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Abstract

Nuclear reactors present a unique challenge to researchers interested in building new ones or even
just making existing reactors more efficient. By their very nature, it is challenging to observe what is
happening in an operating reactor directly. Modelling and simulation provide the ability for scientists
and engineers to understand what is happening in the reactor. Predictive simulations have always
been one of the backbones of nuclear reactor safety. Being able to monitor the state of reactors while
they are running at nominal conditions is hugely advantageous. The early detection of anomalies
gives the possibility for the utilities to take proper actions before such problems lead to safety concerns
or impact plant availability.

This thesis deals with developing and improving the modelling capabilities for simulations of the
reactor vessel core. It was done in collaboration with Nuclear Research and Consultancy Group
(NRG).

First, the thesis deals with improving the modelling capabilities of Pressurized Water Reactor (PWR)
by considering transient thermal simulations. Transient analysis is an essential tool when designing
nuclear reactors since they predict the behaviour of a reactor during changing conditions, such as a
control-rod movement, induced by an operator, or an accident scenario. The approach to simulate
the transient analysis was to find the start-up loading conditions of the pressurized water reactor and
apply these as a loading conditions in ANSYS to get the thermal distribution in the reactor vessel.
The applied start-up loading condition was supported by importing heat generation and reference
temperatures. The verification of these transient thermal simulations was done based on the thermal
heat capacity of the reactor. Later, the modelling capabilities of the SALIENT experiments, which
is one of the supporting experiments of the “Dutch Molten-Salt Program” was to be improved. The
current model of the SALIENT experiment was unable to find an accurate and stable solution in recent
version of APDL due to highly distorted elements. Hence, specific hypotheses were carried out to
improve the modelling capabilities for it to converge in latest APDL versions.

Improving the modelling capabilities of reactor pressure vessel will further help to efficiently use
the reactor core and conduct research to develop new type of reactor. In the end, the thesis is
concluded with a discussion, conclusion, and finally recommendations were given.
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Chapter 1

Introduction

The theory of the atom started many centuries ago. However, we only latterly began to understand
the immense power incorporated in the tiny mass. The first nuclear chain reaction occurred at the
University of Chicago in 1942. During the 1940s the atomic research was primarily focused on
developing defence weapons. Later, atomic energy was used in the generation of electricity. Recently
nuclear power is applied to medical and other industrial purposes [1].

Today there are around 440 nuclear power reactors. Most of them generate a combined electricity
of 400 Gigawatt electrical (GWe). According to the International Energy Agency (IEA), nuclear energy
has a growth of 15 percent from 2018 to 2040 [2]. Nuclear power is currently a sustainable energy
source, and therefore, a nuclear reactor is becoming increasingly important [3].

In the nuclear industry, scientific knowledge and technology are continually developing. Nuclear
reactors are classified into four series of generation: I, II, III+, which are currently existing ones, and
IV for the future ones. The IV generation nuclear plants are expected to be made known into the
market in about 25 years. The future reactors will concentrate on sustainability, safety and reliability
and economy. Some of the future reactor under study are Gas-cooled Fast Reactor (GFR), which
uses gases like helium to cool the reactor [4].

1.1 Introducing Company

NRG was started in the 1960s as a research centre to explore the future of nuclear technologies. NRG
is the global market leader in the supply of medical isotopes and focuses on the development of new
uses of medical isotopes to treat life-threatening diseases. NRG also provides services in the field of
radiation protection, provides consultation in the area of reliability and safety of a nuclear installation,
and also performs nuclear technological research [5].For nuclear research, a High Flux Reactor (HFR)
was built in 1961. The High Flux Reactor (HFR) in Petten is one of the most robust beneficial material
testing reactors in the world. HFR in Petten is a light water-cooled and moderate reactor operated at
45 Megawatt (MW) [6]. The reactor is the property of the European Commission and operated by NRG.
Besides the nuclear energy research centre, it is also used for different commercial applications like
the production of medical radio-isotopes for the treatment of cancer. The medical radio-isotopes that
are produced by the HFR are used to treat more than 30.000 patients every day [7]. The 60-year-old
HFR in Petten is expected to remain functional until 2024 when it is replaced by a new high flux reactor

2
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(Pallas) in Petten [8].

Figure 1.1: High Flux Reactor In Petten [9]

1.2 Work Process of the Company

Different departments are working together in NRG. Before continuing with the explanation of the
company work process, It must be mentioned that the scope of this project is related to the Asset
Integrity Service (AIS) team at NRG. Hence, Other department’s work process is neglected. In Figure
1.2 the work process of the department is shown.

Figure 1.2: Work Process of AIS Department
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The process starts as soon as the client approaches the problem related to thermo-mechanical.
The outline of the issues like input data or constraints are noted. Later the problem is solved using
the Finite Element Method (FEM). Simultaneously, other departments like Computational Fluid
Dynamics (CFD) or Material are integrated if necessary, for assessing the problem. Finally, the result
obtained by analysis is written down as a report and reviewed and approved by the manager, and is
handed over to the client.

1.3 Problem Definition

A key challenge of nuclear reactor design and analysis is the system complexity, which arises from
a wide range of multi-physics phenomena being important across multiple length scales. In recent
years, a modelling approach for reactor internals has been developed within NRG to create models for
the assessment of the Reactor Pressure Vessel (RPV). Along with reactor pressure vessel internals,
several models based on Molten Salt Reactor (MSR) are also being analysed by Asset integrity
team of the Consultancy and Services (CS) unit of NRG. These models are complex and highly
interdisciplinary. It is typical in the nuclear industry to perform simulations mirroring the current state
of the plant, and to simulate the future behaviour of the reactor. With this goal, NRG always tends to
improve their modelling capabilities every year to achieve accurate nuclear plant calculation results.
With the help of these accurate calculations, better service can be provided to the end-user. At NRG
improving the model may include several phenomena like core physics, thermo-mechanical analysis,
fuel thermal performance, chemistry, structural integrity, and physical or mesh quality of the model. In
this assignment, the modelling capabilities of the Pressurized Water Reactor (PWR) and MSR at NRG
are to be improved while including phenomena like mesh quality, thermal analysis, and convergence
of model.

1.4 Thesis Motivation

A reactor core in a nuclear power plant is the crucial part as the hot source with radioactivity nuclear
fuel, which possesses security risks and economic potential. Incapacity of a nuclear power plant
to carry out desired control of its core can result in either higher operating costs or a reduction in
system security and reliability, and the implementation of desirable control for the core can improve
security and effectiveness of the nuclear power plant. The reactor is readily affected by a flow-induced
thermal distribution that can cause the component inside the reactor to fail due to high temperatures.
Hence, it is necessary to predict converged temperature distribution result in the nuclear core so that
analysis such as thermo-mechanical stress can be done based on these predicted result. Over the
decades, continuous work has been devoted to research and to make the nuclear plant calculations
accurate. However, it is challenging to observe what is happening in an operating reactor directly.
Hence, improvement in modelling and simulation provides the ability to not only understand what is
happening but how it is happening in those environments and to predict results.
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1.5 Research Objectives

This thesis is aimed at understanding the concept and process of nuclear energy and nuclear reactors.
With this concept, a thermal distribution in the reactor pressure vessel and convergence of the
experiment model is studied. The overall thesis objective is summarized in the following statement:

To develop and improve the modelling capabilities of reactor pressure vessel internals by using
ANSYS.

1.6 Research Question

The research objective is achieved by framing the research question with several sub research
questions. They are formulated as:

1. How to improve the modelling capabilities of reactor pressure vessel internals using Ansys?.

• How can the solid model be created in a refined way using Ansys?

