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One potential issue with uranium-zirconium hydride (U-ZrH) fuel is that the hydrogen re-
distributes in the hydride when thermal and concentration gradients are present. The spatial
hydrogen distribution within the fuel element depends on the history of operation and tem-
perature profile. After a long period of time there is theoretical possibility that hydrogen
might diffuse out of the fuel, thus affecting neutron transport in the reactor.

This masters thesis aims to gain a better understanding of how reactor physical parameters
of the TRIGA (Training, Research, Isotope Production General Atomic) Mark II research
reactor at the Jožef Stefan Institute (JSI) are affected by such hydrogen redistributions and
to study the physical phenomena responsible for these changes.

For this purpose two different models were created with OpenMC Monte Carlo program,
one containing the whole reactor, denoted as Reactor Core model, and another containing
just a fuel cell surrounded by water without leakage, denoted as Unit Cell model. Differ-
ent homogeneous and heterogeneous hydrogen distributions within the fuel were applied in
those models. Effective neutron multiplication factor, neutron flux spectrum, reactivity and
effective delayed neutron fraction were calculated for all the cases.

Firstly, homogeneous hydrogen distributions were applied showing that an homogeneously
decrease in the hydrogen content in all the fuel rods of the reactor results in a decrease in
the multiplication factor, while if one considers a fuel rod surrounded by water that has no



leakage, multiplication factor increases as the hydrogen content decreases. It was concluded
that whereas Rector Core model system is undermoderated, Unit Cell model system is over-
moderated.

Secondly, different heterogeneous hydrogen distributions, axial and radial ones, were applied
in the two models created. From results obtained for both models, it is observed that axially,
the most sensitive zone of the fuel to hydrogen distributions is the central part of the fuel
where the flux is the largest. Its hydrogen concentration affects reactor physical parameters
while the concentration at the edges of the fuel practically does not affect that much reactor
physical parameters.

Regarding the effect of hydrogen content in kinetic parameters of the reactor, it is concluded
that the effective delayed neutron fraction does not depend significantly on the hydrogen
content within the fuel.



Symbols and abbreviations

Latin characters

d diameter m
E energy eV
k multiplication factor
L characteristic length m
l length m
m mass kg
N neutron angular density
n unit normal vector
t time s
V volume m3

v velocity magnitude m=s
v velocity vector m=s
r position
r radius cm
x x-coordinate (width) m
y y-coordinate (depth) m
z z-coordinate (height) m

Greek characters

a temperature coefficient of reactivity pcm=K
b delayed neutron fraction
D variable change
d notice the difference to ¶ (partial differential)
l mean free path cm
n average number of neutrons released per fission
W unit vector in the direction of motion
p pi
F total neutron flux
f angular flux
j neutron spectrum
Y lethargy neutron spectrum
r reactivity
S macroscopic cross section 1=cm



s microscopic cross section barn
q angle
c delayed neutron energy spectrum
x random number

Subscripts

T path travelled
c radioactive capture
eff effective
f fission
g group g
min minimum
a absorption
s scattering
t total

Abbreviations

TRIGA Training, Research,Isotope Production General Atomic
U-ZrH uranium-zirconium hydride
2D two dimensional
3D three dimensional
MCNP Monte Carlo N-Particle
XML Extensible Markup Language
JSI Jožef Stefan Institute
RR Reaction Rate
MIT Massachusetts Institute of Technology
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1 Introduction

Since 1957, the uranium-zirconium hydride (U-ZrH) fuel has been developed and used by

General Atomics in more than 60 TRIGA (Training, Research, Isotope Production General

Atomic) reactors constructed all over the world (Simmad, 1981). This homogeneous mixture

of fuel and moderator was designed around the concept of inherent safety, providing TRIGA

reactors inherent safety against nuclear accidents and the ability of operating in a �exible

manner, allowing the performance of many variety of experiments (GeneralAtomics, 2023

Bock & Villa, 2017).

The warm neutron principle used in the U-ZrH fuel design concept forms the basis of the

inherent safety characteristic (GeneralAtomics, 2023), giving TRIGA reactors a large prompt

negative temperature coef�cient of reactivity which allows them to establish by themselves

at a safe stable state in a rapid manner when reactor reactivity suddenly increases.

The spatial hydrogen distribution within the fuel element depends on the history of operation

and temperature pro�le (Huang et al., 2000). After a long period of time there is theoretical

possibility that hydrogen might diffuse out of the fuel.

The main objective of this work thesis is to study the effects of hydrogen distribution in U-

ZrH fuel on the physical parameters of the JSI TRIGA reactor by building a computational

model of the fuel and reactor using the open-source Monte Carlo particle transport program

OpenMC (Romano et al., 2015). Various spatial distributions of hydrogen in the fuel are

modelled, assessing which types of changes in the reactor physical parameters are evident

as the hydrogen concentration or spatial distribution changes and what minor changes in the

hydrogen distribution might be observed and investigating physical phenomena responsible

for changes in reactor physical parameters.
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2 Basic concepts

The presented theory is taken from the literature (Duderstadt & Hamilton, 1976) and (Reuss,

2008).

The basic physical principle of operation of a nuclear �ssion reactor is a controlled nuclear

�ssion chain reaction, in which a heavy nucleus splits upon collision with a neutron into

lighter nuclei (�ssion products), releasing energy plus several additional neutrons, which

allow the process to continue.

The most important �ssile element is uranium235U, which splits into two or three nuclei

during �ssion and releases an average of between two and three neutrons (between a mini-

mum of 0 and a maximum of 5), which then induce new �ssions. Thus, neutrons are called

mediators of the nuclear chain reaction. After the �ssion of a heavy uranium235U nucleus,

an average of 200 MeV of energy is released in the form of kinetic energy of �ssion products

(lighter nuclei, electrons, neutrinos, gamma rays).

Neutron+ 235U ! �ssion products+ more neutrons+ energy (1)

Depending on the time after the moment of splitting (�ssion) in which neutrons are released,

we distinguish immediate or prompt and delayed neutrons. Most of the released neutrons are

instantaneous neutrons which are released directly or in a time of up to 10� 14 seconds during

�ssion. A small proportion (around 1%) of latecomers neutrons are emitted with a delay by

some �ssion products or ancestors that decay by emitting a neutron.

The �ssion chain reaction produces at least 45 different ones of delayed progenitors of de-

layed neutrons. In reactor analysis, the ancestors of the delayed neutrons are usually divided

into six groups characterized by approximate half-lives of 55, 22, 6, 2, 0.5 and 0.2 seconds.

Each progenitor group of delayed neutrons contains several different ones isotopes. De-

pending on the energy, neutrons are most often divided into three groups: thermal neutrons

with energies between 0 eV and 0.625 eV, epithermal, which are in the process of slowing

down and have energies between 0.625 eV and 100 keV and fast neutrons that have energies

between 100 keV and 20 MeV.

In the following sections, the basic physical quantities that we will use in this Master's thesis

are introduced.

2.1 Neutron �ux and neutron �ux spectrum

The presented theory is taken from the literature (Glasstone & Bell, 1970).
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The most basic and most important quantity in a nuclear reactor is the neutron �ux. In order

to express it mathematically we need to introduce the position in spacer and the velocity

vector of an individual neutronv(r~ ;t) = jv(r~ ;t)jW~ , whereW~ is a unit vector in the direction

of motion in space.

To describe the neutron population, we introduce the neutron angular densityN(r~ ;W~ ;E;t),

de�ned as the number of neutrons per unit of volume at a positionr~ with directionW~ and

energyE at timet.

Thus, the expected number of neutrons in volumedV , spatial angledW~ , energy intervaldE

and at timet can be de�ned as:

N(r~ ;W~ ;E;t)dVdW~ dE (2)

With the introduced angular density of neutrons, the angular �uxf can be de�ned as:

f (r~ ;W~ ;E;t) � j v(r~ ;t)jN(r~ ;W~ ;E;t) (3)

Thus, the total neutron �uxF , obtained by integrating the angular density of neutrons

throughout the entire space angle and across all neutron energies is obtained as follows:

F (r~ ;t) �
Z

4p

Z ¥

0
f (r~ ;W~ ;E;t)dEdW~ (4)

Total neutron �ux represents the number of neutrons that cross a certain surface arbitrary

oriented in one second at certain place. Commonly, the neutron �ux is grouped by the energy

of the incident neutrons considering thermal neutron �ux (0eV < E < 0;625eV), epithermal

neutron �ux (0;625eV < E < 100keV) and fast neutron �ux (E > 100keV).

Furthermore, we also introduce the neutron spectrum which describes the continuous energy

dependence of the neutron �ux at locationr~ at timet:

j (r~ ;E;t) �
Z

4p
f (r~ ;W~ ;E;t)dW~ (5)

The neutron spectrum can be divided into several intervals. For this purpose, total group neu-

tron �ux is introduced, which represents the average �ux of neutrons in the energy interval

considered:

F g(E) =
Z Eg+ 1

Eg

j (r~ ;E;t)dE;g = 0; :::;G� 1 (6)

Whereg denotes the number of the energy group andG the total number of energy intervals.

As for the total neutron �ux, the most basic division of the neutron spectrum is 3 energy
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groups of neutrons: slow or thermal (E � 0:625eV), medium-fast or epithermal (0:625eV <

E � 0:1MeV) and to fast neutrons (E > 0:1MeV).

Usually, the neutron spectrum is expressed as �ux per unit lethargy (see Figure 17). Lethargy

is de�ned as (Glasstone & Bell, 1970):

u = ln
E(g+ 1)

Eg
(7)

whereEg+ 1 denoted the upper limit andEg the lower limit of energy groupg. Thus, lethargy

neutron spectrumY g(E) is de�ned as:

Y g(E) =
F g

u
(8)

In the following �gure, lethargy neutron spectrum (500 energy group) obtained for JSI

TRIGA Reactor is shown:

Figure 1: Neutron spectrum in the central channel of the JSI-TRIGA research reactor at the
position of sample radiation (Lengar et al., 2008).

For convenience, in a thermal reactor the spectrum is divided into three energy regions,

the thermal region (peak on the left in Figure 1), consisting of neutrons in thermal equilib-

rium with the moderator, the fast region (peak on the right in Figure 1) in which the �ssion

neutrons are produced and the intermediate or slowing-down region which joins these two
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regions. The slowing-down region also called epithermal region covers the largest energy

interval during which a neutron slowing down takes place.

2.2 Macroscopic cross section and mean free path

The presented theory is taken from the literature (Lamarsh & Baratta, 2001).

The cross section (s ) of a nucleus is de�ned as the probability that a neutron will interact

with the nucleus of a material, through which it travels. This cross section can be physically

described as the effective target area that a nucleus interacting with an incident neutron and

is usually called microscopic cross section.The standard unit for measuring a nuclear cross

section is the barn (b), where 1barn= 10� 24cm2.

Cross sections of individual isotopes depend on the energy of the incident neutrons and the

type of reaction that occurs. These values are mostly determined on the basis of experiments

and theoretical nuclear models and are collected in nuclear data libraries.

For each type of interaction, e.g., �ssion (s f ), absorption (sa), scattering (ss) and radioactive

capture (sc) there is a cross section value.

Microscopic �ssion cross section of uranium-235 is shown below:

Figure 2: Microscopic �ssion cross section of235U as a function of energy (Chadwick et al.,
2011).

As mentioned before, the cross section represents a probability of interaction. In Figure 2 it

is observed that the probability of interaction between a neutron with U-235 at high energies
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is lower that at low energies. Therefore, in a thermal reactor, neutrons to induce �ssion in
235U have to be slowed down through the moderator because the microscopic cross section

for �ssion on 235U for slow thermal neutrons is higher.

The total cross section represents the probability that an interaction of any type will occur

when a particle hits the target:

s t = s f + sa + ss+ sc + ::: (9)

Considering that the material acting as a target has an atomic number density N of nuclides

percm3, the product of this and the cross section represents the macroscopic cross sectionS,

de�ned as the probability of a neutron collision per path travelled:

ST = NsT (10)

On the other hand, the mean free pathl represents the average distance to collision and

mathematically is expressed as follows:

l =
1

ST
(11)

2.3 Reaction rate

The reaction rate (RR) represents the number of interactions per unit volume per unit of time.

In a general form is given by (Glasstone & Bell, 1970):

RRx =
Z

Sx(E)F (E)dE (12)

WhereS(E) is the energy dependent macroscopic cross section for thex reaction type and

F (E) is the energy dependent neutron �ux.

