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Water, typically used as the primary coolant in facilities such as fusion and fission reactors, 

could be exposed to a large amount of neutrons causing water activation. This phenomenon 

could cause radiation damage to electrical components and increase the dose to personnel. 

As there are only few sources of gamma rays with energies in the range of 6 MeV and 7 

MeV, an irradiation system using activated cooling water as a source of energetic gamma 

rays is proposed at the Jozef Stefan Institute (JSI) TRIGA Mark II research reactor. A water 

activation irradiation loop design is proposed, inserted into a radial piercing port of a 

research reactor. In this thesis, a numerical model of the irradiation loop was developed and 

a CFD analysis was performed using ANSYS CFX. Pressure and velocity profiles were 

established and will serve as design limits and criteria reference for assembling the actual 

facility. Moreover, the 16N concentration inside the loop was studied. Its formation and decay 

inside the loop were predicted. This shall serve as reference for future experimental designs 

and further studies to be conducted using the proposed facility. 
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Thermal hydraulic design of irradiation facility based on O-16 (n,p)
N-16 activation in TRIGA reactor

Abstract

Water, typically used as the primary coolant in facilities such as fusion and fission
reactors, could be exposed to a large amount of neutrons causing water activation.
This phenomenon could cause radiation damage to electrical components and in-
crease the dose to personnel. As there are only few sources of gamma rays with
energies in the range of 6 MeV and 7 MeV, an irradiation system using activated
cooling water as a source of energetic gamma rays is proposed at the Jozef Stefan
Institute (JSI) TRIGA Mark II research reactor. A water activation irradiation loop
design is proposed, inserted into a radial piercing port of a research reactor. In this
thesis, a numerical model of the irradiation loop was developed and a CFD analysis
was performed using ANSYS CFX. Pressure and velocity profiles were established
and will serve as design limits and criteria reference for assembling the actual fa-
cility. Moreover, the 16N concentration inside the loop was studied. Its formation
and decay inside the loop were predicted. This shall serve as reference for future
experimental designs and further studies to be conducted using the proposed facility.

Keywords: CFD analysis, water activation, irradiation facility, TRIGA





Termo-hidravlična zasnova obsevalne zanke z aktivacijo O-16 (n,p) N-16
v TRIGA reaktorju

Povzetek

Voda s katero običajno hladimo fuzijske in fisijske reaktorje je lahko izpostavljena
večji količini nevtronov in se pri tem aktivira. Sevanje zaradi aktivacije vode lahko
povzroči poškodbe električnih komponent in poveča prejeto dozo za osebje. Ker
obstaja le malo virov gama žarkov z energijami v območju med 6 MeV in 7 MeV,
za preučevanje pojava na raziskovalnem reaktorju TRIGA Mark II na Institutu
»Jožef Stefan« predlagajo obsevalni sistem z uporabo aktivirane vode kot vira gama
žarkov. Predlagana je zasnova obsevalne zanke, ki je vstavljena v radialno odprtino
raziskovalnega reaktorja. V tem magistrskem delu smo razvili numerični model
obsevalne zanke in izvedli analizo s pomočjo programa za računalniško dinamiko
tekočin (RDT) ANSYS CFX. Izračunali smo porazdelitve tlaka in hitrosti, ki bodo
služile kot projektna osnova za dejansko izdelavo obsevalne zanke. Poleg tega smo
proučevali obnašanje koncentracije izotopa dušika 16N v zanki. Pri tem smo upošte-
vali njegov nastanek in razpad znotraj zanke. Izračunane koncentracije dušika 16N
bodo služile kot referenca za prihodnje zasnove eksperimentov in nadaljnje študije
v predlagani obsevalni napravi.

Ključne besede: RDT analiza, aktivacija vode, obsevalna zanka, TRIGA
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Chapter 1

Introduction

1.1 Background of the study
Water is typically used as the primary coolant in facilities such as fusion and fission
reactors. Hence, this water is exposed to a large amount of neutrons which induces
water activation. The activation of water produces activation products, some of
which have high-energy, specifically 16N which is an activation product from 16O.
There are other activation products, but 16N is focused on since its source 16O has
a high natural abundance. This activated water flows through the primary circuit
located outside the primary biological shield. Hence, this could expose the workers
close to the circuit to high-energy radiation. Moreover, it could also cause radia-
tion damage to electrical components and, in the case of fusion facilities, additional
nuclear heating of various cold components such as superconducting coils cooled by
liquid helium.

Since most of today’s gamma irradiations are performed with 137Cs (0.662 MeV)
or 60Co (1.1732 MeV and 1.3325 MeV) sources, an irradiation facility with higher-
energy gamma rays could lead to a better evaluation of the testing facilities since
we would have a higher threshold of measurement. As there are only few sources of
gamma rays with energies in the range of 6 MeV and 7 MeV, an irradiation system
using activated cooling water as the source of energetic gamma rays is proposed at
the Jozef Stefan Institute (JSI) TRIGA Mark II research reactor.

Preliminary studies [7] made a comparison between a central and radial irradiation
facility as presented on Chapter 4. The result of the study judged the radial irradia-
tion facility to be the optimal option. This thesis deals with the computational fluid
dynamics modelling of the proposed irradiation facility using ANSYS CFX software.
The transport equation for 16N decay is also introduced into the model.
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Chapter 1. Introduction

1.2 Objectives
The general, as well as the specific objectives that have been set to carry out the
following work at the TRIGA Reactor in the JSI are indicated below.

1.2.1 General Objectives

The main objective of the study is to perform a CFD analysis of the proposed new
water activation/irradiation loop for the TRIGA reactor using ANSYS CFX. The
results of the CFD analysis will establish the design limits and criteria for assem-
bling the actual facility and will serve as reference for future experimental designs
and further activities to be conducted using the proposed facility.

1.2.2 Specific Objectives

• To establish a reliable CFD model of the loop.

• To model the 16N concentration in the proposed irradiation loop by inserting
an additional transport equation for 16N using ANSYS CFX.

• To verify the simulation results by checking acceptance criteria such as mesh
quality, convergence, imbalances, etc. and by comparing the results with avail-
able simulation results using FLUENT.
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Chapter 2

Theoretical Background

The following sections provide a theoretical background regarding the phenomenon
being studied involving water activation.