• How is the transient thermal condition applied to a real-life pressurized water reactor?

• How to validate the results of transient thermal with real-life pressurized water reactor?

• How to solve the convergence issue of highly deformed elements using a higher version of
Ansys?

• How solving the solution convergence of highly distorted elements will help to improve the
model?

1.7 Thesis Outline

This thesis project aims to provide the readers with the overview of thermal distribution in the
reactor pressure vessel and convergence of the solution during analysis. The technical feasibility is
demonstrated with a workflow illustrated in figure 1.3
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Figure 1.3: Thesis Report Workflow

• Chapter 1: Introduction
This chapter describes the company where the thesis is done, the work process of the company,
problem definition, thesis motivation, research objective and research questions are framed.

• Chapter 2: Literature review
This chapter describes all the relevant literature to a nuclear reactor and nuclear energy.

• Chapter 3: Modelling and thermal analysis of a pressurized water reactor
This chapter describes the reactor pressure vessel internals of the a nuclear plant and describes
the thermal transient analysis and temperature distribution overview.

• Chapter 4: Convergence in SALIENT experiment model
This chapter describes the SALIENT experiments conducted in the reactor and the convergence
issue with the experimental model in higher version of ANSYS Parametric Design Language
(APDL).

• Chapter 5: Discussion
This chapter discusses the outcomes of the results got by the previous chapters

• Chapter 6: Conclusion and recommendation
It is the final chapter with reports the conclusion and recommendation for future work.



Chapter 2

Literature Review

This chapter comprises of all fundamental theory and literature which will be later used in the
consecutive chapters. It begins with a review of nuclear energy with basic nuclear principle and
continues with the nuclear reactor and parts in a nuclear reactor. Types of the nuclear reactor and
reactor pressure vessel are discussed briefly. Later some theory and formulas for PWR are described,
and at last, some literature on ANSYS is defined.

2.1 Nuclear Energy

2.1.1 Basic Nuclear Principle

Atoms are constructed as a scale-down solar system. At the centre of the atom is the nucleus.
Revolving around the nucleus are the electrons. The nucleus is composed of protons and neutrons,
that are densely packed collectively [10]. Many elements occur in nature with a mixture of isotopes.
Most of the component found in nature are stable, but a lot, counting Uranium 238 ( 238U ) are not
stable; hence they are called radioactive elements [11]. Nuclear energy is determined by how it
propagates. Nuclear power is produced by radioactive decay, fission, and fusion. Radioactive decay
occurs naturally by breaking down of unstable atoms over a long period [12]. Energy is produced in a
nuclear power plant when highly unstable nuclei, for example, if a 235U nucleus consumes an extra
neutron, it undergoes nuclear fission and splits into two or more fragments with gamma (γ) radiation
as seen in Figure 2.1.The neutrons produced in a fission process are absorbed by other 235U nucleus,
and the process can continue in self-sustaining chain reaction depending on the quantity of uranium
fuel left [11]. Majority of the commercial nuclear plants today use nuclear fission process to generate
energy, whereas combining two fragments of nuclei to form a massive core (nuclear fusion) is still
under research.

7



8 CHAPTER 2. LITERATURE REVIEW

Figure 2.1: Nuclear Fission Process [13]

2.2 Nuclear Reactor

A nuclear power plant is an industrial site that generates electricity from thermal energy produced
by the nuclear fission chain reaction in the vessel of a nuclear reactor [14]. A nuclear reactor is the
heart of the nuclear power plant which contains nuclear fuel and has systems to start and stop the
nuclear reaction in a controlled manner. The nuclear reactor generated electricity for the first time in
September 1948 at X-10 Graphite reactor in Oak Ridge [15]. Nuclear plant act in a similar manner
to a conventional coal plant, in which the coal is burnt to boil the water and produce steam and then
drive the turbine to produce electricity. The only difference from the conventional power plant is that
nuclear plant uses fission as a source of heat [11].

The nuclear reactor is directed by the splitting of atoms (fission) where a neutron is fired at the
atom which releases additional neutrons. The fission process with neutrons can be summed up as
follows:

235U + n(→)Fissionproduct+ vn

For each neutron absorbed by the atom, on the even out approximately 2.5 (v=2.5) neutrons are
released. The new neutrons can be used to bombard other 235U nuclei leading to release of more
neutron, forming a nuclear chain reacting system [16]. The fissioning of the atom in the chain reaction
releases a large measure of kinetic energy as heat. This heat is used to generate steam to drive the
turbine and to produce electricity. The generated heat in the reactor is kept in check by moving coolant,
typically water. To establish the nuclear reaction takes place at the accurate speed, the nuclear plant
has a system that quicken, stops, or slows down the heat produced by the nuclear reaction [17]. This
process is ordinarily done by using control rods which are made from material such as cadmium,
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hafnium, or boron.

E = mc2 (2.1)

In equation (2.1),E is energy, m is the mass of an atom, and c is the speed of light. This equation
depicts the basic idea behind nuclear power as there are billions of atoms in a tiny amount of matter
which can be converted into lots of energy [18].

In nature, just making something scorching by itself is not helpful to produce electricity. The
absolute ultimate measure of energy that can be derived from a temperature difference is given by the
Carnot equation [19].

Efficiency =
TH − TC

TH
(2.2)

In this equation, TC is the absolute temperature of the cold side, TH is the hot side. We can soon
see that if the cold-side temperature were zero, the efficiency would be 1, engineer express for ideal
conditions. Unfortunately, that temperature is absolute - We would need to make the cold side colder
than the temperature of exterior space. On earth we can only certainly hope to cool object down to
a slight over room temperature; 300 K. This essentially hinders the efficiency of a thermal, and we
want that hot end of the engine to become as hot as possible to get the most electricity out of the heat.
Equation (2.2) can be applied to calculate efficiency of the nuclear power plant, which has pressurised
water at 325 oC. Heat transferred is a complex system in the reactor, producing steam which is used
to drive the generator. At some point, the water is at 27 oC and then heated to have a maximum
theoretical efficiency of 49.8 percent. On an average, a typical nuclear power plant actual efficiency is
about 35 percent [20].

2.2.1 Parts in the Nuclear Reactor

There are several components familiar to most types of reactor:

1. Fuel

2. Moderator

3. Control Rods

4. Coolant

5. Turbines

6. Generator

7. Containment

These components will be explained in detail as follows:

1. Fuel
The fissionable material used in the reactor to produce heat to power turbine is called as fuel.
Low -Enriched Uranium (U-238, U-235) is the most used fuel in reactors because of its high
melting point, but few reactors use Plutonium (Pu-236) and Thorium (Th-232) [15].
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Uranium is one of the least sufficient minerals in the earth’s crust, but because of its radioactivity,
it is a plentiful supply of energy. One pound of uranium has as much energy as three million
pounds of coal. Uranium has a half-life of 4.5 billion years where it gradually decays and drops
its radioactivity. Uranium is found in several geological formations, as well as seawater. To be
mined as a fuel, however, it must be adequately concentrated, making up at least one hundred
parts per million (0.01 per cent) of the rock it is in. The mining process is like coal mining,
with both open pit and underground mines. Once mined, the uranium ore is dispatched to a
processing plant to be concentrated into usable fuel. Most uranium concentrate is made by
leaching the uranium from the ore with acids. When completed, the uranium ore is turned into
UO2, the fuel form of uranium, and shaped into small pellets. After being used in the reactor, it
can be cautiously waste deposited, or a part can be reprocessed [10].