2.4 Multiplication factor and reactivity

The chain reaction of nuclear �ssion is characterized by the multiplication factor, which

measures the change in the �ssion neutron population from one neutron generation to the

subsequent generation:

ke f f =
number of neutrons in one generation

number of neutrons in the preceding generation
(13)
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The equivalent amount, which is more often used in reactor operation, is called reactivity

(r ). It describes the deviation of the multiplication factor from unity:

r =
k� 1

k
(14)

Since the changes in reactivity during reactor operation are small, the latter is expressed or

measure in units of per cent mille (pcm= 10� 5).

2.5 Transport equation

The presented theory is taken from the literature (Glasstone & Bell, 1970; Kos, 2020; Brown

& Forrest, 2016).

The transport equation for describing neutron population is based on the Boltzmann equation,

which was developed in the 18th century.

Firstly, in order to describe a population of neutrons with the transport equation we use

the de�nition given earlier,N(r~ ;W~ ;E;t)dVdWdE, which represents the expected number of

neutrons at timet in a volume elementdV having energies indE aboutE and directions

within a narrow beamdW~ aboutW~ .

The possible processes that would change the number of neutrons in our volumeV are:

Gains:

� Source of neutrons in the volumeV: s(r~ ;E;W~ ;t).

� Neutrons entering volume elementV through the surfaceS.

� Neutron scattering of variousE0andW0~ v, relevant for us,E andW~ , described by the

scattering microscopic cross-sectionss.

Losses:

� Neutrons leaving volume elementV through surfaceS.

� All possible interactions of a neutron with the nucleus of an atom in the volumeV

described by the total microscopic cross sections total.

Thus, the time-dependent linear Boltzmann transport equation for neutrons can be written

as:
1

jv(r~ ;t)j
¶ f (r~ ;W~ ;E;t)

¶t
= gains� losses (15)
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1
jv~(r~ ;t)j

¶ f (r~ ;W~ ;E;t)
¶t

=

Z

4p

Z ¥

0
s(r~ W~ ;E;t)+ r~ ;t)ss(W0~ ! W~ ;E0! E)f (r~ ;W0~ ;E0; t)dE0dW0~

� W~ � Ñf (r~ ;W~ ;E;t) � s total(r~ ;E)n(r~ ;t)f (r~ ;W~ ;E;t) (16)

This equation is linear having the unknownf (r~ ;W~ ;E;t) with seven independent variables

(r~ = ( x;y;z); E; W~ = (j ,q); t). Analytically, the transport equation is solvable only for a

reduced number of cases (Ganapol, 2008). Therefore approximations are used to solve the

problem. A detailed description of both methodologies can be found in Chapter 4.

2.6 Delayed neutron fraction

The effective delayed neutron fractionbe f f is an important kinetic parameter of a reactor.

It re�ects the ability of the reactor to thermalize and utilize each neutron produced and

is de�ned as the ratio between the adjoint neutron �ux and the spectrum weighted num-

ber of �ssions induced by delayed neutrons and number of �ssions induced by all neutrons

(Romero-Barrientos et al., 2022; Snoj et al., 2010):

be f f =

R
F †(r~ ;E;W~ )cd(E)bn(E)Sf (r~ ;E)F (r~ ;E;W~ )dEdW~ dr~
R

F †(r~ ;E;W~ )c (E)n(E)Sf (r~ ;E)F (r~ ;E;W~ )dEdW~ dr~
(17)

whereE is the neutron energy;W~ , the neutron direction;r~, the neutron position;F , the

neutron �ux; F †, the adjoint neutron �ux;c , the �ssion neutron energy spectrum;cd, the

delayed neutron energy spectrum;b, the delayed neutron fraction;n, the average number of

neutrons released per �ssion andSf is the macroscopic �ssion cross-section.
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3 TRIGA MARK II research reactor

The research reactor at the Jo�ef Stefan Institute (JSI) is a 250 kW TRIGA (Training, Re-

search, Isotopes, General Atomics) Mark II Reactor which is used for various applications

such as education and training, medical isotope production, radiation hardness studies and

benchmark experiments for validation and veri�cation of computer codes. It is a pool type

light-water thermal reactor cooled by natural convection (Jeraj & Ravnik, 1999).

3.1 Description of the reactor core

The core of the TRIGA reactor is located at the bottom of a high open cylindrical aluminum

tank, approximately 5.30 m from the platform bridge. The side and top schematic views of

the reactor can be seen in Figure 3 and Figure 4.

Figure 3: Side view of the TRIGA Mark II reactor (Štancar et al., 2017).
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Figure 4: Top view of the TRIGA Mark II Reactor (Štancar et al., 2017).

The core is supported by a bottom grid plate that in addition provides accurate spacing be-

tween the fuel elements. The top grid plate also provides accurate lateral positioning of the

core components. They are both made of aluminum (Jeraj & Ravnik, 1999).

The reactor is surrounded by a graphite re�ector enclosed in aluminum housing. Addition-

ally, there is an annular groove in the upper part of the re�ector body for containing a special

irradiation facility. It is made of aluminum and consists of 40 holes (Ravnik, 2022). Fur-

thermore, there are two irradiation channels running through the graphite re�ector, a radial

irradiation channel and a tangential irradiation channel.

The reactor core has a cylindrical con�guration and 91 locations where either fuel elements,

control rods, irradiation channels or neutron sources can be placed. These locations are

arranged in six concentric rings, named A, B, C, D, E and F having 1, 6, 12, 18, 24 and 30

locations available, respectively. Each location corresponds to a hole in the aluminum upper

grid plate of the reactor (Jeraj & Ravnik, 1999).
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Figure 5: Schematic representation of the core rings of the TRIGA research reactor (Štancar
et al., 2017).

The distances between locations in a given ring are equal. Note that the ring passes through

the center of the fuel elements of that ring.

Table 1: Radius of core position rings.

Ring Positions Radius of the ring [cm]
A 1 0.0000
B 6 4.05384
C 12 7.98068
D 18 11.94562
E 24 15.91564
F 30 19.8882

In addition to the opening on locations for fuel elements, control rods, irradiation channels

and neutron source there are also smaller holes for reactor instrumentation. Furthermore, in

support plates reactor are also two larger triangular holes in which either three fuel elements

can be inserted or a triangular irradiation channel.

3.2 Uranium-zirconium hydride fuel

The fuel element of the TRIGA Mark II reactor has cylindrical shape and consists of a

homogeneous mixture of uranium-zirconium hydride (U-ZrH) surrounded by a cladding of

stainless steel (SS-304). A description of the fuel element is shown in the following �gure:
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Figure 6: Description of the fuel element (Jeraj & Ravnik, 1999)

As shows, the fuel element consists of a central part where the homogeneous mixture of

uranium and zirconium hydride is located. Inside this central part there is a central zirconium

rod that provides structural stability. At the edges of the fuel meat there is some graphite

that acts as an axial re�ector, preventing neutron leakage from the fuel meat. Moreover,

between the fuel cell and the bottom graphite end re�ector there is a molybdenum disc that

prevents chemical bonding between the fuel meat and the lower graphite re�ector at higher

temperatures (IAEA, 2016).

The standard uranium-zirconium hydride fuel used in JSI TRIGA reactor contains a 12 wt.%

uranium of 20 wt.%235U enrichment dispersed in the zirconium hydride crystal lattice and

the nominal ratio between hydrogen and zirconium is 1.6 (Štancar et al., 2017).

Material speci�cations of the JSI TRIGA fuel are shown in the following table:
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Table 2: Material composition of the fuel element.

Material Density Component Content Atom Density
[g/cm3] [wt.%] [atom/b-cm]

Fuel mixture 6.04495 H 1.5298 5.5253e-02
Zr 86.5302 3.4530e-02

U-238 9.5639 1.4625e-03
U-235 2.3761 3.6801e-04

Zr rod 6.49 Zr 100.00 4.2843e-02
Cladding 7.889 Fe 66.84 5.6860e-02

(SS type 304) Cr 19.00 1.7360e-02
Ni 10.00 8.0948e-03
Mn 2.00 1.7295e-03
Si 2.00 3.3831e-03
C 0.08 3.1643e-04
P 0.04 6.1353e-05
S 0.04 5.9256e-05

Graphite 1.60 C-12 100.00 8.7043e-02
Mo disc 10.2 Mo 100.00 0.064025

The U-ZrH fuel is a two-phase mixture consisting of a continuous zirconium hydride (ZrH)

matrix in which small particles of uranium metal are placed (Olander et al., 2009). The ZrH

system consists of an interstitial alloy of hydrogen in zirconium metal lattice. In this crystal

lattice the hydrogen atoms occupy small holes called interstices between the zirconium usual

atoms.

The hydrogen within the fuel acts as a neutron moderator and part of the moderation takes

place in the fuel element itself and a part in the water surrounding the fuel elements. This

gives the main and unique characteristic of the U-ZrH fuel that provides inherent safe reactor

operation, the large prompt negative temperature coef�cient of reactivity (Lengar & Ravnik,

2021). This coef�cient is de�ned as the change in the reactivity of the reactor over the change

in the average fuel temperature in the entire reactor core (Lengar & Ravnik, 2021):

a f =
Dr
DTf

(18)

Any increase in power and therefore any increase in the temperature of the fuel is immedi-

ately re�ected by a decrease in the reactivity mainly due to the shift of the thermal part of

the neutron spectrum to higher energies, where the �ssion cross section of235U is lower (see

Figure 2), causing a reduction in the neutron population.

This prompt negative coef�cient of reactivity allows TRIGA reactor to operate in pulse oper-
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ation, where the reactor becomes highly supercritical and the reactor power starts to increase

exponentially during a very short period. This operation mode is only feasible due to the

unique physical composition of the uranium-zirconium hydride fuel. The interest of the

pulse experiment arises because of its applications such as testing nuclear instrumentation,

validating fast transient models or producing very short-lived isotopes for industrial, medical

and research purposes (Lengar & Ravnik, 2021; Smodis & Snoj, 2011).
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4 Monte Carlo neutron transport

4.1 Basis of Monte Carlo method

The presented literature is taken from (Brown & Forrest, 2016; Snoj, 2022).

Due to the complex geometries of the systems, cross sections values needed and their depen-

dency on energy and position and the angular dependence of scattering cross sections is not

possible to solve the neutron transport equation (Equation 16) for all the cases. Therefore,

there are two ways to approach the problem:

1. To simplify the hypothesis that has to be derived, which modi�es a bit the Boltzman

equation in such a way that an analytical solution can be found.

2. To use numerical methods. Most of the solutions to the neutron transport equation

use this tool. The numerical methods used are divided in two types: Deterministic

methods or Stochastic methods, also called Monte Carlo methods.

In the Deterministic methods the independent variables of the problem (space, direction,

energy and time) are discretized in such a way so that the number of unknown variables of

the neutron transport equation is reduced. Thus, the Boltzmann transport equation is cast

into a very large set of algebraic equations for �uxes at speci�c points traveling in speci�c

directions over speci�c energy intervals. The discrete ordinates calculations can require

large amounts of computer memory, particularly as the spatial and angular discretizations

are re�ned. The Deterministic techniques give an exact solution to an approximation of a the

discretized problem.

On the other hand, in the Stochastic methods or Monte Carlo methods the neutron transport

or diffusion equation is not solved, giving an approximate solution to an exact representation

of the real problem. In Monte Carlo methods a �nite number of particles that represent

neutrons are simulated individually, where the history of every single particle is recorded,

from birth to death (absorption or escape from the system). In each particle history random

numbers are generated and used to sample appropriate probability distributions for scattering

angles, track length distances between collisions etc. Therefore, a pack of neutron histories

are generated following each individual neutron through their successive collisions. The

position of the collisions and the results of these collisions, such as, energy and direction of

the emerged neutrons, are determined by the range of probability of random numbers. The

application of the Monte Carlo techniques in the neutron transport equation is possible due

to the fact that the macroscopic cross sections can be interpreted as an interaction probability

per unit length travelled by the neutron.
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In order to give an approximate solution to the neutron transport equation, in Monte Carlo

methods the following assumptions are made:

� Neutrons and photons are particles, not waves.

� Particles move in a straight line between collisions.

� Collisions occur instantaneously, at a point in space.

� Particle speeds are low enough to neglect relativistic effects and are high enough to

neglect quantum effects.

� Particle collisions do not change the properties of a material (ie, no feedback, no ma-

terial heating, no depletion).

� Material properties are �xed for the duration of the simulation (geometry, densities,

temperatures, material compositions...).

Among the advantages of the Monte Carlo techniques are the possibility of consider more

geometrically complex problems and a more detailed treatment of the nuclear data.