2.1 Water Activation
Most nuclear reactors use water as a coolant. Primary water activation could happen
even in pure water. The phenomenon occurs when water gets activated by exposure
to neutron flux and gamma rays are detected from the water. There are three
isotopes of oxygen that could be activated – 16O, 17O, and 18O. The main nuclides,
which contribute to the radioactivity of water, are the 16N and 18O, both of which
are generated by activation of oxygen isotopes. A small percentage of water gets
activated via the 17O (n,p) 17N reaction. The data about all the three activation
reactions are gathered in the following table:

Table 2.1: Activation reactions data [5].

Isotope Isotope
abundance
[%]

Reaction Activation
product

t1/2 [s] Energy of the
decay products
[MeV]

16O 99.76 (n,p) 16N 7.13 6.13 (gamma
ray) and 7.11
(gamma ray)

17O 0.04 (n,p) 17N 4.14 0.38 (neutron)
and 1.17 (neu-
tron)

18O 0.20 (n,γ) 19O 26.9 0.197 (gamma
ray) and 1.357
(gamma ray)
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Chapter 2. Theoretical Background

Looking at their isotopic abundances, we know that the most prevalent one is 16O.
The main reaction involves isotope 16O and its activation product 16N at energies
6.13 MeV and 7.11 MeV. The (n,p) reaction occurs when a neutron enters a nucleus
and a proton leaves it simultaneously. After this event, the nucleus remains in an
excited state and decays to the ground state by emitting two characteristic gamma
rays

2.2 Primary Coolant Activation Calculation

The activation of a nuclide in a reactor is calculated as [8]:

Ri(−→r ) =
∫︂ ∞

0

N0σi(E)ϕ(−→r , E)dE , (2.1)

where No is the number density of the target elements in the coolant, σi(E) is the
microscopic cross section of the nuclide for reaction i and ϕ(−→r , E) is the energy
dependent neutron flux or neutron spectrum in the primary cooling water.

The change of radionuclide concentration in the primary coolant N can be described
by the following equation [9]:

dN (t)

dt
= R− λN , (2.2)

where λ is the decay constant and R iis the average reaction rate in the region. To
calculate the specific activity of the radionuclide, which is the result of activation,
the solution for N(t) needs to be multiplied by the decay constant λ:

A (t) = N (t)λ = R
(︁
1− e−λt

)︁
, (2.3)

After a long exposure the activity reaches saturation A = R = N0σφ

However, the water in the loop system circulates and is exposed to the neutron flux
in the reactor core for a short period of time, in the order of seconds [10]. Thus, the
activity of the activated water at the inlet to the irradiation facility is described by
the equation [2]:

ai = R
1− e−λti

1− e−λT
e−λtf , (2.4)
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2.2. Primary Coolant Activation Calculation

where ti is the exposure time in the reactor core, T is the total circulation time of
the proposed closed water loop system and tf is the transit time from the reactor
core to the irradiation facility.
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Chapter 3

TRIGA Reactor

This chapter discusses the basic technical and operational characteristics of the
TRIGA (Training, Research, Isotopes, General Atomics) Mark II reactor at the
Jožef Stefan Institute (JSI), which has been in operation since 1966. The reactor
is a typical 250 kW TRIGA Mark II light-water reactor with an annular graphite
reflector cooled by natural convection. The side and top views of the reactor are
shown in Figures 3.1 and 3.2 [1].

Figure 3.1: Side View of the TRIGA Reactor [1].

The core is placed at the bottom of the 6.25 m-high open tank with a diameter of
2 m. The core has a cylindrical configuration (Figure 4.1). In total, there are 91
locations in the core, that can be filled either by fuel elements or other components
like control rods, neutron source, irradiation channels, etc. The fuel is a homoge-
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Chapter 3. TRIGA Reactor

Figure 3.2: Top View of the TRIGA Reactor [1].

neous mixture of uranium and zirconium hydride with 12 wt.% uranium with 20%
enrichment (uranium is 20 wt.% 235U).

Three control rods of fueled-follower type are used in the reactor: regulating (R),
shim (C), and safety (S). Their locations are indicated in Figure 4.1. They are iden-
tical in geometry and composition. The transient rod is equipped with a pneumatic
system for rapid withdrawal. The core is surrounded by a circular graphite reflector.
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Chapter 4

Conceptual design of the water
activation loop

The irradiation channels of JSI TRIGA are located in the outermost positions of
the core with one extra channel at the central position of the reactor core. There
are also three horizontal irradiation channels, i.e. two radial and one tangential,
penetrating the concrete structure of the reactor.

A preliminary study [2] was conducted assessing two conceptual designs, one utiliz-
ing a central irradiation channel and one utilizing a radial piercing port for water
activation. For a radial piercing port, the facility consists of a pipe loop inserted
into it wherein the pipes with the activated water will be guided outside of the
port directly to the irradiation facility next to the port opening (Figures 4.1 and
4.2). The central irradiation channel, on the other hand, will consist of pipes guided
through the reactor tank to the reactor platform and then back down to the ground
floor.

The conceptual design utilizing the radial piercing was chosen as the best option
due to the simpler design of the irradiation loop, already present shielding of the
loop and comparable 16N decay rates in the irradiation facility. Since the water
activation is in saturation in the proposed design, small changes in water flow rate
will have little effect on the 16N decay rate in the irradiation facility compared to
the conceptual design utilizing a central channel.

One of the radial ports ends on the outside of the graphite reflector, while the other,
namely the radial piercing port, penetrates the graphite reflector and reaches the
reactor core. The latter port was therefore chosen as the main candidate for the
installation of the closed-water loop due to the much higher neutron flux causing a
higher activation rate of water.
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Figure 4.2: Model of the basic conceptual design of the water activation loop in
radial piercing port.
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Chapter 5

Fluid dynamics

Computational Fluid Dynamics (CFD) is the use of computers in solving the gov-
erning equations of physical phenomena involving fluid dynamics and heat transfer
problems. This chapter discusses the theory behind the CFD tool utilized in this
study, namely ANSYS CFX.

5.1 Governing equations
Fluid Dynamics is a branch of fluid mechanics that deals with fluid motion, i.e. fluid
flow and the effect of forces on it. Fluid flow is described by the governing equa-
tions, i.e. the Navier-Stokes equations which describe how the velocity, pressure,
temperature and density of fluid flow are related.