Figure 2.2: Nuclear Fuel Cycle

How is the fuel set up in the reactor? The fuel must be held in a powerful physical form adequate
to sustain high operating temperature and an excessive radiation surrounding. Fuel framework
needs to preserve its shape and integrity for several years. The reactors use uranium fuel in
the form of uranium dioxide (UO2). This UO2 is pressed into pellets; these pellets are sintered
into the thin-walled metal tube called cladding, as shown in figure 2.3. The cladding is then
loaded and encapsulated in the fuel rod, which is made of zirconium alloy. The set of fuel rod
are bundled together and is known as fuel assembly (figure 2.3) [21].

The space between pellet and cladding is filled with helium gas to boost the conduction of heat.
Generally, the fuel assembly is about 4-metre-long and 25 cm wide, and about 179-264 fuel rods
are placed in each fuel assembly. A typical nuclear reactor contains 157 fuel assemblies and
energy for approximately four years of operation at full power [21]. The control rods are directly
inserted into fuel assembly through the top.
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Figure 2.3: Fuel Assembly [22]

2. Moderator
Moderator is the type of component in the core which slows down the fast neutrons discharged
from fission so they can be more efficient in a fission chain reaction. Decelerate of this neutron
will allow them to be readily consumed by other fissile nuclei, producing more fission events [23].

The moderator should be able to slow down neutron speed while keeping a low neutron
absorption cross-section. For this reason, most of the nuclear reactor tend to use light water
(H2O) as moderator because of its abundance and low-price. Heavy water (D2O) and Graphite
are also used as a moderator in some reactors [23].

Figure 2.4: Moderator Slowing Neutron to Create more Fission Events [24]
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3. Control Rods
Control rod is an equipment that is used to consume neutrons so that the nuclear chain reaction
taking place inside the core can be slowed down or stopped absolutely by injecting the rod
ultimately or accelerated by pulling out slightly. On an average, 2.5 neutrons are released in
fission of U-235, but only one neutron is adequate to continue the nuclear chain reaction at
steady state. The control rod contains cadmium or boron material which absorbs these extra
neutrons and can be used to alter the power output of the reactor [25].

Figure 2.5: Schematic showing the change of power output about the position of control rod [26]

When inserted in standard amount, control rod position is at critical, and the power output
remains equal. In Figure 2.5 On the left, the control rods (shown in green) are inserted more
than usual, reducing the number of neutrons which in turn reduces the power output of the
reactor, and the reactor is below critical. On the right, the control rods are inserted less than
usual, increasing the power output, and the system is beyond criticality [26].

4. Coolant
Coolant extracts the heat from the fuel element in the reactor core and transfers it to the steam
generator where the heat exchange process occurs. Later, steam is used to generate electricity
in the power plant. A suitable coolant must be chemically stable, and it should not interfere with
or be affected by the nuclear chain reaction. Light water (H2O), carbon dioxide gas or liquid
sodium are typically used as a coolant in the reactor. The advantage of using light water (H2O)
as a coolant in a reactor is that it can act both as a moderator and coolant simultaneously [27].

5. Turbines
Steam produced in the boiler is passed to a turbine. The force of the steam makes the turbine to
rotate converting heat energy into mechanical energy.

6. Generator
The generator converts the kinetic energy of the turbine into electric energy. The turbine
moves and causes change in magnetic flux which generates electricity. This electricity is later
transmitted to electricity house or power lines [28] [15].
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7. Containment
Containment is a construction which surrounds the reactor pressure vessel. It is designed to
protect reactor pressure vessel from surrounding interference and to protect outsides from the
effects of radiation during a malfunction. It is a structure which is built with a metre-thick concrete
and steel [29]. It is the dome structure that can be seen by a person from far in a nuclear facility,
as seen in Figure 2.6.

Figure 2.6: Containment Building [30]

2.2.2 Types of Nuclear Reactor

There are many types of reactors based on different usage, but for this section, we can consider High
Flux Reactor (HFR), and Molten Salt Reactor (MSR) briefly.

2.2.2.1 High Flux Reactor (HFR)

The HFR is a research reactor in Petten, the Netherlands. The design was based on the Oak Ridge
research reactor in the United States of America. Development was contracted to the American Car
and Foundry, Inc. Work commenced on 27 August 1957 and ended with the HFR’s first criticality on
11 November 1961 [31]. HFR in Petten (operated by NRG) is one of the most dynamic multi-purpose
research reactors which can be used for many experiments like fissile material testing, structural
material testing, radioisotopes production, and training and education. HFR focused on the production
of radioisotopes during last decade. Today HFR in Petten produces 20-25 percent of total world
radioisotope medicine [32]. Isometric view of the HFR building in Petten is shown in Figure 2.7.
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Figure 2.7: Isometric View of Petten High Flux Reactor [33] [34]

The HFR is light water cooled and moderated tank-in-pool type research reactor. The reactor core
is housed in a sealed tank, which simultaneously with the circulation pumps and the heat exchangers
forms the primary circuit. The reactor tank is immersed into a deep water-filled pool with thick concrete
walls. The pool is covered with an aluminium liner. Low-enriched uranium is used as fuel. The regular
operating thermal power of HFR is 45 MW [31]. The primary coolant’s inlet and outlet temperature is
45 oC and 55 oC, respectively and the reactor is operated for more than 280 days/year [31].

2.2.2.2 Molten Salt Reactor (MSR)

The molten salt reactor is a class of nuclear fission reactor in which the primary nuclear reactor coolant
is the salt which is heated above its melting mark to be as a fluid. Instead of fuel rod assembly like
in the other types of reactors, MSR has fuel/fissile material dissolved and mixed in this molten salt.
The salts used as primary coolant, are usually fluoride salts like lithium-beryllium fluoride and lithium
fluoride, which remain liquid without pressurization. The fuel is a molten mix of lithium and beryllium
fluoride (FLiBe) salts with dissolved low-enriched uranium (U-235 or U-233) fluorides (UF4). The fuel
flows around the graphite moderator which decelerates down the neutrons to support the reaction.
This type of reactor has many advantages, but due to also technical research and development lag,
MSR has not been commercialised [35].
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2.2.3 Reactor Pressure Vessel (RPV)

The reactor pressure vessel is the pressure vessel enclosing reactor core, coolant, and other essential
reactor internals. The RPV is designed to withstand high pressure. It is a structure placed inside
the Containment and represents the first line of defence against a release of radiation in case of an
accident [36]. A typically designed reactor pressure vessel is shown in the Figure 2.8

The RPV is cylindrical with a hemispherical bottom head, flanged and gasketed upper head. The
bottom head is fused to the cylindrical shell while the top head is bolted to the cylindrical shell via the
flanges. The top head is portable to allow for the refuelling of the reactor during prepared outages [36].

Figure 2.8: Reactor Pressure Vessel Internals [37]
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There are one inlet (or cold leg) nozzle and one outlet (or hot leg) nozzle for each reactor coolant loop.
The reactor coolant enters the reactor vessel at the inlet nozzle. It goes out the reactor from the upper
region, where it is transmitted out the outlet nozzle into the hot leg of the primary circuit and travels on
to the steam generator. The primary circuit of regular PWR is divided into four independent loops, each
loop involves a steam generator and one coolant pump but can vary according to particular reactor
design. Therefore, large inlet and outlet nozzles, as well as control rod drive tubes and instrumentation
and safety injection nozzles penetrate the cylindrical shell. The total inlet and outlet nozzles is a
function of the number of loops [38]. The RPV internal has a support assembly to tolerate the force
due to weight, fuel assembly, control rods, vibration, and earthquake.