On the other hand, the drawbacks of the Monte Carlo techniques are the fact that they do not

provide an exact solution of the problem since the results are estimations with their associate

uncertainty and the computational time required in order to obtain low uncertainties.

In order to understand the basis of Monte Carlo methods for neutron transport problems, in

the following subsections some basic concepts are presented.

4.1.1 Random number generation

The basis of Monte Carlo methods are random number generation. For each simulated neu-

tron, positionr, directionW~ and energyE must be known. Therefore, initial conditions

(r;W~ ;E) must be de�ned.

In order to understand the method, we �rst de�ne the probability density functionf (x),

which gives a relative probability that a random continuous variablex will have a precisely

determined value within a range of speci�ed values. Thus, using the probability density

function, the probability that the variablex lies in the interval[a;b] can be given as:

P(a � X � b) =
Z b

a
f (x)dx (19)

The probability of any interaction per unit distance in the material is described by the total
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macroscopic cross-section:

ST = å
i

nis i
T (20)

wherei represents a single isotope in the material andsT is the total microscopic cross

section, which includes the microscopic cross sections for all possible neutron interactions

described in previous chapters.

Thus, the probability density for a neutron interactionf (l ) for the free path of the neutronl

when only this travels through the material is written as:

f (l ) = e� ST l ST (21)

where the exponent represents the probability that the neutron interaction will not occur at

lengthl happened.

In the Monte Carlo method, random numbersx are chosen on the interval[0;1], which

means that we have to �nd a connection between the drawnx and the probability density

f (l ), which corresponds to the integralf (l ) along the paths:

x =
Z l

0
f (s)ds=

Z l

0
e� STsSTds= 1� e� ST l ST (22)

From the previous expression, the path lengthl can be obtained, which represents the length

the neutron will travel before interaction occurred:

l = �
1

ST
ln(x ) (23)

In the next step, it is determined which isotope interacts with the neutron interacts and which

interaction type. Again, a random number on the interval[0;1] is chosen and beyond the

total macroscopic cross-section, we determine the isotope i and the type of interaction. By

generating random numbers, the energyE and the directions are also determined in each

interaction, where conservation of energy and momentum is taken into account. In such a

way trajectories, interactions and energies of the neutrons are recorded, which can be used

for calculation of reactor physical quantities.

Based on the Central Limit Theorem, if enough particles are simulated this way, their average

behavior can be determined to within arbitrarily small statistical error. Thus, Monte Carlo

codes calculate mean values and report the standard deviation of the mean (Brown & Forrest,

2016).
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Given a set of random samples,x1, x2, ...,xN, the mean of the samples is given as:

x̄ =
1
N

N

å
j= 1

x j (24)

The standard deviation of the mean is given as:

s X̄ =
1

p
N

vu
u
t 1

N

N

å
j= 1

x j
2 � x̄2 (25)

4.1.2 Calculation of reactor physical quantities

The main purpose of the particle tracking is to obtain the expectation or mean value of some

physical quantity such as multiplication factor, �ux, reaction rate or any other desired quan-

tity. Final value of physical quantityx is de�ned as the average of all events and particles:

x =
1
N

N

å
n= 1

xn (26)

whereN is the number of all simulated particles andxn is the value of then-th simulated

particle.

4.2 OpenMC

OpenMC is a Monte Carlo particle transport simulation code focused on neutron critical-

ity calculations. This code was originally developed by the Computational Reactor Physics

Group at the Massachusetts Institute of Technology (MIT) starting in 2011 (Romano & For-

get, 2013).

4.2.1 Physics

At the present time, OpenMC is capable of simulating only neutrons either in �xed source

or k-eigenvalue calculation (Romano et al., 2015), supporting both continuous-energy and

multigroup cross sections.

The continuous energy nuclear cross section data follows the HDF5 format and is generated

from ACE-format data produced by NJOY nuclear data processing system (Romano et al.,

2015), which converts raw ENDF/B data into linearly-interpolatable data, a representation

that is suitable for use in a Monte Carlo codes. The ACE-format data contains continuous-

energy cross sections for the different types of reactions (elastic scattering, �ssion, inelastic

scattering, (n;xn) and various other absorption reactions). In addition, �ssionable nuclides
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have total, prompt, and/or delayedn as a function of energy and neutron precursor distribu-

tions.

To properly treat scattering kinematics when the target nucleus is not at rest, OpenMC uses a

free gas approximation (Sutton, Trumbull & Lubitz, 2009). For thermal neutrons scattering

from bound molecules such as hydrogen, the free gas approximation does not accurately

capture the scattering kinematics andS(a ;b ;T) scattering law data is used (Romano et al.,

2015).

On the other hand, in order to solve k-eigenvalue problems, OpenMC uses the method of suc-

cessive generations (Lieberoth, 1968). Like Monte Carlo N-Particle (MCNP) code, OpenMC

keeps track of the collision, absorption, and track-length estimators of multiplication factor

and then calculates a minimum variance combined estimator based on the covariance matrix

of the three single estimators, having the option to group multiple generations into a batch to

reduce correlation between realizations of the tally random variables.

4.2.2 Geometry

Every point in space that a particle could possibly reach must be de�ned in the geometry

model. In order to model complex geometric objects, OpenMC uses a constructive solid ge-

ometry representation (Romano et al., 2015). In the current implementation, any closed vol-

ume can be represented as the union, intersection and/or difference of multiple half-spaces.

Each half-space is in turn de�ned as the positive or negative side of a plane or quadratic sur-

face. This allows curved surfaces such as spheres and cylinders to be modeled exactly with

no error due to mesh discretization. Most geometries of interest in particle transport can be

modeled with �rst and second-order surfaces.

Additionally, OpenMC provides constructs that allow the user to model a two or three-

dimensional structured mesh consisting of quadrilaterals. These constructs are useful for

modeling the core and assembly layout in a variety of commercial and research reactor de-

signs. As in MCNP and Serpent, these repeated structures are handled through the use of

universes, a collection of cells occupying all of space that may be substituted within another

closed volume. Universes can also be translated and/or rotated. Transmitting, vacuum, or

re�ective boundary conditions can be applied to any surface. (Romano et al., 2015).

4.2.3 Tallies

OpenMC has a �exible tally system for obtaining physical results of interest. It can be

speci�ed one or more �lters which identify which regions of phase space should score to a

given tally as well as the scoring function. Tallies are de�ned for particular cells or surfaces,
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reaction types and estimator types (Romano et al., 2015).

Thus, tallies are de�ned by combinations of �lters and scores. Each �lter limits what events

can score to the tally based on the attributes of the particle and each score identi�es an actual

physical quantity to be scored upon an event which matches the speci�ed �lters.

OpenMC calculates mean values for tallies and report the standard deviation of the mean.

4.2.4 Inputs and outputs

OpenMC uses Extensible Markup Language (XML) for all user input �les. Another notable

difference between OpenMC and many other transport codes is that the input is divided into

multiple �les rather than one �le. The following �les are required for every simulation:

� materials.xml- In this �le compositions of all materials int he model by their con-

stituent elements or nuclides and densities are de�ned.

� geometry.xml- This �le describes the geometry of the model using a constructive solid

geometry representation (second-order surfaces, cells, universes, lattices) and assigns

materials to cells. Thus, a material number is assigned to each cell and the composition

is assumed to be uniform and homogeneous within cell.

� settings.xml- This �le describes all the parameters needed for the simulations, e.g.,

number of particles to run, number of batches and the starting source.

In addition to these three basic inputs, there are some number of optional XML �les such as:

� tallies.xml- In this �le physical quantities that the user wants tallied during the simu-

lation are speci�ed.

� plots.xml- In this �le, parameters for 2D or 3D plots that are created when OpenMC

is run in plotting mode are speci�ed.

Once a simulation in OpenMC is completed, the program provides the results, such as mul-

tiplication factor (ke f f) and tally results. All the information printed to standard output can

also be written to the HDF5 output �le. The number and format of these �les depends on

how the code was compiled and what options are given in the user input. The most common

output �les include:

� tallies.out- This �le consists of plain text ASCII listing the mean and standard devia-

tion for each tally bin.

� State point �les-These are binary �les containing all the information needed either to

determine con�dence intervals for tallies or to restart the run completely. By default,
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one state point �le is written at the end of each simulation.
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5 Description of the models

Two different models were created using OpenMC program: Reactor Core model, repre-

senting an entire description of JSI TRIGA Mark II Research Reactor, and Fuel Cell model,

consisting of a single fuel element surrounded by water.

5.1 Reactor Core model

This model consists of a entire description of JSI TRIGA Mark II Research Reactor, based

on TRIGA Reactor Benchmark (Jeraj & Ravnik, 1999). Geometry description and material

compositions of the constituents of the core were obtained from the Benchmark speci�ca-

tions without any simpli�cations. Fuel elements and control rods are taken into account with

full available precision, meaning that Zr rod, stainless steel cladding, air gaps and Mo sup-

porting disc are explicitly resolved. The supporting grid, graphite re�ector, rotary groove

and central irradiation channel in the core are also explicitly resolved.

In Figure 7 and Figure 8, top view and front view of Reactor Core model created are shown

respectively:

Figure 7: Top view of the Reactor Core model
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Figure 8: Front view of the Reactor Core model

A detailed view of the core of the model is shown in the following Figure 9:

Figure 9: Front view of the core used in Reactor Core model

This core con�guration used in the Reactor Core model corresponds to the critical con�gu-

ration denoted as core 132 without source used in the TRIGA reactor Benchmark (Jeraj &

Ravnik, 1999), shown in Figure 11. It consists of forty fuel rods and four control rods.
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Figure 10: Core con�guration description used in the model (Jeraj & Ravnik, 1999).

Material speci�cations of the fuel rods correspond to the ones used in the Benchmark, shown

in Table 2.

5.2 Unit Cell model

In order to study the effect of hydrogen content and distribution on in�nite multiplication

factor (k¥ ) Unit Cell model was created, which consists of a fuel rod simpli�ed, containing

the fuel meat including the zirconium rod in the middle and cladding coating the fuel. This

fuel rod is surrounded by water. The amount of water corresponds to the water around the

fuel element if you evenly distributed all water in the core to each fuel rod.
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Figure 11: Top view of the 3D cylindrical geometry unit cell model.

Material speci�cations of the fuel mixture, zirconium rod and cladding correspond to the

ones used in TRIGA Benchmark (Jeraj & Ravnik, 1999), shown in Table 2. Geometry

speci�cations of this model are shown in the following table:

Table 3: Dimensions of the fuel rod model

Component Dimension [cm]
Zr radius 0.31750

Fuel outer radius 1.82245
Cladding inner radius 1.82626
Cladding outer radius 1.877061
Water cell outer radius 2.31317

Length of the cell 38.09964

In this model white boundary conditions were used in order to not have leakage out of the

fuel cell. Applying this boundary condition, when a neutron hit the boundary it travels back

with isotropic angular distribution.
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6 Methodology and calculations

In both models, calculations were performed using the open source Monte Carlo transport

code OpenMC version 0.14.0-dev and ENDF/B VIII.0 nuclear data libraries (D. Brown et al.,

2018).

In Reactor Core model, simulations were performed with 8000 batches of 8000 particles

per batch while in Fuel Cell model simulations were performed with 8000 batches and 800

particles. In both models, the �rst 100 batches were discarded.

6.1 Eigenvalue calculations

Simulations were performed in eigenvalue run mode. An eigenvalue calculation, also called

criticality calculation, is a neutron transport simulation wherein the source of neutrons in-

cludes a �ssionable material (MIT, 2022). The method of successive generations (Lieberoth,

1968) is used to converge on the �ssion source distribution in the eigenvalue calculation.

In this method, a �nite number of neutron histories,N, are tracked through their lifetime

iteratively. If �ssion takes place, instead of tracking the resulting �ssion neutrons, the spatial

coordinates wherein �ssion occurs, the sampled outgoing energy and direction of the �ssion

neutron, and the weight of the neutron are stored and use in the subsequent generation (MIT,

2022). At the end of each �ssion generation,N source sites for the next generation are

randomly sampled from theM �ssion sites that were stored to ensure that the population of

neutrons does not grow exponentially.

6.2 Kinetic parameters calculations

The determination of the effective delayed neutron fraction (be f f )plays a key role in reactor

kinetics. Equation 17 for calculatingbe f f is obtained when general time, space, energy and

angle dependent neutron balance equation is developed into point kinetics approximation

by volume, energy and angle averaging of neutronF (r~ ;E;W~ ) and assuming its time–space

separability (Snoj et al., 2010).