The governing equations in CFD include the following conservation laws of physics:

• Conservation of mass

• Newton’s second law: the change of momentum equals the sum of forces on a
fluid particle.

• First law of thermodynamics (conservation of energy): rate of change of energy
equals to the sum of rate of heat addition to a fluid particle and the work done
on it.

The set of equations solved by ANSYS CFX [8] are the unsteady Navier-Stokes
equations in their conservation form. The instantaneous equations of mass, momen-
tum and energy conservation can be written as follows:

the continuity equation

∂ρ

∂t
+∇ · (ρU) = 0 , (5.1)

where:
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Chapter 5. Fluid dynamics

• U is the fluid velocity vector

• ρ is the fluid density

the momentum equations

∂ (ρU)

∂t
+∇ · (ρU⊗U) = −∇p+∇ · τ + SM , (5.2)

where SM is the momentum source and the stress tensor, τ , is related to the strain
rate by:

τ = µ(∇U+ (∇U)T − 2

3
δ∇ ·U , (5.3)

and the total energy equation

∂ (ρhtot)

∂t
− ∂ρ

∂t
+∇ · (ρUhtot) = ∇ · (λ∇T ) +∇ ·

(︁
U · τ

)︁
+U · SM + SE , (5.4)

where SE is the energy source and htotis the total enthalpy, related to the static
enthalpy h(T, p) by:

htot = h+
1

2
U2 , (5.5)

The term ∇ · (U · τ) represents the work due to viscous stresses and is called the
viscous work term. This models the internal heating by viscosity in the fluid, and
is negligible in most flows. The term U · SM represents the work due to external
momentum sources and is currently neglected.

5.2 Transport equation for additional variables
Additional variables are non-reacting, scalar components that are transported through
the flow, or through the solid (including the solid portion of the porous domain).
They can be used to model, for example, the distribution of dye through a liquid,
or smoke from a fire. ANSYS CFX typically interprets additional variables as con-
centrations within the fluid domain. Additional variables can be set up as algebraic
equations, Poisson equations, or transport equations.
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5.2. Transport equation for additional variables

The general form of the transport equation for the additional variable is [11]:

∂ (ρφ)

∂t
+∇ · (ρUφ) = ∇ · (ρDΦ∇φ) + Sφ , (5.6)

where:

• U is the fluid velocity vector in the case of a fluid or porous domain, or U ≡ Us

in the case of a solid domain with a specified velocity of solid motion, where
Us is the solid velocity.

• ρ is the mixture density, mass per unit volume

• Φ is the conserved quantity per unit volume, or concentration

• φ = Φ/ρ is the conserved quantity per unit mass

• Sφ is a volumetric source term, with units of conserved quantity per unit
volume per unit time

• DΦ is the kinematic diffusivity for the scalar
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Chapter 6

Methodology: The CFD modelling
process

For this study, an optimal model [9] for the proposed radial irradiation loop was pro-
vided from the ongoing study. CFD analysis with FLUENT were performed with
various models and considerations to come up with the final design as used in this
thesis.

6.1 Geometry of the irradiation loop

The provided Computer Aided Design (CAD) drawing is first imported as geome-
try in the ANSYS Workbench. This model initially consists of various parts that
could make meshing more complicated by producing unnecessary high number of
control volumes, leading to longer calculation time. Moreover, defining boundary
conditions using the crude CAD geometry, not adapted for CFD analysis, would be
more difficult, potentially leading to errors. Hence, using the Spaceclaim feature of
ANSYS [12], the CAD geometry parts can be corrected to ensure clean geometry
edges and surfaces and combined into one simple form.

Figure 6.1 presents the CAD irradiation loop geometry. The model consists of a
snail part and a pipe part as referred in this study. The snail part is indicated in
Figure 6.1 with the remaining being the pipe part. This irradiation loop represents
just half of the proposed irradiation loop design. The other half had the exact geom-
etry, referred in this text as the mirror loop, and is connected at the inlet and outlet
pipes. The first half of the irradiation loop as presented here is distinguished such
that it is located close to the reactor core with the mirror loop directly connected to
it as in Figure 4.2. As both parts identical with the exception of radiation presence,
only half of the irradiation loop was simulated to avoid long simulation times.

Using the Design Modeler feature of ANSYS, the fluid and solid domain of the model
was defined. During this stage, the model now consists of two parts which shall be
combined into one using the “Form New Part” option. This is done to create a
conformal mesh between the two parts, implying that the parts share nodes at the
interface of the two parts. The mesh will be continuous across the bodies at the
shared face/edge and shared topology feature is activated.
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6.2. Mesh generation

Figure 6.3: Isometric view of irradiation loop snail part.

6.2 Mesh generation

The mesh was generated using ANSYS Workbench Meshing tool. The CAD model
created beforehand was used. For this study, the focus is on creating an acceptable
mesh by analyzing the mesh quality in terms of skewness, and orthogonal quality.
Detailed mesh refinement analysis is beyond the scope of this study. Although, to
some extent this has been performed in a parallel study using FLUENT [13]. The
mesh used here is deemed acceptable based on this previous study. Skewness and
orthogonal quality of the selected mesh are discussed in detail in Appendix B.

Figure 6.4 shows the optimized mesh and Table 6.1 shows the mesh characteris-
tics after the meshing procedure. This includes the number of nodes, elements, and
mesh metrics. The mesh metrics provides an evaluation of the mesh quality in terms
of element quality, skewness, and orthogonal quality, among others. Based on the
skewness criteria (Table B.2, the values presented in Table 6.1 are acceptable, with
only one problematic cell located at the middle of snail (B.3). The orthogonal value
is also acceptable based on the criteria presented on Table (B.3). The location of the
cells beyond the limit are very few (less than 360 cells) and are scattered throughout
the geometry (Figure B.6). They constitute 1.34 x 10-4 percent of the total mesh
volume and are hence deemed negligible. Further details on mesh settings are pre-
sented in Appendix B.

First, a relatively coarse mesh was created using ANSYS Mesh default settings, but
it ultimately led to convergence issues. This appears to be due to too small cells
near the boundary. Hence, bearing the skewness and orthogonal quality limits in
mind, an optimized mesh is produced as shown in Figure 6.4. This is done by man-
ual adjustments and trial-and-error method using body sizing and inflation until the
criteria is met.
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Table 6.1: Mesh characteristics.