The support assembly is partitioned into lower core support and upper core support structures.
The lead restraining and support member of the reactor internals is the lower core support structure,
consisting of core baffle, the lower core plate, the thermal shield plates, the triangular fashioned core
as seen in the figure 2.8. These support members are welded to the bottom head and the core
support ring. Within the core-barrel are the axial baffles, which are secured to the core barrel wall and
form the cage periphery of the assembled core. The lower core plate is located at the bottom level
of the core below the baffle plates and provides support and orientation for the fuel assemblies and
vertical downward load from the weight. The Bottom core plate is punctured and contains the locating
pins for the fuel assemblies. The upper part support assembly consists of the upper support plate,
upper core plate, support columns, and guide tube assemblies as seen in the figure 2.8. Similarly,
support columns provide the spacing between the upper support plate, middle support plates and the
upper core plate. The guide tube assemblies cover and guide the control rod drive shafts and control
rods [39].

The flow path for the reactor coolant through the reactor vessel is shown in Figure 2.9.

The comparatively low temperature coolant enters the reactor vessel through the inlet nozzle and hits
against the core barrel (shown in blue arrow). The core barrel drives the water to stream downward
in the area between the reactor vessel wall and the core barrel; this area is usually recognised as
the downcomer. From the bottom of the pressure vessel, the flow is overturned up through the core
to pass through the fuel assemblies, where the coolant temperature rises as it passes through the
fuel rods. Finally, the hotter coolant (shown in red arrow) enters the upper internal region, where it is
routed out through the outlet nozzle and goes on to the steam generators. The body of the vessel is of
low-alloy carbon steel. Surfaces with coolant contact are clad using 3 - 10 mm austenitic stainless
steel to minimize corrosion [40].
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Figure 2.9: Coolant Flow Path in the reactor pressure vessel [37]

2.3 Theory for Pressurized Water Reactor

This section discusses some basic laws and constitutive equations which are relevant to the study of
the pressurized water reactor.

2.3.1 Laminar and Turbulent flow

In fluid dynamics, laminar flow is described by smooth ordinary paths of molecules of the fluid. When
a flow is laminar, the fluid flows in parallel layers, with no interruption between the layers. Therefore,
laminar flow is also cited as a streamline or viscous flow. Turbulent flow is identified by the jerky
movement of particles of the fluid. In turbulent flow, the lateral mixing is large, and there is a disruption
between the fluid layers. In a turbulent flow, the acceleration of the fluid at a fixed point is continuously
changing in magnitude and direction. The type of flow is influential in nuclear reactor channel to
predict the heat removal capacity of coolant by considering the contact time and mass transfer of the
coolant to the nuclear fuel assembly [41].
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Figure 2.10: Laminar Flow [42] Figure 2.11: Turbulent Flow [43]

2.3.2 Reynolds Number and Boundary layer

The Reynolds number is the ratio of inertial forces to viscous forces. The Reynolds number is a
dimensionless number used to classify the fluids systems in which the effect of viscosity is necessary
for handling the velocities or the flow pattern of a fluid. Mathematically, the Reynolds number, NRe, is
represented as

NRe =
ρvd

µ
(2.3)

Where ρ is the density, v is the velocity, d is the diameter, and µ is the viscosity. The Reynolds
number is utilized to determine whether the fluid is in a laminar or turbulent flow. It is considered that a
Reynolds number lower than or equal to 2100 indicates laminar flow, and a Reynolds number higher
than 2100 indicates turbulent flow [44]. The Reynolds number is used to calculate the type of coolant
flow at the baffle in the reactor pressure vessel.

2.3.3 Conservation of Mass

The Law of conservation of mass is the essential principle of physics as described by Antoine Lavoisier
in 1789. The principle of mass conservation signifies that matter is neither created nor destroyed.
Overall volumetric mass in a process is fixed, but entities related to the mass may vary amid the
process. For instance, consider the condensation of steam. In this process, water is initially in the
gas state, but then it goes through a condensation process. In the final state, water is in the liquid
phase. The conservation of mass requires that the mass of water at its original state (steam) be equal
to the mass of liquid water after condensation [45]. The Law of conservation of mass is also relevant
in nuclear reactors for its coolant.

(Rate of mass accumulation in reactor) = (Flow of mass into the reactor) - (Flow of mass from
reactor)

Consider a moving fluid in the reactor. The mass is conserved as there is no depletion or accumulation
of mass in the reactor. Hence the mass flow per unit area can be shown as follows:
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Figure 2.12: Sketch of mass flow through area A in a flow field

In Figure 2.12, edge view of area A can be seen. Let A be a small area with flow velocity V. In time
dt after crossing A, the particle moved a distance of V dt. The volume and the mass are given by,

V olume = (Vndt)A (2.4)

Mass = ρ(Vndt)A (2.5)

Vn is the component of velocity normal to A. This mass has swept past A in time dt. Hence, the
mass flow rate (ṁ) is given by,

Q = AVn (2.6)

Where Q is Flow rate or Volumetric flow rate,

ṁ = ρAVn = ρQ (2.7)

Mass flux is given as the mass flow per unit area [46].

2.3.4 Convective Heat Transfer

Convective heat transfer is the transfer of heat from one place to another by the movement of fluids. It
is the predominant form of energy transfer in gases and liquids. Occurs when the surface temperature
differs from that of the surrounding fluid. Convection can be divided into two types; Forced convection
where pumps or fans force the fluid for transfer of heat. Natural convection where the fluid motion is
natural and caused by buoyancy and density change forces [47]. Natural convection occurs in PWR
because hot water is less dense than cold water, due to low-density hot water rises in the PWR and
go towards the outlet, while relativity cold water is at the bottom of the reactor.

Thermal analysis
Thermal analysis is used to determine the temperature distribution, heat flow, thermal gradient, and
other different thermal entities in the process/structure. It can be divided into two types: a steady-state
analysis where the thermal and boundary loading conditions does not change with time, and transient
where the conditions change concerning time.
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2.4 Finite Element Method Software: ANSYS

There are many sophisticated engineering questions for which we cannot attain perfect solutions.
This inability to attain an exact solution may be associated with either the complicated nature of the
governing equations or the complications that emerge from dealing with the boundary and initial
conditions. To deal with such complications, we use numerical approximations. The universal class of
numerical method is the finite element method. [48]

The finite element method is a numerical procedure that can be applied to have a result of a range of
problems in engineering. Fluid, linear, nonlinear, thermal transfer, transient, and steady-state problems
can be investigated with the finite element method. Finite element method was first developed and
published in the 1940s. However, According to [49] finite element method was subsequently applied to
thermal transfer and fluid flow issues in 1967. The benefit of finite element analysis lies in the capacity
to solve arbitrarily complex problems for which analytical solutions are not accessible or which would
be prohibitively time consuming and expensive to solve by hand. [48]

ANSYS is a global general-purpose finite element computer software started in 1970. The software
can execute thermal transfer, structural, fluid flow, and coupled analyses. ANSYS has been a dominant
finite element analysis program for over 40 years. Today, ANSYS is used in many engineering fields,
including aerospace, automotive, electronics, and nuclear. However, to work in ANSYS, the end-user
should understand the elemental concepts of finite element methods. [48]

ANSYS software provides a comprehensive range of simulation technologies like CFD, Finite
Element Analysis (FEA). It has many thermal capabilities such as radiation, phase change, steady
state, transient, conduction, convection, time-dependent boundary conditions, and temperature
dependent materials. [50]