As it is shown in Equation 17, the adjoint neutron �ux is needed to estimatebe f f. Never-

theless,in this casebe f f was estimated using the so called prompt method (Meulekamp &

Marck, 2006) which requires two runs in eigenvalue run mode. Firstly, multiplication factor

was calculated taking into account prompt and delayed neutrons, denoted (k), and then the

code was modi�ed in order to take into account only prompt neutrons, denoted (kp).

Thus, the delayed neutron fraction can be estimated according to the following formula
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(Meulekamp & Marck, 2006):

be f f � 1�
kp

k
(27)

6.3 Hydrogen distributions

Different homogeneous and heterogeneous hydrogen distributions were analysed in the two

models created in order to see how physical parameters of the TRIGA reactor are affected.

For all the different hydrogen distributions mass is conserved. As reference, hydrogen-

zirconium ratio (H/Zr) 1.6 was taken, which corresponds to the nominal ratio used in the

TRIGA Benchmark (Jeraj & Ravnik, 1999).

For the Homogeneous hydrogen distributions, hydrogen-zirconium ratio was changed uni-

formly from 0 to 2 in intervals of 0.1:

Table 4: Homogeneous hydrogen content

H/Zr H-1 density [a/(b-cm)] Fuel mixture density [g/cm3]

0.0 0.0 5.952480917
0.1 0.003453 5.958259711
0.2 0.006906 5.964038506
0.3 0.010359 5.969817301
0.4 0.013812 5.975596096
0.5 0.017265 5.981374890
0.6 0.020718 5.987153685
0.7 0.024171 5.992932480
0.8 0.027624 5.998711274
0.9 0.031077 6.004490069
1.0 0.034530 6.010268864
1.1 0.037983 6.016047659
1.2 0.041436 6.021826453
1.3 0.044889 6.027605248
1.4 0.048342 6.033384043
1.5 0.051795 6.039162837
1.6 0.055248 6.044950000
1.7 0.058701 6.050720427
1.8 0.062154 6.056499222
1.9 0.065607 6.062278016
2.0 0.069060 6.068056811

On the other hand, different spatial heterogeneous hydrogen distributions were analysed,

eight axial hydrogen distributions and four radial hydrogen distributions. These hydrogen
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heterogeneous distributions were applied for four different cases.

� Case H/Zr=0.5: Average value of H/Zr in the fuel mixture is 0.5

� Case H/Zr=1.0: Average value of H/Zr in the fuel mixture is 1.0

� Case H/Zr=1.6: Average value of H/Zr in the fuel mixture is 1.6. As in the TRIGA

Benchmark.

� Case H/Zr=2.0: Average value of H/Zr in the fuel mixture is 2.0

A description of the Heterogeneous hydrogen distributions can be found in Table 5 and Table

6:

Table 5: Axial Hydrogen Distributions.

Axial Hydrogen Distributions

Name Description
Cosine function

Axial Cosine 1.5 Maximum/Average=1.5
Inverse Axial Cosine 1.5 Minimum/Average=0.5

Axial Cosine 1.3 Maximum/Average=1.3
Inverse Axial Cosine 1.3 Minimum/Average=0.7

Linear function
Axial Up 1.5 Upper part of fuel has 50% more

Axial Down 1.5 Lower part of fuel has 50% more
Axial Up 1.1 Upper part of fuel has 10% more

Axial Down 1.1 Lower part of fuel has 10% more

Table 6: Radial Hydrogen Distributions.

Radial Hydrogen Distributions

Name Description
Linear function

Radial Outer 1.5 50% more hydrogen at the outer part of the fuel
Radial Inner 1.5 50% more hydrogen at the inner part of the fuel
Radial Outer 1.1 10% more hydrogen at the outer part of the fuel
Radial Inner 1.1 10% more hydrogen at the inner part of the fuel

These hydrogen distributions applied to the four cases considered (H/Zr=0.5, H/Zr=1.0,

H/Zr=1.6 and H/Zr=2.0) are shown in Figures 12-13-14-15-16-17:
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Figure 12: Axial Cosine 1.5 and Inverse Axial Cosine 1.5 Hydrogen distributions.

Figure 13: Axial Cosine 1.3 and Inverse Axial Cosine 1.3 Hydrogen distributions.
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Figure 14: Axial Up 1.5 and Axial Down 1.5 Hydrogen distributions.

Figure 15: Axial Up 1.1 and Axial Down 1.1 Hydrogen distributions.
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Figure 16: Radial Outer 1.5 and Radial Inner 1.5 Hydrogen distributions.

Figure 17: Radial Outer 1.1 and Radial Inner 1.1 Hydrogen distributions.

6.4 Uncertainties

Since Monte Carlo calculations are based on the sampling of random numbers, there are

statistical uncertainties which depend on the number of simulated particles. The average

behaviour can be determined to within arbitrarily small statistical error.

The variance (s 2) of the sample mean of some physical parameter being estimated with

Monte Carlo is inversely proportional to the number of simulated particles (N) (MIT, 2022):

s 2 µ
1
N

(28)

Thus, the accuracy of the simulation depends on the number of total active particles that

are simulated which correspond to the product of the number of active batches, number of

generations per batch, and number of particles (MIT, 2022).

On the other hand, for calculation of uncertainties, general error propagation law was used.

When individual quantitiesx1, ...,x j are independent of each other having small independent
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uncertaintiesdx1; :::;dx j and the desired quantityQ is a function of them, then the uncer-

tainty inQ is calculated as follows (Taylor, 1997):

dQ =

s �
¶Q
¶x1

dx1

� 2

+ ::: +
�

¶Q
¶x j

dx j

� 2

(29)
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7 Results and discussion

In this section results obtained in the simulations are shown. Multiplication factor, reactivity,

neutron �ux spectrum, 3-group neutron �ux calculation, reaction rates and delayed neutron

fraction were calculated for different homogeneous and heterogeneous hydrogen distribu-

tions applied in Reactor Core and Fuel Cell models.

7.1 Results obtained in Reactor Core model

7.1.1 Multiplication factor in Reactor Core model

Multiplication factor was calculated in Reactor Core model applying the Homogeneous Hy-

drogen distributions shown in Table 4 and the various Heterogeneous Hydrogen distributions

described in Section 6.3.

Regarding statistical uncertainty obtained in the multiplication factor calculations, it repre-

sents around 0.01% - 0.02%. Thus, uncertainty in multiplication factor results is considered

negligible.

Multiplication factor calculated for the Homogeneous Hydrogen distributions described in

Table 4 applied in Reactor Core model are shown in Figure 18:
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Figure 18: Multiplication factor calculated for Homogeneous Hydrogen distributions applied
in all the fuel rods in Reactor Core model. Line connecting points has no physical meaning
and serves as an eye-guide only.

As Figure 18 shows, it is observed that an homogeneously decrease in the hydrogen content

in all the fuel elements results in a decrease in the multiplication factor, meaning that the

reactor is undermoderated.

Additionally, since reactivity is more often used in reactor operation than multiplication

factor, reactivity as a function of percentage of hydrogen homogeneously distributed in the

fuel rods was obtained. Regarding statistical uncertainty obtained in the calculations, it

represents around� 15 pcm.
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Figure 19: Reactivity as a function of percentage of hydrogen homogeneously distributed in
the fuel rods in Reactor Core model (100% of hydrogen corresponds to the nominal case, in
which hydrogen-zirconium ratio is 1.6).

In Figure 19 it is observed which reactivity would be measured when hydrogen homoge-

neously distributed within the fuel rod is leaking. For instance, when there is 100% of hy-

drogen distributed within the fuel rods (nominal case, H/Zr=1.6) reactivity measured is few

positive pcm, whereas if hydrogen decreases 20 % then reactivity measured is approximately

-3000 pcm.

On the other hand, multiplication factor was calculated for the different Heterogeneous Hy-

drogen distributions, Axial ones described in Table 5 and Radial ones described in Table

6, for cases H/Zr=0.5, H/Zr=1.0, H/Zr=1.6 and H/Zr=2.0. For comparisons, multiplication

factor evolution obtained for the Homogeneous Hydrogen distributions is taken as reference.

Multiplication factor obtained in Reactor Core model for the different Axial Hydrogen distri-

butions applied in all the fuel rods, for the cases previously mentioned, are shown in Figure

20:
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Figure 20: Multiplication factor calculated for Axial Hydrogen distributions in Reactor Core
model.

As Figure 20 shows, main differences in the multiplication factor values obtained in Re-

actor Core model for different axial hydrogen distributions are seen for Axial Cosine and

Inverse Axial Cosine distributions, being greater for higher values of hydrogen content in

the fuel. Axial linear distributions, Axial Up and Axial Down, show similar behaviour as the

Homogeneous case.

In Axial Cosine and Inverse Axial Cosine distributions, hydrogen content in the central part

and in the ends of the fuel change, while for Axial Up and Down distributions hydrogen

content mainly changes in the ends of the fuel meat. In accordance with the perturbation

theory which shows that perturbations affecting the creation or destruction of neutrons have

the most pronounced effect in those regions in which the �ux is the largest (Duderstadt &

Hamilton, 1976), it can be determined that axially, the most sensitive zone of the fuel to

hydrogen distributions is the central part of the fuel where the �ux is the largest (Ravnik &

Zagar, 2002). Thus, an axial redistribution of hydrogen in the central part of the fuel will

have a noticeable effect in the multiplication factor.

Multiplication factor calculated in Reactor Core model for Radial Hydrogen distributions

applied in all the fuel rods, for the cases previously mentioned, are shown in Figure 21:
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Figure 21: Multiplication factor calculated for Radial Hydrogen distributions applied in all
the fuel rods in Reactor Core model.

As Figure 21 shows, main differences are seen for Radial Outer 1.5 and Radial Inner 1.5

distributions. Either hydrogen concentration in the outer part of the fuel or in the inner

part affect multiplication factor. If there is more hydrogen in the inner part of the fuel the

multiplication factor decreases while if there is more hydrogen in the outer part of the fuel,

multiplication factor obtained is higher than the one obtained is hydrogen is homogeneously

distributed in the fuel. As it can be observed in Figure 49, when hydrogen is homogeneously

distributed within the fuel meat, radially, there are more �ssions in the outer part than in

the inner part of the fuel rod. Therefore, if there is more hydrogen in the outer part, this

boosts that effect (see Figure 67), while if there is more hydrogen in the inner part, opposite

phenomena occur (see Figure 72).

Thus, as results obtained in Reactor Core model for Axial and Radial Hydrogen distributions,

an increase in the multiplication factor could be caused by a redistribution of hydrogen in

the fuel rods, being more hydrogen in the central part or being more hydrogen in the outer

part of them. A decrease in the multiplication factor could be caused by either an axial or

radial redistribution of hydrogen: axially being less hydrogen in the central part of the fuel

rods and radially being more hydrogen in the inner part of the fuel rods.
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7.1.2 Reactivity in Reactor Core model

In this case, reactivity was obtained for the case H/Zr=1.6, average value of H/Zr in the fuel

mixture is 1.6, applying Axial and Radial Hydrogen distributions shown in Table 5 and Table

6 respectively. Regarding statistical uncertainties obtained in reactivity values for Reactor

Core model simulations, since they are too small (about 0.01% - 0.02%), they are considered

negligible.

As reactivity reference value (r re f ) for Reactor Core model, 452.94 pcm are considered. This

reference value represents reactivity obtained for the Homogeneous hydrogen distribution

case H/Zr=1.6, where hydrogen is distributed homogeneously in the fuel meat.

For analysing the results, reactivity differences (r � r re f ) between the different Heteroge-

neous hydrogen distributions and the reference case were obtained.

Reactivity differences obtained for Axial Hydrogen distributions applied in all the fuel ele-

ments in Reactor Core model are shown in Figure 22:

Figure 22: Reactivity differences obtained for Axial Hydrogen distributions applied in all
the fuel rods in Reactor Core model.

As Figure 22 shows, it is observed that negative reactivity differences are obtained for Inverse
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Axial Cosine 1.5 and Inverse Axial Cosine 1.3 hydrogen distributions, when there is more

hydrogen in the central part of the fuel rods. Positive differences in reactivity are obtained

for Axial Cosine 1.5 and Axial Cosine 1.3 hydrogen distributions.

Analysing Axial Up and Axial Down distributions results, it is observed that reactivity dif-

ferences obtained are very small. In this cases, hydrogen content mainly changes in the ends

of the fuel meat but in the central part is kept constant, as in the homogeneous case.