Properties Value

Skewness Min: 1.70 x 10-10

Max: 0.939

Average: 0.202

Orthogonal Quality Min: 2.42 x 10-2

Max: 0.998

Average: 0.795

Body sizing Element size: 0.002 m

y+ Min: 8.9

Max: 48.6

Nodes 2432608

Elements 7897492

Body sizing is conducted on the model to provide more control over how the mesh
size is distributed within the body. The element size defines the mesh quality. In-
flation layers are on the boundary surfaces of the fluid domain. As the velocity
gradients normal to the wall are typically much larger than the gradients parallel
to the wall, adding an inflation layer creates thinner elements that can resolve and
capture the higher wall-normal gradients in the boundary layer. It should be noted
that the automatic inflation was turned off before adding the local inflation, as using
a mixture of both is not recommended since automatic inflation will ignore all bod-
ies and all attached faces to which local inflation is applied [4]. Further details on
the body sizing and inflation control options used herein is described in Appendix B.

y+ value

To further assess the quality of the mesh, a metric, dimensionless wall distance
y+ is examined. This value tells how the near-wall element is situated depending
on the flow conditions. It is given by the standard definition of y+ generally used in
CFD:

y+ = (uT · y)/ν , (6.1)

where νT is the friction velocity defined by
√︂

τw
ρ

, y is the distance between the first

and second grid points off the wall, and ν is the kinematic molecular viscosity µ/ρ.

Following the settings and parameters which shall be discussed in detail in the
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required, which will require significantly more mesh elements and effort. This will
lead to higher meshing and solution times and the requirement for more computer
resources. As this study does not include complex phenomena such as heat transfer,
resolving the viscous sublayer is not so important and the use of automatic wall
function is adequate. For such case, a y+>30 is valid [14][15]. SST with automatic
wall function uses wall functions for y+>11 and transitions to integration to the wall
for y+<11 [11].

From Figure 6.5, it could be concluded that the y+ values calculated are more or
less within the acceptable range for the SST model with automatic wall function
treatment. Based on this and aforementioned criteria, the mesh is deemed accept-
able.

6.3 CFD solver process
The following steps are taken in setting up the computation:

• Load the input file containing the previously generated mesh.

• Set up proper boundary conditions.

• Set up the flow model.

• Run the simulation.

• Post process results.

6.3.1 Boundary conditions

Following the generation of geometry and mesh, the boundary conditions for the
flow are defined. Fluid and solid domains are identified, and a fluid-solid interface
is created to distinguish the boundary conditions between these domains. The inlet
and outlet locations are also specified.

Relevant boundary conditions are summarized in Table 6.2 and further discussed in
the subsequent sections.

The boundary conditions for momentum equation are set up as follows:

• Boundary condition for the fluid velocity on the wall, at the fluid-solid inter-
face, is defined as a no-slip boundary, which means that the fluid velocity at
the stationary wall is zero.

• As indicated in Table 6.2, the mass flow is specified at the inlet to the fluid
domain, and the pressure boundary at the outlet.
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Figure 6.7: Inlet and outlet locations.

Table 6.2: Boundary Conditions

Location Parameter Value

Inlet Mass flow rate 1 kg/s

Outlet Static pressure 50 kPa

Interface, Domains Wall No slip wall

Fluid Material Water

Solid Material Aluminum

Fluid, Solid Heat transfer Isothermal

The fluid used is expected to be at standard temperature and pressure (STP) condi-
tions and no significant temperature fluctuations are expected along the loop. The
analysis is focused on the pressure and velocity behavior in the system. Hence,
isothermal fluid with isothermal boundary conditions is assumed.

6.3.2 Flow model

In addition to boundary conditions, the selection of model is another part of the so-
lution procedure. Steady-state model is used. The materials as defined in Table 6.2,

42



6.3. CFD solver process

aluminum and water, are already included in the built-in ANSYS CFX database.
Working fluid properties such as viscosity, density, and conductivity are provided
within this database. The Shear Stress Transport turbulence model (SST) [16] is
used for turbulence modelling with automatic wall function.

6.3.3 Solution procedure

This CFD analysis involves an iterative scheme. After a certain number of itera-
tions, the solution must converge. A converged solution is reached when the residuals
reach sufficiently low level. Residuals could be roughly defined as the mean differ-
ence between two consecutive solutions. This residual could be set in the SOLVER
CONTROL as well as the number of maximum iterations. Generally, higher num-
ber of iterations and lower residual targets produce better convergence. Further, a
monitor point for maximum 16N concentration Nmax is set at the outlet to observe
the stabilization of the system. Table 6.3 presents the basic settings used for this
study.

Table 6.3: Details of SOLVER CONTROL.

Settings Parameter Value

Convergence control Iterations 1000 to 20000

Convergence criteria Residual target 1e-6

Interface, Domains Wall No slip wall
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6.3.4 Post-processing

This step includes the use of CFD-POST to visualize the results from the computa-
tion. The results file is loaded to the software. A location plane is selected to show a
cross section of the model. From here, contour lines for parameters such as pressure
and velocity can be drawn. The graphical results are presented and discussed in
Chapter 7.
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Inclusion of the transport equation
for 16N

Another aspect included in this study is the production of 16N along the irradiation
loop. To do this, a transport equation for 16N is included in the solver in the form of
equation 2.2. There are multiple ways to let the ANSYS CFX interpret this equa-
tion, the bottom line is to have a production source (say, where the 16N formation
is generated). It is also known that the produced 16N decays along the loop. From
equation 2.2 we know that,

dN(t)
dt

= R− λN ,

The first term R presents the source and the second term -λN is the decay term.

To insert the above equation in ANSYS CFX, the following options are consid-
ered:

• Option 1: Create two variables for the two terms and put them in the same
subdomain (the fluid domain), defining necessary boundary conditions for both
terms. Another variable shall then be created to combine the effects of both
terms, with necessary expressions, so as to define the final concentrations value.

• Option 2: Create one additional variable, then create necessary expressions
encompassing the first, second, and summation of equation 2.2.