Since its initiation in the early 1970s, ANSYS FEA and CFD software has been the favoured
engineering simulation software in the nuclear power industry, as it provides the FEA and CFD tools
obligated to meet the precise design, engineering and regulatory challenges of the nuclear industry as
well as includes standards such as American Society of Mechanical Engineering (ASME) Nuclear
Quality Assurance - 1 (NQA-1), Quality Assurance Requirements for Nuclear Facility Applications,
ASME Boiler Pressure Vessel Code Section III, Subsection NF and International Organization for
Standardization (ISO-9001). [51]

ANSYS has many features or analysing process that can be used in different cases. Few of them are:

Steady-state analysis
ANSYS supports a range of steady-state and time-dependent analyses. It permits two forms of static
analyses: single-step analyses where all loads are applied at the same time and multistep static
analyses where various loads can be applied or removed with each load step. Multistep analyses
allow various combinations of loads to be solved in a single run. They also allow loads to be applied
increasingly in nonlinear analyses. [52]

Transient analysis
A transient analysis is applied to simulate the heat transfer circumstance in the presence of initial
conditions and time-dependent boundary conditions. Along with boundary conditions, the user must
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also consider several load steps, and time step size. Depending on the values of these quantities,
results in the same problem may vary remarkably. According to [52], the solution is supposed to be
more accurate as the time step size decreases (increased number of sub-steps). However, this may
increase the cost of analysis significantly. [52]

ANSYS Parametric Design Language (APDL)
The ANSYS Parametric Design Language (APDL) is one of the most impressive features of ANSYS. It
allows the user to describe some or all parts of the model (loads, material properties) as parameters
and make the analysis more flexible. APDL also allows running logic operations (if, else, do) as
ANSYS commands. [50] [52]

APDL incorporates several user-programmable features that support to organize a custom version
of ANSYS. User-programmable components include customized commands, loading condition,
elements, and material model. The merger of APDL, materials, and user-programmable features
allows ANSYS users to develop custom applications. This makes it very flexible and powerful tools. [52]

ANSYS Workbench
In the 1990s, advancement emerged on a new user-friendly platform that was called as ANSYS
Workbench. The workbench was designed to couple the strengths of existing ANSYS, Inc. technology
with modern capabilities having improved solid modelling and better robust Computer-Aided Design
(CAD) importation. New products and capabilities were integrated into the Workbench environment,
and all ANSYS, Inc. products would interface with each other using Workbench.

ANSYS has three steps/phases to solve the problems:

• Pre-processing Phase
In this stage, the solid model geometry is shaped, the element group and material properties
are described, and the solid model geometry is meshed to create the finite element model. In
ANSYS, these steps are performed in the Pre-processor (PREP7).

• Solution Phase
In this phase, loads and constraints are applied, and a set of linear or nonlinear algebraic
equations are solved to obtain nodal results, such as displacement or temperature at different
nodes. These steps are performed in the Solution processor (SOL).

• Post Processing Phase
After the solution is ready, the results are plotted, viewed, and exported in one of the post
processors (POST1 or POST26), and exciting information is obtained.

There are many powerful programs for conducting finite element analysis. It is very complex to say
which one is better. But let us discuss in brief why ANSYS was used for this assignment.
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Pros of using ANSYS for the assignment

• ANSYS offers a powerful standalone interface and user friendly environment for pre-processing
and post-processing, simplification, and advanced meshing.

• Transient analysis can be done economically [53].

• It has an integrated tool for both modelling and analysis.

• ANSYS is integrated with two standards; American National Standards Institute (ANSI) B31.1,
and American Society of Mechanical Engineering (ASME) sections which are utilized to design
the nuclear reactor [54].

• ANSYS modelling is convenient with more intuitive analysis results [54].

• ANSYS program has an advantage in the establishment of finite element model and result
processing, the explicit kinetic simulation algorithm in integrated LS-DYNA program in ANSYS
can quickly solve short-time, large deformation, dynamic problems [55] [56].

• Ansys is committed to the development of software tools, including Ansys Fluent and Ansys
Mechanical, that follows the ASME’s Nuclear Quality Assurance-1 (NQA-1) requirements as
endorsed by the U.S. Nuclear Regulatory Commission (NRC) [57] [52].

• ANSYS.inc continues to make huge efforts to ensure that the program is backward compatible
(i.e., that a newer version of the program can accept input generated by older versions of itself)
which makes the program timeless, i.e. the program that is run today still incorporates code that
was written in the 1970s [52]. This is the reason why ANSYS is preferred in energy industry.

• Using Mosaic-enabled meshing technology in Ansys Fluent, engineers can create a mesh for
the complex solid model. The parallel meshing process produced a high-quality mesh eight
times faster and with less user input [57].

• ANSYS allows relatively easy implementation of complex geometries, design domains, multiple
load case, additive manufacturing, constraints, and coupled analysis [58].

Cons of using ANSYS

• Depending on how the ANSYS solved the equations, the time taken to perform the simulation
could be shorter or longer. Generally, ANSYS takes a longer simulation time compared to
ABAQUS [59].

• ANSYS lacks in efficiently solving non-linear analysis when compared to ABAQUS. Contact
generation and behavior during and after deformation data can be extracted more realistically
and near to exact solution with ABAQUS than ANSYS [60].

• ANSYS, Inc. products are dependent on product licenses. Each ANSYS license specifies which
ANSYS products or capabilities can be used, the maximum number of elements that may be
included in a model, and how many people can use the software at the same time [52].
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• ANSYS APDL user-interface is outdated by 20 years when compared to user-interface of
ABAQUS.

ANSYS has two essential features to build geometry; they are:

Nodes
A node is a coordinate location in a field where the Degrees of Freedom (DOF) are described. The
DOFs for the point shows the possible movement of this point due to the loading of the structure. The
DOFs also represent which forces and moments are moved from one element to the next.

Elements
An element is the primitive building block of finite element analysis. It is a mathematical relation that
defines how the degree of freedom of node is related to the next node. There are several basic types
of elements. These elements can be lines (trusses or beams), areas (2-D or 3-D plates) or solids
(bricks or tetrahedral). Different element types are chosen based on the type of analysis which is
going to be performed [61].



Chapter 3

Modelling and Thermal Analysis of
the Pressurized Water Reactor

In this chapter, a systematic approach towards analysing and modelling of a pressurized water reactor
is described. The base knowledge of the pressurized water reactor and reactor pressure vessel was
necessary to deliver the process effectively.

Nuclear power plants today supply up to 7 percent of the world’s primary electricity. The safe and
reliable operation of nuclear power plants relies on many intertwined aspects involving technological
and human factors. The reactor core is an important part which releases the energy for the generation
of power using a turbine. These reactor core and turbine tends to failure due to many reasons, and one
of the most important reason is due to thermal characteristics. Prediction of these thermal distributions
in a nuclear power plant core is very much necessary to design and prevent the failure of the element
in operating conditions. Hence, the main objective of this chapter is refining the reactor pressure
vessel internal model of a pressurized water reactor and the prediction of the transient temperature
distribution of reactor pressure vessel using ANSYS.

Transient analysis is an essential tool when designing nuclear reactors since they predict the
behaviour of a reactor during changing conditions, such as a control-rod movement, induced by
an operator, or an accident scenario, or start-up conditions. Transient simulation can be more
comprehensive by predicting accurate estimates of the thermal distribution when compared to
steady-state analysis because it computes the instantaneous values in each time interval for each
quantity. Having a time-dependent thermal distribution results in the reactor core is extremely important
in formulating safe procedures for the operation of nuclear facilities and the handling of irradiated fuel.
With the rapid development of nuclear industry, simulating and analysing the reactor thermal distribution
is of great significance for the nuclear safety because with these temperatures, thermo-mechanical
calculations can be carried out. Moreover, these transient temperatures can be used to calculate the
theoretical thermal heat capacity in the reactor core, which can be used for economic operations and
to prevent accidents.