Thus, it can be observed that the amount of hydrogen in the upper part or lower part of the

fuel does not matter. What determines the value of the reactivity is the hydrogen content in

the central part of the fuel. Therefore, if hydrogen is being redistributed from the upper part

to the lower part or vice versa, it is not signi�cantly noticeable in reactivity measurements.

If one measures around 3000 pcm of positive reactivity more than expected, this might be

explained because of an axial hydrogen redistribution in the fuel mixture of the fuel rods,

having around 50% more hydrogen in the central part of the fuel than the average value of

hydrogen content within the fuel. On the other hand, if one measures 3000 pcm of negative

reactivity this might be explained by opposite phenomena, it could be 50% less hydrogen in

the central part of the fuel than the average value of hydrogen content within the fuel.

Reactivity differences obtained for Radial Hydrogen distributions applied in all the fuel rods

in Reactor Core model are shown in Figure 23:
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Figure 23: Reactivity differences obtained for Radial Hydrogen distributions applied in all
the fuel rods in Reactor Core model.

Figure 23 shows that positive reactivity differences are obtained when there is more hydrogen

in the outer part in the fuel rods and negative reactivity differences are obtained when there

is more hydrogen in the inner part of the fuel rods.

As results obtained for reactivity in Reactor Core model, it can be said that a radial redistri-

bution of hydrogen as well as an axial redistribution of hydrogen, in which hydrogen content

in the central part is modi�ed, will affect reactivity values of the system.

7.1.3 Neutron �ux spectrum in Reactor Core model

Neutron �ux spectrum, expressed as �ux per unit lethargy, was calculated in the reactor core

using 500 equidistant energy bins from 0 eV to 20� 106 eV. Uncertainties shown in �gures

represent statistical computational uncertainties related to Monte Carlo method and do not

include other uncertainties. In this case neutron �ux spectrum was obtained for Homoge-

neous and Heterogeneous Hydrogen distributions applied in Reactor Core model.

Neutron �ux spectra obtained for Homogeneous Hydrogen distributions cases H/Zr=0.0,

H/Zr=1.0, H/Zr=1.6 and H/Zr=2.0, applied in all the fuel rods in Reactor Core model are

shown in the following �gure:
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Figure 24: Neutron �ux spectrum obtained in Reactor Core Model for Homogeneous Hy-
drogen distributions

In Figure 24 it can be observed that the peak of the thermal range is higher than the peak of

the fast range for all the different homogeneous distributions applied, meaning that scattering

processes predominate against absorptions in all the cases.

Furthermore, when the hydrogen content in all the fuel rods is homogeneously reduced,

the peak of the curve in the thermal range is reduced while for the fast range the peak is

increased. This can be explained because when hydrogen is reduced homogeneously, the

scatter processes in the fuel meat are also reduced and therefore less neutrons are thermalised.

In order to analyse how a redistribution of hydrogen within the fuel affects the neutron spec-

trum, case H/Zr=1.6 was analysed and different Heterogeneous hydrogen distributions were

applied, Axial ones described in Table 5 and Radial ones described in Table 6.

Differences in neutron �ux spectrum (F � F re f ) were obtained between the different Hetero-

geneous Hydrogen distributions applied and the reference case H/Zr=1.6 (F re f ) where the

hydrogen is homogeneously distributed within the fuel.
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On the one hand, differences in neutron spectra obtained for the Axial Hydrogen distributions

applied in all the fuel rods in the Reactor Core model are shown in Figure 25:

Figure 25: Neutron spectrum differences for different Axial Hydrogen distributions in Reac-
tor Core model

In Figure 25 values obtained for lower energies than 10� 2 eV and higher than 5� 106 eV are

noise. As �gure shows, differences are less than� 2% in all the neutron spectrum. Higher

differences are obtained for Axial Cosine 1.5 and Inverse Axial Cosine 1.5 in either thermal

or fast regions and almost no differences are seen for Axial Up 1.5, Axial Down 1.5, Axial

Up 1.1 and Axial Down 1.1 hydrogen distributions.

For Inverse Axial Cosine 1.5 distribution, it is observed than fast region of the neutron spec-

trum reaches higher values than the one obtained for the homogeneous case. Even though

it is observed that number of lower thermal energy neutrons is increased, the peak of the

thermal range decreases and is shifted to higher energy values.

Opposite phenomena occur for Axial Cosine 1.5 distribution wherein overall fast and thermal

neutrons decrease while the peak of the curve of the thermal region reaches higher values.

On the other hand, for Axial Up 1.5, Axial Down 1.5, Axial Up 1.3 and Axial Down 1.3

hydrogen distributions, as it is observed in Figure 25, even though the amount of hydrogen
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is redistributed along the fuel element, in the center is maintained H/Zr=1.6 as in the homo-

geneous hydrogen distribution and neutron �ux spectra obtained are very similar to the one

obtained for the homogeneous hydrogen distribution and almost no differences are seen.

As previously explained, in accordance with the perturbation theory (Duderstadt & Hamil-

ton, 1976), axially, the most sensitive part of the fuel is the central part where the �ux is

the highest. In Axial Cosine distributions there is more hydrogen in the central part of the

fuel, meaning that in this central part it is where most of the scattering processes and �ssion

occur (see Figure 54 and Figure 50), which it can be observed in the increase of the peak

in Axial Cosine 1.5 distribution. Even though in this part thermalization processes increase,

since at the edges of the fuel there is almost no hydrogen, overall number of thermal neutrons

decrease. Moreover, since fast neutrons are born by �ssion and there is no hydrogen at the

edges, meaning less �ssions occur there, overall number of fast neutrons decrease.

Opposite phenomena occur for Inverse Axial Cosine distributions, where there is almost no

hydrogen in the central part and there is more hydrogen in the ends of the fuel meat. Having

less in the central part causes less thermalizations in the center but more in the ends of the

fuel meat. The decrease in the peak of the thermal spectra shown in Figure 25 is due to

the decrease of thermalizations in the center of the fuel. Nevertheless, total number of fast

neutrons is increased since they are born in uranium and there is practically no hydrogen in

the center it is easier for them to travel without being absorbed in hydrogen.

Differences in neutron �ux spectrum obtained for the different Radial Hydrogen distributions

applied in all the fuel rods in Reactor Core model are shown in Figure 26:
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Figure 26: Neutron spectrum differences for different Radial Hydrogen distributions in Re-
actor Core model

As Figure 26 shows, for Radial Hydrogen distributions, comparing to the homogeneous

case, main differences are seen in the peak of the thermal range and in the fast region of the

neutron spectrum, being more signi�cant for Radial Outer 1.5 and Radial Inner 1.5 hydrogen

distributions.

In Radial Outer 1.5 distribution, there is more hydrogen in the outer part of the fuel while in

the center of the fuel there is less hydrogen. As explained, neutrons are born in the fuel meat

and thermalised by hydrogen, present in the fuel but also present in the water surrounding the

fuel. Therefore, in this case it is more dif�cult for the neutrons to avoid being thermalised

in the fuel meat, since at the outer part of the fuel there is more hydrogen that acts like a

barrier that forces neutrons to be thermalised (see Figure 53 and Figure 68). Furthermore,

neutrons thermalised in the water surrounding the fuel element come inside the fuel meat,

causing more �ssions and then more thermalizations.

Analysing differences obtained for Radial Inner 1.5 distribution, wherein there is more hy-

drogen in the inner part of the fuel, it is observed that the height of the peak of the thermal

region decreases considerably while the number of fast neutrons increases. Since some mod-

eration take place in the inner part of the fuel and some in the water surrounding the fuel, the
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overall moderation process is decreased comparing to the homogeneous case. In this case

moderation process within the fuel is less ef�cient and the number of fast neutrons increases.

7.1.4 3-group neutron �ux in Reactor Core model

In this section, 3-group neutron �ux, thermal neutron �ux (0eV<E<0,625 eV), epithermal

neutron �ux (0,625eV<E<100keV) and fast neutron �ux (E>100 keV) were calculated in the

reactor core for the case H/Zr=1.6 applying different Heterogeneous Hydrogen distributions,

Axial ones shown in Figure 5 and Radial ones shown in Figure 6.

Differences between values obtained for the these hydrogen distributions and the reference

case, where the hydrogen is homogeneously distributed in the fuel, were obtained (F � F re f ).

Statistical uncertainties of neutron �ux calculations given by the program represents around

0.01% for the values obtained, thus they are considered negligible.

Differences in 3-group neutron �ux values between the different Axial Hydrogen distribu-

tions applied in all the fuel rods in the Reactor Core model and the homogeneous case are

shown in Figure 27:

Figure 27: Neutron �ux differences for Axial Hydrogen distributions applied in all the fuel
rods in Reactor Core model.

As Figure 27 shows, bigger differences in neutron �ux values are obtained for Axial Cosine
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and Inverse Axial Cosine hydrogen distributions. Smaller differences are seen for Axial Up

and Axial Down hydrogen distributions.

In Axial Cosine 1.5 distribution there is more hydrogen in the central part of the fuel. It is

observed that thermal, epithermal and fast �ux total values are decreased around 4.5% com-

paring to the results obtained where hydrogen is homogeneously distributed. As explained

before in Section 7.2.3, in the neutron �ux spectrum results obtained, since hydrogen is con-

centrated within the fuel only in the central part, overall scattering processes as well as the

number of fast neutrons decrease.

For Inverse Axial Cosine 1.5 distribution in which there is less hydrogen in the central part

of the fuel, opposite phenomena occur and total values of thermal, epithermal and fast �ux

increase around 3.5 %. Having less in the central part causes less thermalizations in the cen-

ter but more in the ends of the fuel meat and thus overall number of thermal and epithermal

neutrons increase. Increase of fast �ux is explained because of the fact that neutrons are born

in uranium and since there is practically no hydrogen in the center it is easier for them to

travel without being absorbed or thermalised in hydrogen within the fuel.

Differences in 3-group neutron �ux values between the different Radial Hydrogen distribu-

tions applied in all the fuel rods in the Reactor Core model and the homogeneous case are

shown in Figure 28 :

Figure 28: Neutron �ux differences for Radial Hydrogen distributions applied in all the fuel
rods in Reactor Core model.

As shown in Figure 28, it is observed that thermal, epithermal and fast �uxes decrease for
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Radial Outer hydrogen distributions while for Radial Inner hydrogen distributions thermal,

epithermal and fast �uxes increase.

It can be seen that when there is more hydrogen located in the outer part of the fuel rods �ux

values in the core decrease while if there is more hydrogen in the inner part of them there

�ux values are higher.

7.1.5 Reaction Rates in Reactor Core model

In this case, reaction rates were obtained in the reactor core for the case H/Zr=1.6, applying

different heterogeneous hydrogen distributions, Axial ones shown in Figure 5 and Radial

ones shown in Figure 6. As a result, differences between the results obtained for the het-

erogeneous hydrogen distributions and the reference case (RRre f ), where the hydrogen is

homogeneously distributed in the fuel, were calculated. Statistical uncertainties of reaction

rate calculations given by the program represents around 0.02% for all the values obtained,

thus they are considered negligible.

Reaction rates obtained were �ssion reaction rate in Uranium-235 (U-235), scattering and

absorption reaction rates in Hydrogen-1 (H-1) and total reaction rate in Zirconium-90 (Zr-

90).

Differences in reaction rate (RR� RRre f ) between the different Axial Hydrogen distributions

and the homogeneous case, applied in all the fuel rods in the Reactor Core model are shown

in the following �gure:
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Figure 29: Reaction rate differences for Axial Hydrogen distributions applied in all the fuel
rods in Reactor Core model.

As previous �gure shows, bigger differences are obtained for Axial Cosine and Inverse Axial

Cosine distributions and smaller ones for linear distributions, Axial Up and Axial Down ones.

Observing differences in reaction rate obtained for Axial Cosine 1.5 distribution, it is ob-

served that there are 3% more �ssions in U-235, and around 2.5% less scatters and absorp-

tions in H-1 and around 1.5 % less total reaction rates in Zr-90 comparing to the case where

hydrogen is homogeneously distributed within the fuel.

In Axial Cosine hydrogen distributions there is more hydrogen in the central part of the fuel

meat. As explained before in Section 7.2.2, this central part is the most sensitive to changes.

Even though the overall number of scatter events in the system decrease, in the central part

scattering effects increase (see Figure 58) and thus �ssions in U-235 also increase. In Figure

25, it is shown that the peak of the thermal energy range spectrum is higher meaning that the

probability for a neutron to cause �ssion in uranium is higher (see Figure 2).