For Option 1, we have the benefit of having only one expression but three different
additional variables, each with its own boundary condition which could easily be
confusing and redundant. For Option 2, although three expressions must be cre-
ated, we only need one additional variable N which already represents the target
concentration 16N that we want to analyze. By doing this, we only need to define
one boundary condition at the inlet. Furthermore, it has the benefit of simplicity,
wherein we could easily visualize the basic equation 2.2 in its physical form and as
inserted in ANSYS CFX.
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7.1 Loading the reaction rates
In defining the source term for the model, the reaction obtained from [2] have been
used. Figure 7.1 presents the snail part of the model closest to the reactor core, with
the corresponding raw data for reaction rate values [2][3]. These reaction rates inside
the JSI TRIGA irradiation channels are calculated using the Monte Carlo neutral
particle transport code (MCNP) program [17]. The reaction rates were calculated
using the ENDF/B-VIII.0 [18] library as it is the most up-to-date nuclear data li-
brary and there are no significant differences in the cross-section between nuclear
data libraries.

Figure 7.1: Reaction rate map for JSI TRIGA (in cm−3s−1 [3].

The raw data, presented in Figure 7.1 are interpreted as “the number of interactions
taking place in one cubic centimeter per second” and are normalized to one source
neutron. Although, against common interpretation, MCNP calculation is actually
missing the average time spent in the volume of interest. The scaling factor C must
therefore have units of s−1 [19].

As the focus of the study is water activation at full power, these reaction rates must
be normalized. To do this, a scaling factor C is calculated using [19]:
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C =
Pv

Ek
, (7.1)

where P is the reactor power, k is the calculated multiplication constant, ν is the
number of neutrons produced per fission and is the average energy released per
fission.

Equation 7.1 can be intuitively explained such that a reactor operating at P is pow-
ered by P/E fission events per second. This reactor produces Pν/E fission neutrons
per second. On the other hand, MCNP calculations of flux are normalized in such a
way that the fission neutron production equals k. The scaling factor must therefore
equal Pν/Ek [19].

Table 7.1: MCNP reaction rate normalization terms.

Parameter Value

reactor power, P (J/s) 250 000

neutrons produced per fission, ν 2.44

energy released per fission, E (J) 3.17E-11

multiplication constant, k 1.05057

Table 7.1 presents the values for the given terms which are calculated using
MCNP based on the core configuration as per an ongoing study [3]. From these
values, a scaling factor C of 1.83x1016 is used to multiply the raw reaction rates.
Figure 7.2 presents the normalized reaction rates values in m−3s−1.

7.2 Transport equation for a passive scalar
The passive scalar transport equation requires the definition of volumetric source
and sink terms. The radioactive decay of passive scalar acts as a sink, and the gen-
eration of the scalar from activation near the reactor core acts as a source according
to equation 7.2:

∂ (ρφ)

∂t
+∇ · (ρUφ) = ∇ · (ρDΦ∇φ) + Sφ , (7.2)

Rewriting to the form applicable to this case:

frac∂ (N)∂t+∇ · (uN)−∇ · (D∇N) = Sactivation + Sdecay , (7.3)
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Figure 7.2: Normalized reaction rates [m−3s−1] for TRIGA reactor at full power of
250 kW.

where D is a diffusivity constant defined in later in Table 7.1 and Sdecay ans Sactivation

are the volumetric sink and source terms of N .

Sdecay = −λN , (7.4)

Sactivation = R , (7.5)

An additional variable for concentration N is added with basic settings as defined on
Table 7.2. The value of decay constant -λ is defined in the next chapter, in Table 7.3.

Table 7.2: Basic settings for additional variable N .

Settings Parameter

Variable type Volumetric [per unit volume]

Units molm−3

Tensor type scalar
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This variable is defined as a transport equation in ANSYS CFX to convect and
diffuse 16N. Boundary conditions for N also has to be set at the inlet. The following
stages are considered:

• Stage 1: Initial concentration at the inlet is zero.

• Stage 2: Inlet concentration for N is equal to the outlet concentration calcu-
lated from stage 1.

• Stage 3: Inlet concentration is the concentration N multiplied by a factor
equal to the percent difference between the inlet and outlet of stage 2.

As discussed in the geometry section, the model used here represents only half of
the full facility, which also includes the mirror loop connected to the outlet of the
modelled loop. In stage 1, only the loop on the side of the reactor core is modelled.
The source is present and the decay is solved according to equation 7.4. Fresh water
is assumed; hence zero initial concentration is set at the inlet boundary.
For stage 2, we wanted to know the behavior of the 16N concentration once it exits
the loop near the reactor core and goes through the mirror loop. This mirror loop
has no source and hence only the decay of 16N, following the Eq. 7.3 is considered.
The outlet concentration calculated from stage 1 is set as the inlet concentration for
stage 2 N i

2.

From the results of stage 2, an outlet concentration Nm
o from the mirror loop is

defined. A multiplier is calculated wherein

multiplier = 1−
(︃
N i

2 −Nm
o

N i
2

)︃
, (7.6)

This factor multiplied by the outlet concentration variable of stage 3 is set as the
inlet concentration boundary condition for stage 3. In this way, a full picture of the
irradiation facility could be considered.

7.2.1 ANSYS CFX expressions for additional terms

Expressions for additional terms are defined according to equations 7.4 and 7.5 and
making sure that corresponding units are followed.

Activation = (1/avogadro) ∗ Subdomain1.R(x, y, z) , (7.7)

Decay = −0.0972[s−1] ∗N , (7.8)
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Nsource = Activation+Decay , (7.9)

Note that for stage 2 where only decay is studied, equation 7.7 is not present. Fi-
nally, a subdomain is created to define the source term. For this case, it consists
only of the fluid domain. Equation 7.9 is inserted herein. Table 7.3 presents the
constants used in defining the additional variable.

Table 7.3: Constants for additional variable [5][6]

Parameter Value

Decay constant, λ 0.0972 s−1

Diffusivity constant for nitrogen in water, D 1.9E-9 m2/s
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Chapter 8

Results and discussion

The pressure and velocity parameters were analyzed based on the results of the
simulations. The results for the additional variable of 16N were also presented. The
parameters examined are summarized on Table 8.1.

Table 8.1: Summary of steady-state simulation results.

Parameter Value

Pressure drop 73960 Pa

Velocity Max: 5.5 m/s
16N concentration [m−3] Inlet average: 1.56E11

Outlet average: 2.38E11

Max: 2.95E11

Min: 1.5E11

A pressure drop of around 74 kPa with a maximum velocity of 5.5 meters per
second was calculated. 16N outlet concentration average of 2.38x1011 particles per
cubic meter were calculated. Further analysis of the behavior of the parameters in
the model is discussed in the succeeding sections.

