate a physical process where the governing
physical laws are well-de ned. Consequently, it is possible to de ne the corresponding
PDFs, denoted here ap(x), to describe these processes. Given the availability of random
numbers, the main idea is to sample the outcome of a random processased on a
speci ed PDF p(x), utilizing the cumulative probability density function (CDF), referred

to here asP (x).

To illustrate this concept, let's consider the case where we need to sampl&om a known
PDF p(x), which is assumed to be properly normalized. The cumulative probability is
then de ned as:

Zy
P(a<x<b)= p(x) dx (1.2)
a
As the cumulative probability P(a < x < b) is in the range [0,1], the Monte Carlo method
links this CDF P (x) to a random variable that is distributed uniformly and then samples
it accordingly. We can see this idea illustrated in Figure 1.5.

Figure 1.5: Sketch of the sampling of a random variable x.

This association can be demonstrated using the variable transformation rule [9], that leads
to the equality:



10 1| Introduction

Pla<x<b)s= y x= L (1.2)

The process of selecting these random valuedrom a probability distribution is called
sampling, and it depends on being able to generate random and uniformly distributed
values for while making sure they're properly represented in the PD(x).

As a second step, the de nitions of the expected valuE(x) and variance 2 can be
introduced using the following expressions:

Z
E(x)=  xf (x)dx; (1.3)

Z
= (x  EM)f()dx= E(X?) (E(x)* (1.4)

These de nitions work without need for speci ¢ constraints on the distribution ofx, other
than the conditions that E(x) and ? exist and are nite.

The last step involves using something called the law of large numbers [9], which, as
the name suggests, states that the accuracy of an estimate of a quantity improves as the
number of samples increases. So, if we lgtbe the sampled values of the random variable
X, we can de ne the sample mean. Basically, the law of large numbers says that, Nis
approaches in nity, the sample mean approximates the true meal (x):

X

E(x) Xy = Xj: (1.5)

1
N i=1

Furthermore, the square root of the variance represents the standard deviation of the

population. In practical calculations, it's important to remember that the true mean is

unknown and that the variance must be estimated to apply the central limit theorem.

Given N samples of the random variablex, the sample variance ?(x) is estimated like

this:

2 2 _ 1 1 X
(X) (XN)—m N X XN ot (1.6)

i=1

When doing MC simulations, it is a common practice to report the standard deviation
(Xn) in terms of the relative statistical errorR(Xy). This measure is useful because it
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expresses the statistical uncertainty as a fraction of the estimated mean, providing a good
indicator of precision. This parameter, which is also used in this study, is de ned as:

(1.7)

Both R(Xy) and (Xy) are inversely proportional toIo N, which is a fundamental lim-
itation of the Monte Carlo method. Infact, reducing the standard deviation (Xy) by
half requires increasing the number of sampled histories by a factor of four. This puts in
evidence that to achieve a well-converged MC simulation can become a computationally
expensive task quickly. [7]

1.4.2. Precision and accuracy of a sample average

To determine the con dence level on the outcome of a statistical process, we need to
determine the precision and accuracy associated with the sample average. In this sense,
it is crucial to understand that there is an important di erence between the two concepts
within MC calculations. We can see these two e ects in Figure 1.6.

Figure 1.6: Sketch of the di erence between accuracy vs. precision in MC neutronics.

Precision is measured by the relative statistical uncertainty, while accuracy refers to the
deviation from the true value, which means how close the precise average is to the actual
mean. Estimating accuracy typically requires experimental validation or a comparison
with a well-established method.

If the physical description of the system is incorrect (e.g., improper modeling of materials
or geometry), accuracy remains compromised regardless of the number of histofies
used. MC simulations can yield highly precise but inaccurate results if the model does
not accurately represent reality. Conversely, a loM leads to a lack of precision. [9]
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In this study, precision can be improved by reducing statistical uncertainty, while accuracy
is inherently limited due to the absence of experimental data, as the NuScale SMR is still a
conceptual design. However, comparing MC results with numerical and analytical models
can help re ne accuracy.

To improve convergence, two main strategies can be adopted: increasing the number of
histories N, or enhancing the contribution of each history to the tally of interest, even
though this may increase the computational cost. The latter approach is often essential in
MC codes when dealing with complex or neutronically large problems, and is commonly
referred to as Variance Reduction.

In this context, an important e ciency metric, known as the Figure of Merit (FOM), is
de ned as: [7]

1
FOM = —— 1.8
R2T (1.8)
whereT represents the computational time, andR is the relative error. The FOM serves
as an indicator of the e ciency of an MC simulation, with a higher FOM value signifying
that less computational time is required to achieve a speci c level of statistical uncertainty

R.

1.5. The SERPENT code

Serpentis a multi-purpose three-dimensional continuous-energy neutron and photon trans-
port code, developed at VTT Technical Research Centre of Finland since 2004. The code
is distributed with di erent license options for non-commercial research and educational
use, and for commercial work [14]. Its main uses concern reactor neutronics, burnup
calculations, Group constant generation, sensitivity analysis and multi-physics simula-
tions. The version used for this project is Serpent 2.1.32, and some of its key features are
described below:

" Like other MC codes, such as MCNP, the creation of the geometrical model is based
on the de nition and intersection of simple surfaces, including cylinders, planes, and
squares. These elements form cells, where di erent materials are assigned.

" Serpent provides various boundary conditions at the domain limits, including re-
ective, black (absorbing), and periodic boundaries, o ering exibility in reactor
simulations.

" The code utilizes continuous-energy cross-section data in ACE format, supporting
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libraries such as JEFF and ENDF for nuclear data.