For Inverse Axial Cosine 1.5 distribution opposite behaviour is observed. There are more

absorptions and scatter events in H-1 and less �ssions in U-235. As explained in Section

7.2.2, this is explained because of the shift of the peak of the thermal range of the neutron

spectrum to higher energy values, where the probability for a neutron to cause �ssion in
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U-235 is lower (see Figure 2).

On the other hand, slightly differences are obtained for Axial Up and Axial Down hydrogen

distributions. As explained before, since the amount of hydrogen in the center does not

change signi�cantly comparing to the homogeneous hydrogen distribution, small differences

are obtained.

Differences in reaction rate (RR� RRre f ) between the different Radial Hydrogen distributions

and the homogeneous case, applied in all the fuel rods in the Reactor Core model are shown

in Figure 30:

Figure 30: Reaction Rate differences for Radial Hydrogen distributions applied in all the
fuel rods in Reactor Core mode.

As previous �gure shows, for Radial Outer hydrogen distributions, it is observed that the

number of �ssions in U-235 increases, while scatter and absorptions in H-1 and total reaction

in rates in Zr-90 decrease, comparing to the homogeneous distribution results. Opposite

phenomena occurs for Radial Inner hydrogen distributions.

In Radial Outer hydrogen distributions, since there is more hydrogen in the outer part of the

fuel, most of the moderation processes within the fuel take place in the fuel part close to

the water (see scatter in H-1 radial pro�le for Radial Outer hydrogen distribution applied in
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Reactor Core model, shown in Figure 68). As shown in Figure 26, it is observed that peak of

the thermal range is higher which explains the increase of the number of �ssions in U-235.

Decrease in total reaction rates in Zr-90 is explained because of the fact that Zr-90 forms the

zirconium rod located in the inner part of the fuel and in this case most of the reaction rates

occur in the outer part of the fuel. Because of this redistribution of hydrogen, where most

of the reaction rates take place in the outer part of the fuel, overall number of scatter and

absorptions in H-1 decreases comparing to the homogeneous case.

7.1.6 Delayed neutron fraction in Reactor Core model

In this case, delayed neutron fraction was calculated using prompt method (see Section 6.2)

for Homogeneous Hydrogen distributions applied in Reactor Core model. Uncertainty rep-

resents statistical uncertainty obtained in multiplication factor calculations and error propa-

gation.

Delayed neutron fraction values obtained in Reactor Core model are shown in Figure 31:

Figure 31: Effective delayed neutron fraction obtained in Reactor Core model.

As shown in previous �gure, it is observed that effective delayed neutron fraction values ob-

tained are pretty similar for the different hydrogen-zirconium ratio applied homogeneously

in all the fuel rods. Thus, it can be concluded that effective delayed neutron fraction does

not depend on the hydrogen content within the fuel meat.
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7.2 Results obtained in Unit Cell model

In order to study the effect of hydrogen content and distribution on in�nite multiplication

factor (k¥ ) Unit Cell model was created. In this section, multiplication factor, reactivity,

neutron �ux spectrum, 3-group neutron �ux calculation, reaction rates and delayed neutron

fraction obtained in Unit Cell model are shown.

7.2.1 Multiplication factor in Unit Cell model

Multiplication factor was calculated in Unit Cell model, applying the Homogeneous Hydro-

gen distributions shown in Table 4 and the different Heterogeneous Hydrogen distributions

described in Section 6.3.

Regarding statistical uncertainty obtained in the multiplication factor values obtained, since

it represents around 0.02 % uncertainty in multiplication factor is considered negligible.

Multiplication factor values calculated for the Homogeneous Hydrogen distributions applied

in Unit Cell model are shown in Figure 32:

Figure 32: Multiplication factor calculated for Homogeneous Hydrogen distributions applied
in Unit Cell model. Line connecting points has no physical meaning and serves as an eye-
guide only.

As Figure 32 shows, it is observed that an homogeneously decrease in the hydrogen content

in the fuel elements results in an increase in the multiplication factor. This can be explained
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due to the fact that, in the Unit Cell model, condition of no leakage is applied. Since neu-

trons cannot leak the system, they end up absorbed in the water surrounding the fuel (see

absorption in H-1 radial and axial pro�le for Homogeneous Hydrogen distribution applied

in Unit Cell model shown in Figure 82 and 81 respectively), causing less �ssions within the

fuel.

On the other hand, multiplication factor was calculated for the different Heterogeneous Hy-

drogen distributions, Axial ones described in Table 5 and Radial ones described in Table

6, for cases H/Zr=0.5, H/Zr=1.0, H/Zr=1.6 and H/Zr=2.0. For comparisons, multiplication

factor evolution obtained for the Homogeneous Hydrogen distributions is taken as reference.

Multiplication factor values calculated in Unit Cell model for Axial Hydrogen distributions,

for the cases previously mentioned, are shown Figure 33:

Figure 33: Multiplication factor calculated for Axial Hydrogen distributions applied in Unit
Cell model.

In this case, multiplication factor values obtained for different Axial Hydrogen distributions

are lower than the values obtained for the reference value, when hydrogen is homogeneously

distributed, being more signi�cant for higher average hydrogen content values. It is observed

that having no leakage in the fuel cell system, an axial hydrogen redistribution in the fuel

mixture would cause a decrease in the multiplication factor, particularly when the hydrogen

content in the central part of the fuel changes.

Multiplication factor calculated in Unit Cell model for Radial Hydrogen distributions, for
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the cases previously mentioned, is shown in Figure 34:

Figure 34: Multiplication factor calculated for Radial Hydrogen distributions for the Unit
Cell model.

As previous Figure 34 shows, signi�cant differences are obtained for Radial Outer 1.5 and

Radial Inner 1.5 hydrogen distributions, greater for higher hydrogen content values. It is

observed that when there is more hydrogen in the inner part of the fuel multiplication factor

increases while if there is more hydrogen in the outer part of the fuel multiplication factor

decreases.

Thus, as results shown for Unit Cell model, it is observed that in a fuel element surrounded by

water under no leakage condition applied, a radial hydrogen redistribution in the fuel meat

would have a completely different effect than axial hydrogen redistribution. An increase

in the multiplication factor could be explained because of a radial hydrogen redistribution,

being more hydrogen in the inner part of the fuel. A decrease in the multiplication factor

could be caused by either whichever axial redistribution of hydrogen or a radial one, being

more hydrogen in the outer part of the fuel.

7.2.2 Reactivity in Unit Cell model

In this case, reactivity was obtained in Unit Cell model for the case H/Zr=1.6, average value

of H/Zr in the fuel mixture is 1.6, applying Axial and Radial Hydrogen distributions shown

in Table 5 and Table 6 respectively. Regarding uncertainty obtained in the calculations, since

it represents around 0.02 %, uncertainty in reactivity is considered negligible.

As reactivity reference value (r re f ) 33140.33 pcm is considered. This reference value repre-
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sents reactivity obtained for the Homogeneous hydrogen distribution case H/Zr=1.6, where

hydrogen is distributed homogeneously in the fuel meat.

For analysing the results, reactivity differences (r � r re f ) between the different Heteroge-

neous hydrogen distributions and the reference case were obtained.

Reactivity differences obtained for the different Axial Hydrogen distributions applied in the

Unit Cell model are shown in Figure 35:

Figure 35: Reactivity as a function of H/Zr obtained in Unit Cell model.

As �gure shows, an axial hydrogen redistribution in a fuel cell system surrounded by water

that have no leakage only causes negative reactivity differences comparing to an homoge-

neous hydrogen distribution within the fuel. Bigger differences are obtained for Axial Co-

sine 1.5 and Inverse Axial Cosine 1.5, wherein hydrogen content in the central part of the

fuel varies a 50%.

Reactivity differences obtained for Radial Hydrogen distributions applied in the Unit Cell

model are shown in Figure 36:



69

Figure 36: Reactivity differences obtained for the heterogeneous hydrogen distributions in
Unit Cell model.

In Figure 36 it is observed that, considering no leakage in the system, positive reactivity

differences are obtained if hydrogen content in the inner part of the fuel is higher. If there is

more hydrogen in the outer part of the fuel, negative reactivity differences are obtained.

As results obtained in Unit Cell model show, it can be seen than negative differences in

reactivity, comparing to the homogeneous case, are obtained when hydrogen is axially re-

distributed within the fuel as well as when there is more hydrogen in the outer part of the

fuel. On the other hand, positive reactivity differences are only obtained when there is more

hydrogen in the inner part of the fuel.

In order to give a physical explanation to the results obtained, neutron �ux spectrum, 3-group

neutron �ux and reaction rates are analysed in the following sections.

7.2.3 Neutron �ux spectrum in Unit Cell model

Neutron �ux spectrum, expressed as �ux per unit lethargy, was calculated using 500 equidis-

tant energy bins from 0eV to 20� 106 eV. Uncertainties shown in �gures represent statistical

computational uncertainties related to Monte Carlo method and do not include other uncer-

tainties. In this case neutron �ux spectrum was obtained for Homogeneous and Heteroge-

neous Hydrogen distributions applied in Unit Cell model.

Neutron �ux spectra obtained for Homogeneous Hydrogen distributions cases H/Zr=0.0,

H/Zr=1.0, H/Zr=1.6 and H/Zr=2.0 in Fuel Cell model are shown in Figure 37:
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Figure 37: Neutron spectrum Unit Cell model Homogeneous Hydrogen Distribution

In this case, it is observed that the peak of the fast range is higher than the peak of the

thermal region. Comparing neutron spectra obtained in Reactor Core model and neutron

spectra obtained in Unit Cell model, Figure 24 and Figure 37 respectively, it is observed that

in Unit Cell model results the peak of the thermal region is lower than the peak of the fast

region while in Reactor Core model the peak of the thermal region is higher than the fast

region one.

This means that in Reactor Core more there are more thermal neutrons and in the Unit Cell

model there are more fast neutrons. This is explained through the no leakage condition ap-

plied in the Unit Cell model and the fact that there is moderator within the fuel and hydrogen

acts as a moderator but also as an absorber. Thus, in Unit Cell model neutrons cannot leak

the system and when they reach the boundary they are re�ected, ending up absorbed in hy-

drogen present in the water surrounding the fuel (see absorption in H-1 radial pro�le for

Homogeneous Hydrogen distribution applied in Unit Cell model shown in Figure 82).

When the hydrogen content in a fuel rod surrounded by water without system leakage is

reduced, the height of the peak of the thermal range is signi�cantly reduced and the height
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of the fast range is increased.

On the other hand, in order to analyse how a redistribution of hydrogen within the fuel affects

the neutron spectrum, case H/Zr=1.6 was analysed and different Heterogeneous hydrogen

distributions were applied, Axial ones described in Table 5 and Radial ones described in

Table 6.

Differences in neutron �ux spectrum were obtained between the different Heterogeneous

Hydrogen distributions applied and the reference case H/Zr=1.6 where the hydrogen is ho-

mogeneously distributed within the fuel (F re f ).

Differences in neutron �ux spectrum (F � F re f ) obtained for the different Axial Hydrogen

distributions applied in the Unit Cell model are shown in Figure 38 :

Figure 38: Neutron spectrum differences obtained in Unit Cell model for Axial Hydrogen
distributions.

In Figure 38 it is observed that an axial redistribution of hydrogen within the fuel causes an

increase in the number of fast neutrons and a decrease in the number of thermal neutrons.

This can be explained in therms of thermalization ef�ciency. An axial redistribution of hy-

drogen within the fuel causes a decrease in the overall ef�ciency of the neutron slow down

processes, causing the presence of more fast neutrons and less thermal neutrons (see axial
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thermal �ux pro�les obtained for Homogeneous, Axial Cosine and Inverse Axial Cosine

hydrogen distributions shown in Figure 75, Figure 85 Figure 90 respectively).

Differences in neutron �ux spectrum (F � F re f ) obtained for the different Radial Hydrogen

distributions applied in Unit Cell model are shown in Figure 39:

Figure 39: Neutron spectrum differences obtained in Unit Cell model for different Radial
Hydrogen distributions.

For Radial Outer hydrogen distributions there is more hydrogen in the outer part of the fuel,

close to the water. As explained before, in this system absorptions predominate against scat-

tering processes and most of the moderation processes take place outside the fuel mixture,

in the water surrounding the fuel. Having more hydrogen within the fuel close to the water

results in an increase in the overall moderation process that take place in the system (see

scatter in H-1 radial pro�le for Outer Hydrogen distribution in Unit Cell model shown in

Figure 99). Thus, the number of fast neutrons decreases, as it can be observed in Figure 39.