Figures 8.1 and 8.2 present the pressure profile in the model for a steady-state simu-
lation. Pressure decreases from the inlet as the fluid flows downstream to the outlet.

From Figure 8.1, a proportional and constant change in pressure could be observed.
After overcoming the constrictions of a smaller pipe upstream and the fluid reaching
the snail portion of the model, decrease in pressure is observed. Further, looking at
the profile from Figure 8.1 (bottom), it could be seen that the pressure distribution
along pipe cross-section is constant.

Figure 8.2 provides a closer look of the pressure profile along the snail where
more disturbances in the flow could be expected because of the fluid turns and
change in directions owing to the structure of the snail. After traversing upstream
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aries, flow seem to die down quicker too as the fluid tries to stabilize itself.

8.1 16N concentration

Table 7.3 shows the boundary conditions set and calculated at each stage of ad-
ditional variable 16N calculation. The results of the simulations based on these
boundary conditions are presented on Figures 8.6 to 8.15.

Table 8.2: Boundary conditions for additional variable N .

Parameter Value

Stage 1 outlet/ stage 2 inlet, N i
2 1.35E11 [m−3]

Stage 2 outlet, Nm
o 8.88E10 [m−3]

multiplier 0.657

On stage 1, fresh fluid entering is used, and no trace of 16N is assumed. The outlet
16N concentration value computed from this simulation is used as inlet feed to stage
2 where 16N decay is modelled and there is no presence of the source. This is con-
ducted to reproduce the behavior in the mirror loop connected to the modelled loop
near the reactor core discussed herein. Finally, a full picture of the whole irradiation
loop is modelled in stage 3, wherein the concentration computed from the 16N decay
on stage 2 is used as the inlet instead. The concentration profile results for stage 1
(fresh fluid feed) are presented on Figures 8.6 to 8.8.

Figure 8.6 presents the 16N concentration summary for fresh fluid entering the inlet.
It could be seen that 16N production is only observed when the fluid reaches the
entrance of the snail part.

As the fluid is exposed to activation, an increase in 16N concentration can be ob-
served. This is more pronounced on the second half of the snail. Although both
parts of the snail are exposed to the same amount of neutron flux, the fluid in the
second part has spent a longer residence time in the snail. Hence, the increased
exposure time contributed to the increased 16N concentration in this area. Further,
as the fluid exits the second half of the snail and flows downstream, it farther decays
midway to the outlet.

The fluid entering and exiting the snail is shown in more detail on Figure 8.7. The
contour shades are labelled (i.e. 1,2,3, etc.) and marked in the figure, and are
referred in succeeding texts for easier interpretation. Once the fluid breaches the
entrance to the snail, subsequent increase in 16N concentration is observed (Figure
8.7 – middle 2, 3). The concentration continues to increase (Figure 8.7 – middle 8)

55





8.1. 16N concentration

Figure 8.6: 16N concentration profile results from stage 1.

at the fluid’s last turn in the first half portion of the snail.

Maximum concentration is observed at points (Figure 8.7 – middle 12, 13) where
the fluid reaches its final turn in the second half of the snail, on its way to exit down-
stream. Furthermore, although quite high concentrations (Figure 8.7 – contour 11,
12) are observed at the snail exit, some decays (contour 10) could be noted beside
it, close to the baffle boundary. This could be attributed to comparably higher ve-
locity near the same area (as seen on Figure 8.5) compared to the surrounding fluid.
This higher velocity could be attributed to the existing structures within the snail.
Notice that the referred low 16N concentration is located above the portion between
the second and third turns on the downstream (second half) of the snail. While the
flow below it takes time to recover from the impact of sudden turns, above it has
more area, and hence higher velocity since it has more room for flow. This could
lead to fluid being replaced faster, hence, lesser of the 16N particles detected. On
the other hand, downstream of this area, higher concentrations are then observed.

The location of the maximum 16N concentration at (Figure 8.7 – middle 12, 13) could
also be explained by this phenomenon. Aside from the fact that this is located at
the last turn and amongst the longest residence time in the snail, the choke point
between the second and third turns (downstream second half of the snail) makes
the fluid flow slower, therefore the residence time is longer, subsequently leading to
higher exposure time. This is more evident from Figure 8.8, wherein almost the
whole portion of the fluid in contact with the wall for the last turn has higher con-
centration than the others.

The concentration profile results for stage 2 (decay of 16N) are presented on Figures
8.9 to 8.11. Figure 8.9 presents the 16N concentration summary for the decay of 16N.
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Figure 8.7: 16N concentration profile results at snail from stage 1.

From this, it could be estimated that around thirty-five percent of 16N concentration
is decayed along the mirror loop.

Along the inlet and outlet pipe, the decay is constant. As the fluid approaches the
snail entrance, a more erratic decay is observed. As velocity and pressure changes
vary as does the structure of the snail, residence time also differs. It could be ob-
served from Figure 8.10 that such behavior indeed affects the 16N decay.
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Figure 8.8: 16N concentration profile results from stage 1, view adjacent to reactor
core.

It is mentioned that the fluid does not enter the snail at uniform velocity due to
presence of internal structures and wall boundaries. This is evident in Figure 8.11,
where the erratic fluid velocity entering the snail affected the first turn at snail up-
stream (first half of the snail).

Higher concentrations are observed closer to the internal structure. This persists un-
til the fluid exits the snail, wherein at the equivalent location, higher concentration
is attained than in other parts of the fluid. Since no significant turbulence occurred
in the snail even with the presence of sharp turns, fluid mixing is unlikely, therefore
the location of the higher concentration remained predictable.

The concentration profile distributions for stage 3 are presented in Figures 8.12 to
8.15. Figure 8.12 presents the 16N concentration summary for stage 3 wherein the
fluid exiting stage 2 is assumed to enter the model. This gives an overall view of the
whole irradiation loop with the model adjacent to the reactor and the same model
connected to its inlet and outlet pipes.

Overall, the same behavior as at previous stages seem to persist in the upstream
pipe. Meanwhile, downstream, the concentration does not stabilize right away after
exiting the snail, a behavior not observed in stage 1 with fresh fluid, but it is present
at stage 2 without a source where only decay dominates. However, while in stage
2, this happens at the pipe bend within one meter, in stage 3 it takes place earlier
just a few centimeters downstream from the snail exit.