In this chapter, an attempt is made to find out the transient thermal analysis of a reactor pressure
vessel internals in the operating condition of a nuclear power plant. All the modelling improvement is
made with the help of ANSYS Workbench V19. The initial approach for this chapter is shown in the
figure 3.1. For transient analysis, first, the working of the model made by AIS was understood with the
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help of literature. Later, the model is refined for its mesh to have a balance between the quality of the
mesh and computational time. Next, the boundary conditions for transient analysis were applied to the
model, and the model was simulated to get the thermal distribution. At last, flow velocity and Reynolds
number were calculated based on mass flow rate, to validate the simulated result for real-life nuclear
thermal capacity.

Figure 3.1: Initial Design Methodology

3.1 Model

AIS has modelled the Reactor Pressure Vessel (RPV) internal of pressurized water reactor for this
section. The scope of parts to be considered in the RPV model is given by an internal management
program [62]. The goal of this chapter is to carry out transient analysis and report the temperature in
the reactor pressure vessel.

The design geometry of the RPV is shown in Figure 3.2

Figure 3.2: Geometry of RPV
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Due to rotational symmetry 1
8 th part of the whole RPV is used for analysis. If the whole model were

prepared, the fuel assemblies would be placed inside and, in the middle, touching the inner surface of
the baffle. All the individual parts will be shown with mesh in section 3.2. In Figure 3.2, the core barrel
is the part which covers the fuel assembly and core in the RPV. The baffles are the innermost part of
the RPV, which are near to the fuel assembly. The baffles act as a system to promote better flow of
liquid for maximum efficiency in the RPV. The baffles are connected to the core barrel with the help
of former and bolts. The contact between core barrel-former, former-bolt, and bolt-baffle are kept as
bonded to avoid sliding or edge separation of the parts. Coolant flow through the inlet first hits the core
barrel. As the core barrel is solid (without any gaps or holes), the only place for the coolant to flow is
downwards. When coolant has reached the bottom, it crosses all the outer surfaces and reaches the
inner surface of this model. The inner surface of this model has fuel assemblies. This fuel assembly
heats the coolant, and the coolant flows towards the top of the RPV model and out through the outlet.
This process is similar to the theory explained in Figure 2.9 but with the current modelled RPV. This
flow in the RPV can be illustrated by viewing the flow path and temperature increase in Figure 3.18.

Parameters Value

Diameter of inside surface of RPV 3.12 m [63]
Area of inner surface of RPV 7.64 m3 [63]

Diameter of outside surface of RPV 3.29 m [63]
Area of outer surface of RPV 8.50 m3 [63]

Design Pressure 16 MPa [64]

Table 3.1: Parameters for the PWR

3.2 Mesh

The meshing for the model was done in ANSYS Workbench V19. For the thermal calculations, 3-D
higher-order SOLID90 elements are used for the model. It is used because of its geometric adaptability
and smooth temperature variation results. SOLID90 is a higher-order version of the 3-D eight-node
thermal element (SOLID70). The SOLID90 element has 20 nodes shown as dots in Figure 3.3, with a
single degree of freedom and temperature at each node. The 20-node thermal element applies to
a 3-D, steady-state or transient thermal analysis. If the model containing this element is also to be
analysed structurally, the element should be replaced by the equivalent structural element such as
SOLID186 [61]. However, for this chapter, we are considering thermal calculations; hence SOLID90 is
used.
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Figure 3.3: Nodes in SOLID90 Element

Meshing is an essential process of the finite element method where the model is broken into simple
elements that can be used as discrete local approximations of the larger domain. The mesh biases
the convergence, accuracy, and speed of the simulation. Moreover, since meshing often drains a
significant portion of the time it takes to get simulation outcomes, the better and more automated
the meshing tools, the time required to obtain the results will be faster [65]. Few common types of
meshing are shown in Figure 3.4.

Figure 3.4: Common types of Meshing [Source: Ansys Inc]

Creating high-quality mesh is one of the crucial factors that must be considered for getting accurate
results. A high-quality mesh should have an optimum balance between the simulation time and mesh
size.

Ansys provides an intelligent meshing software to provide mesh for most of the geometries, but if
the complexity of the geometry increases, the mesh will be broken into different types resulting in a
low-quality mesh. The fineness of the mesh was increased at the baffle and former area by studying
the mesh convergence; this led to having a balance between simulation time and quality. To check
if the mesh quality in this model was good, skewness mesh metrics were used. According to [66],
maximum skewness value should be less than 0.95; if the skewness average value after meshing
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is zero then a perfect mesh has been achieved, if the skewness value is 1 then the mesh is of low
quality. An average skewness value of 0.443 was found for this model after refining, which, according
to skewness mesh metrics spectrum chart [66] is termed as “very good” mesh.

From Figure 3.5 to Figure 3.9, shows the mesh of all the parts in the model.

Figure 3.5: Mesh: Core Barrel (front view)
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Figure 3.6: Mesh: Baffle

Figure 3.7: Mesh: Former (top view)
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Figure 3.8: Mesh: M12 Bolt

Figure 3.9: Mesh for the Geometry
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Table 3.2 gives a summary of the number of elements and nodes of parts in the model.

Model Number of Elements Number of Nodes

Core Barrel 3796 23058
Baffle 45988 188605

Former 46104 169164
Bolt 366877 1214256

Total Geometry 462765 1595083

Table 3.2: Mesh Details

3.3 Material

The materials were already defined, and used to model the RPV Internals they are as follows:

• 1.4550 (i.e. American Iron and Steel Institute (AISI 347)) for the former, baffle and core barrel. It
is austenitic chromium-nickel stainless steel with titanium and niobium addition.

• 1.4571 (i.e. AISI 316Ti) for the bolts. It is austenitic titanium stabilized chromium-nickel
molybdenum stainless steel.

The material property was taken from German safety standard Kerntechnischer Ausschuss (KTA)
because the PWR is a German design. The reference to the material properties is given in Deutsches
Institut für Normung (DIN) 17440 [67]. The material properties are shown below.

T (oC) E (GPa) α (10 − 6 K − 1) k ( W
mK ) ρ ( kg

m3 ) Cp ( J
kgK )

20 200 16 15 7930 470
100 194 16 16 7930 470
200 186 17 17 7930 490
300 179 17 19 7930 500
400 172 18 20 7930 520

Table 3.3: Temperature-dependent properties of AISI 347
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T (oC) E (GPa) α (10 − 6 K − 1) k ( W
mK ) ρ ( kg

m3 ) Cp ( J
kgK )

20 200 16.5 15 7930 470
100 194 16.5 16 7930 470
200 186 17.5 17 7930 490
300 179 18.5 19 7930 500
400 172 18.5 20 7930 520

Table 3.4: Temperature-dependent properties of AISI 316Ti

Where ρ is the density, k is the thermal conductivity, α is the coefficient of thermal expansion, Cp is
the specific heat capacity, E is the Young’s modulus. According to [67], thermal analysis density of
7930 kg

m3 , Specific heat 500 J
kgK , and reference temperature properties are set to 20 oC.

3.4 Approach

The RPV internal model described above is solved with the approach, as shown in Figure 3.10.