On the other hand, for Radial Inner hydrogen distributions, where more hydrogen is located

in the inner of the fuel meat, some moderation takes place in the inner part of the fuel and

some in the water surrounding the fuel (see scatter in H-1 radial pro�le for Inner Hydrogen
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distribution in Fuel Cell model shown in Figure 104). This way, ef�ciency of the overall

moderation is decreased , increasing the number of fast neutrons present in the system as

Figure 39 shows.

7.2.4 3-group neutron �ux in Unit Cell model

In this section, 3-group neutron �ux, thermal neutron �ux (0eV<E<0,625 eV), epithermal

neutron �ux (0,625eV<E<100keV) and fast neutron �ux (E>100 keV) were calculated in

Unit Cell model for the case H/Zr=1.6 applying different Heterogeneous Hydrogen distribu-

tions, Axial ones shown in Figure 5 and Radial ones shown in Figure 6. Differences between

values obtained for the these hydrogen distributions and the reference case (F re f ), where the

hydrogen is homogeneously distributed in the fuel, were obtained. Statistical uncertainties

of neutron �ux calculations given by the program represents around 0.01% for the values

obtained, thus they are considered negligible.

Differences in 3-group neutron �ux values (F � F re f ) between the different Axial Hydrogen

distributions applied in Fuel Cell model and the homogeneous case are shown in Figure 40:

Figure 40: Neutron �ux differences for Axial Hydrogen distributions applied in Unit Cell
model.

As explained before, since there is no leakage in the system, in Unit Cell model absorptions

in hydrogen predominates against scattering processes. In Figure 40 it is observed that bigger
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differences are obtained for Axial Cosine 1.5, Inverse Axial Cosine 1.5, Axial Up 1.5 and

Axial Down 1.5. Moreover, it can be seen that differences obtained are bigger for fast and

epithermal �uxes and smaller for thermal �uxes.

For all the different axial hydrogen distribution applied in the model, it is observed that

thermal �ux decreases for all of them comparing to the homogeneous case. As explained

in Section 7.2.3, an axial redistribution of hydrogen within the fuel in this system in which

condition of no leakage is applied causes a decrease in the overall ef�ciency of the neutron

slow down processes, causing the presence of more fast neutrons and less thermal neutrons.

On the other hand, differences in 3-group neutron �ux values (F � F re f ) between the dif-

ferent Radial Hydrogen distributions and the homogeneous case, applied in Unit Cell model

are shown in Figure 41:

Figure 41: Neutron �ux differences for Radial Hydrogen distributions applied in Unit Cell
model.

For Radial Outer hydrogen distributions wherein there is more hydrogen in the outer part

of the fuel, it is observed that epithermal and fast �ux values decrease considerably while

thermal �ux values increase slightly. Opposite phenomena occur for Radial Inner hydrogen

distributions in which there is less hydrogen in the outer part of the fuel meat.

As explained before, since most of the absorption processes occur in the water surrounding

the fuel meat, a radial redistribution of the hydrogen wherein there is more hydrogen at the

outer part of the fuel meat, boosts this effect. Since there is no leakage, more neutrons are

absorbed in water, thus total number of epithermal and fast neutrons decreases (see fast �ux
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radial pro�le for Outer Hydrogen distribution in Unit Cell model shown in Figure 96).

7.2.5 Reaction Rates in Unit Cell model

In this case, reaction rates were obtained for the case H/Zr=1.6, applying different heteroge-

neous hydrogen distributions, Axial ones shown in Figure 5 and Radial ones shown in Figure

6. As a result, differences between the results obtained for the heterogeneous hydrogen dis-

tributions and the reference case (RRre f ), where the hydrogen is homogeneously distributed

in the fuel, were calculated. Statistical uncertainties of reaction rate calculations given by

the program represents around 0.02% for all the values obtained, thus they are considered

negligible.

Reaction rates obtained were Fission reaction rate in Uranium-235 (U-235), Scattering and

Absorption reaction rates in Hydrogen-1 (H-1) and total reaction rate in Zirconium-90 (Zr-

90).

Differences in reaction rate (RR� RRre f ) between the different Axial Hydrogen distributions

applied in Unit Cell model and the homogeneous case are shown in Figure 42:

Figure 42: Reaction Rate differences for Axial Hydrogen distributions applied in Unit Cell
model.

As Figure 42 shows, in Unit Cell model, differences obtained are different than the ones
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obtained for Reactor Core model for the same hydrogen distributions.

In this case, when hydrogen is axially redistributed within the fuel and there is no leakage

out of the system, it is observed that the number of �ssions in U-235 decreases slightly while

absorptions and scatters in H-1 increase, as well as total reaction rates in Zr-90. This is

explained because the fact that the condition of no leakage is applied in this model. Since

neutrons cannot leak the system, more neutrons are absorbed in the water (see axial and

radial absorption in H-1 pro�les for Homogeneous hydrogen distribution in Unit Cell model

shown in Figure 81 and Figure 82 respectively), and less thermalised neutrons come to the

inside (see axial and radial thermal �ux pro�les for Homogeneous hydrogen distribution in

Unit Cell model shown in Figure 75 and Figure 76 respectively), being thus reduced the

number of �ssions.

As explained in Section 7.2.3 and Section 7.2.4, an axial redistribution in the hydrogen

causes an increase in the number of fast neutrons and a decrease in the number of thermal

neutrons. This can be explained in therms of thermalization ef�ciency. An axial redistribu-

tion of hydrogen within the fuel causes a decrease in the total ef�ciency of the neutron slow

down processes (see scatter in H-1 axial pro�le obtained for Homogeneous, Axial Cosine

and Inverse Axial Cosine hydrogen distributions in Unit Cell model shown in Figure 83,

Figure 89 and Figure 90 respectively), explaining the increase of the number of absorption

processes in H-1 and the decrease in the number of �ssions in U-235 for all the different

axial hydrogen distributions applied.

Differences in Reaction Rate (RR� RRre f ) between the different Radial Hydrogen distribu-

tions applied in Unit Cell model and the homogeneous case are shown in Figure 43:
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Figure 43: Reaction Rate differences for Radial Hydrogen distributions applied in Unit Cell
model.

For Radial Outer hydrogen distributions wherein there is more hydrogen in the outer part of

the fuel, it is observed that absorptions and scatters in H-1 increase signi�cantly while the

number of �ssions in U-235 is slightly reduced and the total reaction rates in Zr-90 decrease.

Opposite phenomena occur for Radial Inner hydrogen distributions in which there is less

hydrogen in the outer part of the fuel meat.

This is explained due to the fact that no leakage condition is applied in this model and

absorption predominates against scattering processes. Furthermore, in this case, most of

these processes occurs in the water surrounding the fuel (see scatter and absorption in H-1

radial pro�les for Homogeneous Hydrogen distribution in Unit Cell model shown in Figure

84 and Figure 82 respectively).

A radial redistribution of the hydrogen wherein there is more hydrogen at the outer part of the

fuel meat, boosts this effect (see scatter and absorption pro�les in H-1 for Outer Hydrogen

distribution in Unit Cell model shown in Figure 99 and Figure 98 respectively). Since there

is no leakage, more neutrons are absorbed in the water, and less thermalised neutrons come

to the inside, being thus reduced the number of �ssions in U-2350.
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7.2.6 Delayed neutron fraction in Unit Cell model

In this case, delayed neutron fraction was calculated using prompt method (see Section 6.2)

for Homogeneous Hydrogen distributions applied in Reactor Core and Unit Cell models.

Uncertainty represents statistical uncertainty obtained in multiplication factor calculations

and error propagation.

Delayed neutron fraction values obtained for Unit Cell model are shown in Figure 44:

Figure 44: Effective delayed neutron fraction obtained in Unit Cell model.

As Figure 44 shows, even though in this system condition of no leakage is applied, it is ob-

served that effective delayed neutron fraction does not depend signi�cantly on the hydrogen

content within the fuel meat.

As for Reactor Core model results, it can be concluded that effective delayed neutron fraction

does not depend on the hydrogen content within the fuel.
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8 Conclusions

The purpose of the Masters thesis was to analyse how different hydrogen concentrations

and distributions of hydrogen in uranium-zirconium hydride fuel affect reactor physical pa-

rameters of TRIGA Mark II Research Reactor at the Jo�ef Stefan Institute, investigating the

physical phenomena responsible for these changes.

For this purpose two different models were created with OpenMC Monte Carlo program,

one containing the whole reactor, denoted as Reactor Core model, and another containing

just a fuel cell surrounded by water without leakage, denoted as Unit Cell model. Hydrogen

distributions applied in those models were either homogeneous or heterogeneous. Reactor

physical parameters calculated applying different hydrogen distributions were compared to

the case where hydrogen is homogeneously distributed within the fuel.

Firstly, homogeneous hydrogen distributions were applied in the two models created and

multiplication factor was calculated. As shown in Section 7.2.1, an homogeneously decrease

in the hydrogen content in all the fuel elements of the reactor results in a decrease in the mul-

tiplication factor, while if one considers a fuel rod surrounded by water that has no leakage,

multiplication factor increases as the hydrogen content decreases. This signi�cant difference

were explained due to the fact that no leakage condition was applied. Since neutrons can-

not leak the system, they end up absorbed in the water surrounding the fuel. Absorption

processes predominate against scattering processes and therefore the multiplication factor is

reduced. Thus, it was concluded that whereas Rector Core model system is undermoderated,

Unit Cell model system is overmoderated.

Additionally, since reactivity is more often used in reactor operation than multiplication

factor, reactivity as a function of percentage of hydrogen homogeneously distributed in the

fuel rods in Reactor Core model was obtained, observing which amount of reactivity would

be measured as hydrogen is leaking from the fuel rods.

Moreover, it was observed that, when the hydrogen content in all the fuel rods is reduced

homogeneously, the peak of the curve in the thermal range is reduced while for the fast range

the peak is increased. Same behaviour was visible decreasing homogeneously hydrogen

content in the fuel rod surrounded by water without system leakage. This can be explained

because when hydrogen is reduced homogeneously, the scatter processes in the fuel meat are

also reduced and therefore less neutrons are thermalised within the fuel.

Comparing neutron �ux spectra obtained in Reactor Core model and in Unit Cell model,

shown in Figure 24 and Figure 37 respectively, it was observed that in the neutron �ux
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spectra obtained in Unit Cell model, the peak of the thermal region is lower than the peak of

the fast region while in the neutron �ux spectra obtained in Reactor Core model, the peak of

the thermal region is higher than the fast region one. This means that in Reactor Core more

there are more thermal neutrons while in the Unit Cell model there are more fast neutrons.

This is explained through the no leakage condition applied in the Unit Cell model and the

fact that there is moderator within the fuel and hydrogen acts as a moderator but also as an

absorber. Thus, in Unit Cell model neutrons cannot leak the system and when they reach the

boundary they are re�ected, ending up absorbed in hydrogen present in the water surrounding

the fuel as well as in the hydrogen within the fuel.

Secondly, different heterogeneous hydrogen distributions, axial and radial ones, were applied

in the two models created. As results obtained for reactivity in Reactor Core model, it was

observed that a radial redistribution of hydrogen as well as an axial redistribution of hydrogen

in all the fuel rods, in which hydrogen content in the central part is modi�ed, will affect

reactivity values of the system. An increase in reactivity is caused by a redistribution of

hydrogen in all the fuel rods, being more hydrogen in the central part or being more hydrogen

in the outer part of them. A decrease in reactivity could be caused by either an axial or radial

redistribution of hydrogen: axially being less hydrogen in the central part of the fuel rods

and radially being more hydrogen in the inner part of the fuel rods.

On the other hand, it was observed that in a fuel element surrounded by water under no

leakage condition applied, a radial hydrogen redistribution in the fuel meat would have a

completely different effect than an axial hydrogen redistribution. Negative differences in

reactivity, comparing to the case were hydrogen is homogeneously distributed within the

fuel, are obtained when hydrogen is axially redistributed within the fuel as well as when

there is more hydrogen in the outer part of the fuel. On the other hand, positive reactivity

differences are only obtained when there is more hydrogen in the inner part of the fuel.

In accordance with the perturbation theory which shows that perturbations affecting the cre-

ation or destruction of neutrons have the most pronounced effect in those regions in which

the �ux is the largest Duderstadt & Hamilton, 1976, it is concluded that axially, the most

sensitive zone of the fuel to hydrogen distributions is the central part of the fuel where the

�ux is the largest. Its hydrogen concentration affects reactor physical parameters while the

concentration at the ends of the fuel practically does not affect that much reactor physical

parameters.