The fluid entering and exiting the snail is shown in more detail on Figures 8.13 to
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Figure 8.12: 16N concentration profile results from stage 3.
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Chapter 9

Verification

Simple verification is conducted to assess the feasibility and accuracy of the com-
puted results. This verification includes the assessment of the residuals and imbal-
ances [20], as well as comparison of ANSYS CFX simulation results with FLUENT
simulations in terms of some relevant parameters. The accuracy of the additional
variable simulation is also cross-checked by comparison with analytical results of
decay equation.

9.1 Residuals and imbalances

Simulations with up to twenty-thousand iterations were performed for the model.
The convergence of results was assessed using the residual and monitor plots as
presented in Appendix C. Residuals ranging from 10−4 to 10−6 were observed at
only a thousand iterations and remained constant even with twenty-thousand itera-
tions. The imbalances were also monitored, except for the additional variable, this
remained below 10−4 throughout the simulations.

9.2 Additional variable imbalance

Even at a thousand iterations, it is observed that the results converge well already.
However, this is not the case for the additional variable. As such, up to twenty-
thousand iterations were performed to stabilize this variable. Appendix C presents
the values registered for Nmax, which is the maximum value of additional variable
16N calculated during the iterations.

Figure 9.1 presents the Nmax data at twenty-thousand iterations. It could be ob-
served that these Nmax seem to be very erratic and just keeps increasing as the
computation continues. Looking at the plot of Nmax, it seems to stabilize after
three-thousand iterations. Although this is not apparent unless more iterations are
taken, then one could judge that its value fluctuates between a set data points.

Another factor considered is the N-fluid domain imbalances as presented on Ap-
pendix C and D. Table 9.1 summarizes the N-fluid domain imbalances for the sim-
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Figure 9.1: Nmax plot for simulation at 20000 iterations.

ulations at specific iterations.

Table 9.1: Additional variable imbalance.

Number of Iterations % Imbalance

1000 10.1231

3000 0.1372

5000 -0.0157

8000 -0.0051

10000 -0.0035

13000 - 0.0149

15000 0.0259

20000 0.0160

From Table 9.1, it could be seen that at five-thousand iterations, the imbalances
significantly decrease and are later closer to zero. Ideally, an imbalance value close
to zero is desired. Hence, even the results at five-thousand iterations is acceptable.
For this study, the results at twenty-thousand iterations are presented as it could be
observed that Nmax stabilized further, more iterations are preferred as they allow
to generate more data for the simulation results.
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additional variable. Table 9.3 presents the parameters used in the 16N estimation.

Table 9.3: 16N estimation parameters.

Parameter Value

Total travelled length L 7.5906 [m]

Average velocity U 1.7567 [m/s]

time t 4.321 [s]

From these values, the percent decay along the mirror model could be estimated.
Subsequently, the percentage of outgoing fluid from the model re-entering the inlet
(stage 3) after circulating the mirror loop (stage 2), could be calculated as a multi-
plier (Equation 7.6):

multiplier = 1−
(︂

N i
2−Nm

o

N i
2

)︂
.

Table 9.4: Results for 16N decay calculation.

Parameter Estimation Simulation

Stage 1 outlet/ stage 2 inlet, N i
2 1.3509E11 [m−3] 1.3509E11 [m−3]

Stage 2 outlet, Nm
o 8.8761E10 [m−3] 8.8806E10 [m−3]

multiplier 0.6570 0.6574

Table B.1 presents a comparison of results for 16N decay calculation between the
simulation and the analytical calculation using the equation 9.1. A good agreement
can be observed. From these values, it is shown that around thirty-four percent of
16N entering the mirror loop decays. Hence, sixty-six percent is expected to re-enter
the model loop as a feed. Furthermore, it could be confirmed that the simulation
for additional variable is accurate, at least compared to the values calculated using
analytical calculation.
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Chapter 10

Conclusions

In this thesis, a CFD analysis of the proposed new water activation/irradiation loop
for the TRIGA research reactor using the ANSYS CFX has been performed. A prior
study deemed the use of radial irradiation port as more feasible and is hence used
in this work. Using ANSYS CFX, parameters such as pressure and velocity, which
are vital for the irradiation loop, were analyzed via simulation. An acceptable mesh
quality is applied to the model consisting of skewness of 0.2, orthogonal quality of
0.8 and eight (8) million elements, and y+ values within the acceptable range for the
SST model used. Using a water mass flow rate of 1 kg/s, a pressure drop of 74 kPa
and maximum velocity of 5.5 m/s were calculated for one half of the irradiation loop.

The 16N concentration behavior in the model was also analyzed in the form of an
additional variable introduced to ANSYS CFX. The reaction rates for TRIGA at
full power calculated from a prior study were used. Overall, the water activation
loop is computed to have a maximum 16N concentration of 2.95x1011m−3 and an
average of 2.38x1011m−3 at the outlet.

Verification of the simulation results were also conducted by analyzing the residuals
and imbalances, particulary the erratic behavior for the additional variable which
led to conducting up to twenty-thousand iterations. For validation purpose, addi-
tional simulations with the FLUENT code were performed demonstrating a rather
good agreement with the thermo-hydraulic results of ANSYS CFX. Further, the
estimation of 16N decay values is conducted by means of analytical calculations and
the results are on par with those from the simulations.

Based on all of this, the results are deemed acceptable. These results could be used
as reference for the construction of the actual design, contributing to factors such
as design and operating limits in terms of pressure and velocity. Further, the 16N
concentrations calculated could be a basis for future experiments, activities, and
studies to be conducted on the proposed facility.
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Chapter 11

Recommendations

A mesh refinement study dedicated to the model used in this thesis would be essential
to exclude uncertainties related to the discretization. Testing different turbulence
models would also be a beneficial contribution to the pool of knowledge regarding
this area. Moreover, as this thesis only focused on the use of ANSYS CFX as an
analysis tool, a more thorough investigation by comparison of 16N concentrations
in the loop with the results from other dedicated code, specifically designed for
calculation of reaction rates and decay of activation products will be beneficial in
the future.
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Appendix A

Model Dimensions

Figure A.1: Dimension of whole body.

Figure A.2: Baffle dimensions.
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Appendix B

Mesh Settings

Table B.1: Results for 16N decay calculation.