Figure 3.10: Approach to Model

First, transient thermal analysis was approached by having a time-dependent boundary conditions,
which was the start-up condition of the reactor. This start-up loading conditions were supported with
imported heat generation value and reference temperature. Finally, the thermal distribution in the
reactor core was achieved. Along with thermal distribution, values of velocity, mass flow rate were
calculated. These achieved thermal distribution was validated using the thermal heat capacity of the
real-life pressurized water reactor.
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3.5 Boundary Condition

The heat transfer coefficient and the temperature used as boundary condition are representative for
real PWRs; German designed PWR [68], and the French CP0 PWR [69].

The thermal boundary conditions for the model is shown in Figure 3.11.

Figure 3.11: Thermal Boundary Conditions

Boundary Condition Value

Heat Transfer Coefficient (HTC) for internal surface 22500 W
m2K

HTC for external core barrel 22500 W
m2K

HTC for former at the bottom 4000 W
m2K

Reference temperature (Tref ) for External (Outer surface) 291 oC

Reference temperature (Tref ) for internal surface 291 to 316 oC (depending on the height of RPV)
Reference temperature for former 291 to 316 oC (depending on the height of RPV)

Body heat generation Data from nuclear physics calculation

Table 3.5: Thermal Boundary Conditions

The RPV internal model is sectioned into small part to explain the boundary condition in the model.
This sectioned model is the bottom part of the full RPV internal model. The heat transfer coefficient
of 22500 W

m2K is applied to the outermost part of the RPV model (I.e. Outer surface of core barrel).
The same heat transfer coefficient is applied to the innermost part of the model (i.e. inner surface
of baffles). The heat transfer coefficient is kept at that constant value throughout the analysis. The
reference temperature for the outer surface of the RPV model is given as 291 oC. The reference
temperature for the inner part of the RPV model is dependent on height which ranges from 291 to
316 oC. As explained in section 3.1, the water hits the core barrel and goes down. Hence, Figure
3.11 shows the mass flow inlet, which is the water flowing inside the RPV. As the water flows from
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bottom to the top (height) of RPV model the temperature increases due to heating, by this, we can say
that the there is the different temperature at different height of the RPV. There is a pressure of 160
bar inside the reactor core due to this pressure the boiling point of water becomes 346 oC. All the
boundary conditions in Table 3.5, are current real-life data of the PWR and is found in NRG internal
reports [68] [64].

Body heat deposition data are values of heat deposition in the steel and in W
g . The heat deposition

depends on the number of neutrons escaping the core region, so it depends on the fluence in the
structures surrounding the core. The number of neutrons leaking from the core region depends on
fuel distribution. Currently, the PWR has a low-leakage core. This data was already calculated by
Monte Carlo N-Particle Transport Code (MCNP) and has been imported to perform transient analysis
as a boundary condition [70]. The MCNP data was provided in a format suitable to be read by the
FE software, which is an American Standard Code for Information Interchange (ASCII) table format,
as shown in Figure 3.12. The data were converted from W

g to W
m3 , so it was multiplied by the density

value in g
m3 . Later, this data in table format is applied to the whole RPV model in the form of boundary

condition, and heat generation in the RPV is obtained, as shown in Figure 3.13.

Figure 3.12: Part of 3D ASCII table in excel
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Figure 3.13: Imported Heat Generation

To replicate a real-life scenario with transient analysis in the RPV. The start-up nuclear reactor
loads were considered. The graph for a nuclear reactor start-up contains time and temperature. The
PWR start-up is shown through the graph in Figure 3.14.

Figure 3.14: PWR Start-Up Condition Graph
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Figure 3.15: PWR Start-Up condition in ANSYS Tabular Data

The start-up loads for the PWR is found in [63], which is a German report found in archives of
NRG. In general, the refuelling is done every 12 to 18 months, some of the fuel – commonly one
third or one-quarter of the core – is transferred to the spent fuel pool. At the same time, the rest is
reorganized to an area in the core better suited to its remaining level of enrichment. After refuelling
and core alternation, a physics test is necessary to verify that the reactor is operating as per its
pre-calculated core design. This process may take several days or months because of safety checks
on all the operating systems inside the nuclear core, and the usage of heat from nuclear chain reaction
is prohibited initially due to safety reasons. Reactor start-up after refuelling is a start-up from a
cold condition since refuelling requires the Reactor Coolant System (RCS) to be cooled down and
depressurized. The initial conditions are the Nuclear Steam Supply System (NSSS) is in the “cold
shutdown” mode, that means Tavg = 300C and pressure are equal to near atmospheric. In Figure
3.15, the time between zero to 18000 seconds is where the NSSS heats up from Cold Shutdown
to Hot Standby. This hot standby is performed by reactor coolant pumps working together with a
decay heat left behind in the core during shutdown and can be used for heating the primary coolant.
This heating from decay heat process is taken slow. After reaching the 18000 seconds mark the
heat up rate is limited to about 30 oC per hour initially to minimize internal stress in the material of
the pressure vessel, primary piping, and other components. This limitation will linearly increase the
start-up temperature of the reactor. The plant is brought to near operating temperature (T=293 oC)
after 11 hours of an initial start-up with a reactor coolant pump because the usage of heat from nuclear
chain reaction is prohibited initially. At 12 hours, the reactor reaches the target/operating value, and
the start-up is finished. Later the temperature of the coolant is maintained throughout balance use of
the reactor. Hence, this is the balanced-out stage of PWR; all the transient analyses are done for a
total time of 43200 seconds (12 hours). Due to safety reasons and to prevent internal stresses, the
temperature in the start-up condition of the reactor is limited initially. This start-up temperature in the
core should increases linearly at a slow speed. However, in the figure 3.14 and figure 3.15 it can be
seen that the temperature increases suddenly from 171.8 oC to 194.2 oC in a concise amount of time.
This phenomenon occurs because the reactor has a negative void coefficient. Water boiling at those
temperature leads to voids (steam bubbles) inside the reactor. The number of voids inside the reactor
can affect the reactivity of the reactor. There is a sudden pressure rise at that interval this will result
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in decrease in void content. The sudden increased pressure will cause some of the steam bubbles
to collapse. This void collapse will give out additional energy in the form of heat. Hence, due to the
additional heat given out by the voids, there is a sudden increase in temperature at that short interval
of time.

The tabular data shown in Figure 3.15 is applied as the convection boundary condition to the exterior
wall of the core barrel in the model, as seen in Figure 3.16. This convection boundary condition is
defined by reference temperature and heat transfer coefficient. The heat transfer coefficient was held
at a constant value of 22500 W

m2K as a function of time, while the reference temperature was varied
with time, from the Figure 3.14.

Figure 3.16: Convection Boundary on Core Barrel

From the above paragraph, we can say that convection based on real-time (transient) is given to
the outside surface of the core barrel. Now inner part, i.e. baffle, should also be given convection
based on time, to make it a real-life start-up loading phase of the reactor.

To give boundary condition to baffle, we consider the height of the model, the time, and the reference
temperature. Consider the conditions of a start-up from Figure 3.15 and reference temperature for the
internal surface from Table 3.5. According to [68], the temperature difference between the top part of
RPV and bottom part of RPV in the PWR at any given point of time during start-up is 20.26 oC. Now
we can combine all the information given in this paragraph to form a tabular data which gives us the
boundary condition for the baffles. The tabular data is shown in Figure 3.17.
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Figure 3.17: Temperature as a function of time and height boundary condition for baffle

The distance reference co-ordinates in the model was placed 0.3 metres from the bottom-most
part of the RPV. So, in Figure 3.17 , the height of the bottom part of the RPV has a negative sign (-0.3).
The height of the top part is 2.32 metres. The height of the RPV model is described in [68]. According
to [68], there is a temperature difference of 20.26 oC. To explain the Figure 3.17, consider the start-up
time 18000 seconds, at this time the temperature at the bottom-most part of the reactor will be 30 oC

[Figure 3.15] and top-most part of the reactor will be 50.26 oC [68]. These temperatures are illustrated
in Figure 3.18. In Ansys Workbench all the three components, i.e. height, temperature and time could
not be defined using workbench function. Hence, an APDL command was written and added to the
workbench to give a boundary condition to the baffles. The code is shown in the appendix A.