Massive parallelization of the code is allowed, where the possibility to manage a
hybrid compilation considering OMP (Open Multi-Processing, a shared memory

multiprocessing programming interface) plus MPI (Message Passing Interface, a
communications protocol for parallel architectures without shared memory) makes

it specially suited for its use in HPC architectures, commonly composed by several
calculation nodes (each of them with multiple processors).

Serpent handles particle transport using a hybrid approach that combines conven-
tional surface-tracking with the Woodcock delta-tracking method. The latter is
based on the use of virtual collisions, where the neutron continues its path with-
out undergoing a physical interaction. To enable this, a so-called majorant cross
section is de ned system-wide as the upper bound of the total cross sections across
all materials. This allows the sampling of collision sites independent of material
boundaries, signi cantly simplifying geometry handling and improving computa-
tional e ciency, particularly in complex geometries. However, delta-tracking may
lead to undersampling in small regions with high absorption cross sections, resulting
In poor statistical accuracy. To address this, Serpent employs an adaptive combi-
nation of both tracking methods, optimizing the trade-o between performance and
precision.

A notable feature of Serpent is its built-in Doppler broadening routine, which enables
transport simulations at arbitrary material temperatures. This routine dynamically
corrects cross-section data by computing the resonance broadening e ect, improving
the accuracy of temperature-dependent neutron transport calculations.

Another feature in Serpent is Critical Density Iteration, designed primarily for de-
termining critical boron concentration in LWRs. This option adjusts the atomic
density of selected nuclides using a scaling factor to achieve the target.

During each neutron cycle, Serpent solves the neutron transport equation while
tracking neutron absorption by the agged nuclides. The neutron balance equation
is then updated, separating losses due to these nuclides from other absorption and
production terms. The goal is to adjust the nuclide concentration so that the system
reaches the desiredt, , typically 1.

An additional capability of Serpent is its ability to e ciently handle multi-physics
coupling, enabling the integration of neutronics, thermal hydraulics, and fuel behav-
ior within reactor simulations. One of the key challenges in coupling MC neutronics
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with multi-physics solvers is managing the two-way data exchange between them.
Serpent addresses this by completely decoupling the thermal-hydraulic state-point
distributions from the user-de ned geometry. This is achieved through a univer-

sal multi-physics interface, which overlays a three-dimensional structure onto the
existing geometry, allowing the seamless integration of material temperatures and
densities into the transport simulation.

Standard detectors (tallies) in Serpent allow the calculation of neutron ux, power,
and reaction rate distributions within geometry cells and materials, as well as in
structured elements such as lattices and superimposed meshes.

When analyzing nuclear reactors, reaction rates (RR) are key quantities of interest.
These can be expressed as integral parameters using the neutron scalar ux, de ned
as:

4

(r;E;t) = ‘(r; ;E;t)d ; (1.9)
4

which leads to the general reaction rate expression:

Z Z
RR (1=9) = (r;E)( r;E)dE &°r: (1.10)
vV E
These reaction rates represent key scalar elds, such as power density or material
activation rates, when multiplied by appropriate conversion factors. For example,
using the energy released per ssion allows one to compute the thermal power cor-
responding to a given neutron ux.

Serpent employs the collision estimate of neutron ux to compute user-de ned re-
action rates, integrating over spatial and energy domains:

Z Z Ei+1

R= f(r;E) (r;E)d®dE: (1.11)

1

\ V Ej
Here, the response functiorf (r; E) and the integration domains are de ned by

detector parameters. By default, the integral is normalized by the detector volume,
which is set to unity, as users typically seek the total reaction rate rather than its

density.

Serpent provides various detector parameters to de ne the reaction rates, such as
the reaction multiplier (dr), the detector volume used for normalization dv), the
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cell where reactions are recordedl€), and the energy grid for binning the responses
(de). Additionally, mesh-based scoring can be de ned along Cartesian coordinates
(dx, dy, dz).

The detector response function determines the type of calculation. In the simplest
case, settingf = 1 reduces Eq. 1.11 to the neutron ux integrated over space and
energy. If a reaction cross-section is used, the result corresponds to the respective
reaction rate.

Serpent allows users to specify the type of reaction rate to be computed. For ex-
ample, 1 corresponds to the total reaction rate, 2 to the total capture rate, 6

to the total ssion rate, and 8 to the total ssion energy deposition. Similarly,
speci ¢ ENDF reaction modes can be de ned, such &k8 for total ssion, 102 for
radiative capture (n; ), and 107 for neutron-induced alpha production §; ). For
instance, settingmt = 8 yields the total energy deposited in the system (in joules).
The absolute value of the computed integral depends on source normalization. [17]

As example Figure 1.7 shows neutron ux in a 2D mesh and divided in 3 energy bins.
The thermal ux shows higher values in the fuel rods at the center of the assembly, as
the guide tubes located there are lled with water, which moderates the neutrons. The
fast ux is higher at the periphery of the assembly due to the higher concentration of fuel
rods in that region, considering an in nite environment. The epithermal ux presents an
intermediate distribution between the two.
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(a) Thermal ux

(b) Epithermal ux (c) Fast ux

Figure 1.7: Thermal, Epithermal and Fast neutron uxes inside the fuel assembly.

Figure 1.8 shows some 2D meshes representing the colormap of the assembly. Warm
colors correspond to the ssion rate (brighter areas indicate a higher ssion rate), while
cool colors represent the thermal ux (brighter areas indicate a higher concentration of
thermalized neutrons). In the mesh 1.8a, the fuel rods appear in warm colors because
they are the regions where power is generated, while the surrounding water appears in
cool colors, as it contains thermalized neutrons. In the mesh 1.8b, the central region
lled with water appears white, indicating a high concentration of thermal neutrons. The
black areas correspond to regions without fuel and containing control rods, which absorb
neutrons, preventing Serpent from plotting any ux values in those regions.
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