Regarding effect of hydrogen in the neutron �ux spectrum, if there is less hydrogen in the

central part and more hydrogen in the ends in all the fuel rods of the reactor, it was observed

that, even though number of lower thermal energy neutrons increases, the peak of the thermal
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range decreases and it is shifted to higher energy values, resulting in a decrease of �ssions

in U-235. Moreover, it was observed that fast region of the neutron spectrum reaches higher

values than the one obtained for the homogeneous case. When there is almost no hydrogen

in the central part and there is more in the edges, less thermalizations take place in the central

part but more in the ends of the fuel meat. The decrease in the peak of the thermal range

spectrum is due to the decrease of thermalizations in the central part of the fuel. Neverthe-

less, total number of fast neutrons is increased since they are born in uranium and there is

practically no hydrogen in the central part, being easier for them to travel without ending up

absorbed in hydrogen.

Opposite phenomena occur when axially, there is more hydrogen in the central part of the

fuel rods, observing that overall fast and thermal neutrons decrease while the peak of the

curve of the thermal region reaches higher values, meaning an increase in the number of

�ssions in U-235.

On the other hand, applying different radial hydrogen distributions in all the fuel rods of the

reactor, in the neutron �ux spectrum it was observed that, when there is more hydrogen in the

outer part of the fuel and less in the inner part, the peak of the curve in the thermal range is

higher while epithermal and fast regions reach lower values. As explained, neutrons are born

in the fuel meat and thermalised by hydrogen, present in the fuel but also present in the water

surrounding the fuel. Therefore, in this case it is more dif�cult for the neutrons to avoid being

thermalised in the fuel meat, since at the outer part of the fuel there is more hydrogen that

acts like a barrier that forces neutrons to be thermalised. Furthermore, neutrons thermalised

in the water surrounding the fuel element come inside the fuel meat, causing more �ssions

in U-235 and then more thermalizations.

Opposite phenomena occur when there is more hydrogen in the inner part of the fuel. It

was observed that the height of the peak of the thermal region decreases considerably while

the number of fast and epithermal neutrons increase. Since some moderation take place in

the inner part of the fuel and some in the water surrounding the fuel, the overall moderation

process is decreased comparing to the homogeneous case. In this case moderation process

within the fuel is less ef�cient and the number of fast neutrons increases.

Applying the same hydrogen distributions in the Unit Cell model, since condition of no

leakage is applied, completely different results were observed comparing to Reactor Core

model results.

In the neutron �ux spectrum obtained for the different axial hydrogen distributions consid-

ered applied in Fuel Cell model, it was observed that an axial redistribution of hydrogen
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within the fuel causes an increase in the number of fast neutrons and a decrease in the num-

ber of thermal neutrons, observing that the number of �ssions in U-235 decreases slightly

while absorptions and scatters in H-1 increase. This can be explained in therms of thermal-

ization ef�ciency. An axial redistribution of hydrogen within the fuel causes a decrease in

the overall ef�ciency of the neutron slow down processes, causing the presence of more fast

neutrons and less thermal neutrons.

Moreover, applying the different radial hydrogen distributions in this model, when there is

more hydrogen in the outer part of the fuel close to the water, since in this system absorptions

predominate against scattering processes and most of the moderation processes take place

outside the fuel mixture in the water surrounding the fuel, it was observed an increase in

the overall moderation process that take place in the system and a decrease in the number of

fast neutrons. It was also observed that absorptions and scatters in H-1 increase signi�cantly

while the number of �ssions in U-235 is slightly reduced and the total reaction rates in Zr-90

decrease.

Regarding the effect of hydrogen content in kinetic parameters of the reactor, as Figure 31

and Figure 44 show, it can be concluded that effective delayed neutron fraction does not

depend signi�cantly on the hydrogen content within the fuel.
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Appendix 1 Neutron �ux and reaction rate pro�les in Reactor

Core model

Neutron �ux and reaction rate pro�les were calculated for the various hydrogen distributions

using a mesh of 500� 500� 69 (length� width� height) cells, in which neutron �ux and re-

action rate were calculated, superimposed on the reactor core. Each cell measured 1 mm� 1

mm� 10 mm.

Openmc-plotter, a graphical interface for visualizing and navigating OpenMC models, was

used to visualize 2 dimensional neutron �ux and reaction rate distributions.

1.1 Homogeneous Hydrogen distribution

Figure 45: Thermal �ux radial pro�le for Homogeneous Hydrogen distribution in Reactor
Core model.
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Figure 46: Thermal �ux axial pro�le for Homogeneous Hydrogen distribution in Reactor
Core model.

Figure 47: Fast �ux radial pro�le for Homogeneous Hydrogen distribution in Reactor Core
model.
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Figure 48: Fast �ux axial pro�le for Homogeneous Hydrogen distribution in Reactor Core
model.

Figure 49: Fission in U-235 radial pro�le for Homogeneous Hydrogen distribution in Reac-
tor Core model.
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Figure 50: Fission in U-235 axial pro�le for Homogeneous Hydrogen distribution in Reactor
Core model.

Figure 51: Absorption in H-1 radial pro�le for Homogeneous Hydrogen distribution in Re-
actor Core model.
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Figure 52: Absorption in H-1 axial pro�le for Homogeneous Hydrogen distribution in Reac-
tor Core model.

Figure 53: Scatter in H-1 radial pro�le for Homogeneous Hydrogen distribution in Reactor
Core model.
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Figure 54: Scatter in H-1 axial pro�le for Homogeneous Hydrogen distribution in Reactor
Core model.
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1.2 Axial Cosine Hydrogen distribution

Figure 55: Thermal �ux axial pro�le for Axial Cosine Hydrogen distribution in Reactor Core
model.
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Figure 56: Fast �ux axial pro�le for Axial Cosine Hydrogen distribution in Reactor Core
model.

Figure 57: Fission in U-235 axial pro�le for Axial Cosine Hydrogen distribution in Reactor
Core model.
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Figure 58: Scatter in H-1 axial pro�le for Axial Cosine Hydrogen distribution in Reactor
Core model.

Figure 59: Absorption in H-1 axial pro�le for Axial Cosine Hydrogen distribution in Reactor
Core model.
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1.3 Inverse Axial Cosine Hydrogen distribution

Figure 60: Thermal �ux axial pro�le for Inverse Axial Cosine Hydrogen distribution in
Reactor Core model.
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Figure 61: Fast �ux axial pro�le for Inverse Axial Cosine Hydrogen distribution in Reactor
Core model.

Figure 62: Fission in U-235 axial pro�le for Inverse Axial Cosine Hydrogen distribution in
Reactor Core model.
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Figure 63: Scatter in H-1 axial pro�le for Inverse Axial Cosine Hydrogen distribution in
Reactor Core model.

Figure 64: Absorption in H-1 axial pro�le for Inverse Axial Cosine Hydrogen distribution in
Reactor Core model.
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1.4 Radial Outer Hydrogen distribution

Figure 65: Thermal �ux radial pro�le for Radial Outer Hydrogen distribution in Reactor
Core model.
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Figure 66: Fast flux radial profile for Radial Outer Hydrogen distribution in Reactor Core
model.

Figure 67: Fission in U-235 radial profile for Radial Outer Hydrogen distribution in Reactor
Core model.



15

Figure 68: Scatter in H-1 radial profile for Radial Outer Hydrogen distribution in Reactor
Core model.

Figure 69: Absorption in H-1 radial profile for Radial Outer Hydrogen distribution in Reactor
Core model.
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1.5 Radial Inner Hydrogen distribution

Figure 70: Thermal flux radial profile for Radial Inner Hydrogen distribution in Reactor Core
model.
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Figure 71: Fast flux radial profile for Radial Inner Hydrogen distribution in Reactor Core
model.

Figure 72: Fission in U-235 radial profile for Radial Inner Hydrogen distribution in Reactor
Core model.
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Figure 73: Scatter in H-1 radial profile for Radial Inner Hydrogen distribution in Reactor
Core model.

Figure 74: Absorption in H-1 radial profile for Radial Inner Hydrogen distribution in Reactor
Core model.
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Appendix 2 Neutron flux and reaction rate profiles in Unit Cell

model

Neutron flux and reaction rate profiles were calculated for the various hydrogen distributions
using a mesh of 60�60�38 (length�width�height) cells, in which neutron flux and reaction
rate were calculated, superimposed on the fuel cell. Each cell measured 1 mm�1 mm�10
mm.

Openmc-plotter, a graphical interface for visualizing and navigating OpenMC models, was
used to visualize 2 dimensional neutron flux and reaction rate distributions.

2.1 Homogeneous Hydrogen distribution

Figure 75: Thermal flux axial profile for Homogeneous Hydrogen distribution in Unit Cell
model.
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Figure 76: Thermal flux radial profile for Homogeneous Hydrogen distribution in Unit Cell
model.

Figure 77: Fast flux axial profile for Homogeneous Hydrogen distribution in Unit Cell model.
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Figure 78: Fast flux radial profile for Homogeneous Hydrogen distribution in Unit Cell
model.

Figure 79: Fission in U-235 axial profile for Homogeneous Hydrogen distribution in Unit
Cell model.
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Figure 80: Fission in U-235 radial profile for Homogeneous Hydrogen distribution in Unit
Cell model.

Figure 81: Absorption in H-1 axial profile for Homogeneous Hydrogen distribution in Unit
Cell model.
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Figure 82: Absorption in H-1 radial profile for Homogeneous Hydrogen distribution in Unit
Cell model.

Figure 83: Scatter in H-1 axial profile for Homogeneous Hydrogen distribution in Unit Cell
model.
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Figure 84: Scatter in H-1 radial profile for Homogeneous Hydrogen distribution in Unit Cell
model.
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2.2 Axial Cosine Hydrogen distribution

Figure 85: Thermal flux axial profile for Axial Cosine Hydrogen distribution in Unit Cell
model.
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Figure 86: Fast flux axial profile for Axial Cosine Hydrogen distribution in Unit Cell model.

Figure 87: Fission in U-235 axial profile for Axial Cosine Hydrogen distribution in Unit Cell
model.
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Figure 88: Absorption in H-1 axial profile for Axial Cosine Hydrogen distribution in Unit
Cell model.

Figure 89: Scatter in H-1 axial profile for Axial Cosine Hydrogen distribution in Unit Cell
model.
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2.3 Inverse Axial Cosine Hydrogen distribution

Figure 90: Thermal flux axial profile for Inverse Axial Cosine Hydrogen distribution in Unit
Cell model.




	Table of contents
	Lists of figures and tables
	Introduction
	Basic concepts
	Neutron flux and neutron flux spectrum
	Macroscopic cross section and mean free path
	Reaction rate
	Multiplication factor and reactivity
	Transport equation
	Delayed neutron fraction

	TRIGA MARK II research reactor
	Description of the reactor core
	Uranium-zirconium hydride fuel

	Monte Carlo neutron transport
	Basis of Monte Carlo method
	Random number generation
	Calculation of reactor physical quantities

	OpenMC
	Physics
	Geometry
	Tallies
	Inputs and outputs


	Description of the models
	Reactor Core model
	Unit Cell model

	Methodology and calculations
	Eigenvalue calculations
	Kinetic parameters calculations
	Hydrogen distributions
	Uncertainties

	Results and discussion
	Results obtained in Reactor Core model
	Multiplication factor in Reactor Core model
	Reactivity in Reactor Core model
	Neutron flux spectrum in Reactor Core model
	3-group neutron flux in Reactor Core model
	Reaction Rates in Reactor Core model
	Delayed neutron fraction in Reactor Core model

	Results obtained in Unit Cell model
	Multiplication factor in Unit Cell model
	Reactivity in Unit Cell model
	Neutron flux spectrum in Unit Cell model
	3-group neutron flux in Unit Cell model
	Reaction Rates in Unit Cell model
	Delayed neutron fraction in Unit Cell model


	Conclusions
	References
	Appendices
	Appendix Neutron flux and reaction rate profiles in Reactor Core model
	Homogeneous Hydrogen distribution
	Axial Cosine Hydrogen distribution
	Inverse Axial Cosine Hydrogen distribution
	Radial Outer Hydrogen distribution
	Radial Inner Hydrogen distribution

	Appendix Neutron flux and reaction rate profiles in Unit Cell model
	Homogeneous Hydrogen distribution
	Axial Cosine Hydrogen distribution
	Inverse Axial Cosine Hydrogen distribution
	Radial Outer Hydrogen distribution
	Radial Inner Hydrogen distribution