Tab Settings Value

Mesh > Defaults Physics Preference CFD

Solver Preference Fluent

Element order Linear

Element size 0.17213

Mess > Quality Smoothing Medium

Mess > Inflation Automatic inflation None

Body Sizing Scoping method Geometry selection (all bodies)

Element size 0.002 m

Inflation Scoping method Geometry selection (fluid domain)

Inflation option First layer thickness

First layer height 2E-4 m

Maximum layers 7

Growth rate 1.2

Skewness

Skewness is one of the primary quality measures for a mesh. Skewness determines
how close to ideal (i.e., equilateral or equiangular) a face or cell is as shown in Figure
B.1 [4]. It is the deviation between the optimal cell size and to the existing cell size.

Tables B.2 and B.3 in Appendix B present the skewness and orthogonal quality
limits criteria for the mesh, respectively. In order to meet these criteria, aside from
meshing using the mesh default settings, additional techniques such as body sizing
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faces (or adjacent element edges) are to some optimal angle (depending on the rele-
vant topology). The range of orthogonal quality is 0 to 1, where a value of 0 is the
worst and a value of 1 is the best.

Table B.3: Orthogonal Quality Limits [4].

Smoothing
Option

Orthogonal
Quality Limit
(without Infla-
tion)

Orthogonal
Quality Limit
(with Inflation)

Low 0.1 0.01

Medium 0.15 0.05

High 0.2 0.1

Table B.3 presents the orthogonal quality minimum values according to the smooth-
ing options and presence or absence of inflation feature. The smoothing option at-
tempts to improve element quality by moving locations of nodes with respect to
surrounding nodes and elements. For the case of the model used herein, medium
smoothing option is used, and the inflation option is turned off.
Based on Table B.3, the orthogonal quality value of the mesh model as acceptable
(>0.15) and the mesh appears to be at good quality with values averaging 0.795
and maximum value reaching 1. A minimum orthogonal quality value of 0.002 is
registered. Figure B.4 presents a plot of the mesh volume against the orthogonal
quality.

Figure B.4: Percent mesh volume of entire model vs orthogonal quality (Tet4 = 4
Node Linear Tetrahedron; Wed6 = 6 Node Linear Wedge [Prism]).

From Figure B.4, the percent mesh volume (number of elements) can be visualized
against the orthogonal quality value.. From this, it could be confirmed that the or-
thogonal quality values falls within the acceptable range. Moreover, cells appearing
below the orthogonal quality limit of 0.15 were inspected as presented on Figures
B.5 and B.6.
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and therefore insignificant, they could safely be ignored as they would very likely
not affect the simulation and would not cause convergence problems.
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Residuals

Figure C.1: Residuals plot for simulation at 1000 iterations.
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Figure C.2: Residuals plot for simulation at 8000 iterations.
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Razširjeni povzetek v slovenskem
jeziku

Voda s katero hladimo fuzijske in fisijske reaktorje je lahko izpostavljena večji količini
nevtronov in se pri tem aktivira. Sevanje zaradi aktivacije vode lahko povzroči
poškodbe električnih komponent in poveča prejeto dozo za osebje. Ker obstaja le
malo virov gama žarkov z energijami v območju med 6 in 7 MeV, za preučevanje
pojava na raziskovalnem reaktorju TRIGA Mark II na Institutu »Jožef Stefan« pred-
lagajo obsevalni sistem z uporabo aktivirane vode kot vira gama žarkov. Predlagana
je zasnova obsevalne zanke, ki je vstavljena v radialno odprtino raziskovalnega reak-
torja. V zaprti zanki bo voda krožila od roba reaktorske sredice (aktivacijski del) do
obsevalnega dela, ki se nahaja v zunanjem delu zanke izven radialne odprtine reak-
torja. Za uspešno delovanje zanke sta potrebna zadosten pretok hladila in nadzor
tlaka. Potrebna je tudi ocena vira žarkov gama.

Zaradi navedenih razlogov smo izvedli analizo obsevalne zanke s pomočjo programa
za računalniško dinamiko tekočin ANSYS CFX. Pri aktivaciji vode nastanejo akti-
vacijski produkti, zlasti izotop dušika 16N, ki nastane pri jedrski reakciji kisikovega
izotopa 16O z nevtroni. Ključne ugotovitve te študije so predstavljene na slikah 11.5,
11.6, in 11.7, kjer so prikazani rezultati porazdelitve tlaka, hitrosti in koncentracije
izotopa 16N v polovici zanke, ki vključuje aktivacijski del znotraj radialne odprtine
reaktorja. Pri masnem pretoku vode 1 kg/s sta izračunana padec tlaka 74 kPa in
največja hitrost 5.5 m/s. Obnašanje koncentracije 16N smo v modelu analizirali
s pomočjo dodatne spremenljivke uvedene v program ANSYS CFX. Kot vhodni
podatek smo uporabili hitrosti reakcij za reaktor TRIGA pri polni moči, izraču-
nanih iz predhodne študije [3]. Največja izračunana koncentracija 16N v zanki je
2.95x1011m−3, povprečnoa vrednost na izstopu iz polovice zanke pa je 2.38x1011m−3.

Rezultate smo preverili z analizo ostankov in neravnovesij. Izvedene so bile dodatne
simulacije s programom ANSYS FLUENT, ki so pokazale razmeroma dobro uje-
manje z izračuni programa ANSYS CFX. Poleg tega smo s pomočjo analitičnega
izračuna ocenili razpad dušika 16N v zanki, in dosegli dobro ujemanje z rezultati
simulacij.

Na podlagi izvedene analize sklepamo, da so rezultati simulacij sprejemljivi. Izraču-
nani rezultati porazdelitev tlaka in hitrosti so lahko uporabni za načrtovanje in
dejansko izdelavo zanke in omogočajo določitev projektnih in obratovalnih omejitev
tlačnega padca in hitrosti. Prav tako lahko izračunane koncentracije dušika 16N
uporabimo kot referenco za prihodnje zasnove eksperimentov in nadaljnje študije v
predlagani obsevalni napravi.
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Figure 11.5: Porazdelitev tlaka v simulirani polovici zanke.

Figure 11.6: Porazdelitev hitrosti v simulirani polovici zanke.

Figure 11.7: Porazdelitev koncentracije dušika 16N v simulirani polovici zanke.
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