Figure 3.18: Representation of boundary condition for baffle
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3.6 Results

This section shows the thermal results for FE analysis. Temperature distribution of the RPV internal
model is shown in Figure 3.19.

Figure 3.19: Temperature Distribution of the Model

Temperature distribution for individual parts is shown in figure 3.20 to figure 3.23.
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Figure 3.20: Temperature distribution of formers

Figure 3.21: Temperature distribution of Core Barrel
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Figure 3.22: Temperature distribution of baffle

Figure 3.23: Temperature distribution of bolts
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The temperature of the RPV internals is increasing from bottom to top, as seen in the figure 3.19.
This increase is due to the increase in reference temperature with the height of the RPV internal
model. The lowest temperature in the model is 298.23 oC and is located on the core barrel. The
highest temperature is 374.12 oC which is in the central bolts.

The inner part of the former is connected to the baffle is seen as the hot surface in the figure
3.20, and the slight behind part which is in contact with the core barrel is seen having a lower
temperature.

The core barrel has the lowest temperature seen in the figure 3.21 because this part receives
the lowest amount of heat deposition and is exposed to the lowest reference temperature of 291 oC.

The temperature increases from bottom to the top part of the baffle seen in the figure 3.22 because of
imported heat generation.

As seen from figure 3.23, the central bolts have the maximum temperature in the model because this
region experiences the highest amount of heat generation, from figure 3.13. Every bolt, subject to
heat deposition, tends to expand according to the thermal expansion coefficient of the material and,
if the expansion is constrained, thermal stresses develop. The bolt has a higher value of expansion
coefficient than the baffle and the former [Table 3.4]. The area where the temperature is the highest in
the bolt is small [seen in Figure 3.24], this maximum temperature only occurs at a particular single
bolt. It does not much affect the overall temperature distribution of the model.

Figure 3.24: Maximum temperature distribution in a single bolt.

In the analysed model, if a node/element is selected on a specific spot on the height of the model,
then the temperature at that specific height can be known. For example, the total height from the
bottom of the RPV model (not from 0.3 m reference point) is 2.62 meters [Y in Figure 3.17]. If this
height is considered, then the accurate temperature at that height can be found by the analysed
model, which is 317.55 oC [see in Figure 3.19]. With this transient analysis of RPV internal model, an
estimate temperature distribution of the real-life scenario of start-up load of that PWR is reported.
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3.6.1 Result Validation

To validate if the analysed temperatures distribution is correct. We must calculate velocity inside the
core. According to [68], the mass flow rate (ṁ) inside the core is 11000 kg/s. According to 2.3.3 , the
mass rate of coolant flowing inside the reactor should be equal to mass rate flowing out of the reactor.
By using the equation (2.7), we must find the velocity. For this temperature on the top-most part of
the RPV internal model is used, which is 317.55 oC because this is the temperature with which the
coolant from top-most part goes out of RPV through the outlet valve/leg. Equation (2.7), requires a
density of coolant (water) at 317.55 oC and the pressure of 156 bar. Hence, the density of water in
this situation is 673.8 Kg

m3 [71]. The area of the inner surface of the RPV is 7.64 m3 [Table 3.1]. By
solving the equation, we get

Vinnercore = 2.14
m

s
(3.1)

Using equation (2.6), we also get

Q = 7.64× 2.14 = 16.35
m3

s
= 981000

L

min
(3.2)

Using the above velocity, we can calculate the Reynolds number. For this, we use equation (2.3),

Re =
2.14× 3.12

0.001057
= 6316.74 (3.3)

From equation (3.3), the Reynolds number is 6316.74. If the Reynolds number is above 4000,
then the flow is said to be turbulent [72]. According to this, we can say that the flow inside the core is
turbulent.

To find the thermal heat capacity of the nuclear power plant [73], we use,

Q =
ρ×Q×Cp×∆T

60
× SF (3.4)

Where ρ is the density of coolant in Kg
m3 (at 317.55 oC), Q is the volumetric flow ( L

min ), Cp is the
specific heat capacity of fluid ( kJ

KgK ) at 317.55 oC, ∆T is a difference in temperature at the outlet
(317.55 oC) and inlet (298.23 oC). SF is the safety factor. Substituting all the values in equation (3.4),
we get,

Q =
673.8×981000×6.17×(317.55− 298.23)

60
× 1 (3.5)
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According to the analysed values from the RPV internal model, the thermal load capacity of the
German designed PWR is,

Q = 1313.23MWt (3.6)

According to [74] [68] [64], The real working thermal heat capacity of German designed PWR is,

Q = 1366MWt (3.7)

Comparing equation (3.6) and (3.7), we can say that the transient analysed temperature distribution in
RPV internal model is almost accurately estimated to real PWR.



Chapter 4

Convergence in SALIENT Experiment
Model

In this chapter, a pool-type research High Flux Reactor (HFR) in Petten, operated by NRG is considered
from section 2.2.2.1. First details of salient experiments in HFR and modelling of the experiment is
explained to understand the problem entirely. Later limitation of the current model is explained, and
finally, some potential tried solutions are elaborated.

4.1 SALIENT Experiment Model

Before considering the model, let us understand what salient experiments mean in the HFR. In 2015
NRG started together with the European Joint Research Centre (JRC) in Karlsruhe a series of nuclear
fuel irradiation experiments to support the development of Molten Salt Reactor technology. Such
experiments were not performed since the ’60s when the Oak Ridge National Lab carried out a
large-scale investigation. The first experiment in the series named SALIENT-01 was irradiated in
Petten’s High Flux Reactor. Some of the challenges faced by the Molten Salt Reactor (MSR) is that it
is too complicated and multidisciplinary. Research should be done to solve technological challenges
and make MSR economical and less time-consuming. With its facilities available like the HFR in
Petten and its experience, NRG can significantly contribute to undertaking the challenges of MSR
by researching molten salt fuel interactions. In view for long term future of MSR technology, NRG
has commenced on MSR research and development based on government-supported programs.
The SALIENT experiment is one of the supported experiments to contribute to MSR research. This
program is called “the Dutch molten-salt program”. The SALIENT experiment comes as a project
under the Dutch molten-salt program. These experiments are conducted to get the knowledge or to
research about salt-metal interaction in MSR.

The type of irradiation facility in the HFR is adapted to the project needs in terms of specimen type
and size, target dose and temperature, and situation. In this assignment, the HFR experiment facility
is tailored to act as an environment of MSR.

All these experiments need an irradiation device to be placed in and experimented. These
irradiation devices are called rigs. In a multipurpose research reactor, it is recommended to standardize
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the experimental facilities as much as possible. There are three standardised irradiation rigs in HFR
seen in Figure 4.1 [33].

Figure 4.1: Three main configurations for in-core irradiation channel at the HFR [75]

The SALIENT experiment modelled in this assignment, TRIO-131 has been used as the irradiation
rig, seen in Figure 4.1. A TRIO-131 capsule (consisting of 3 irradiation channels) has each of its
irradiation channels filled with a different experiment material to be tested. Filling all three of rig
channels depends upon the requirement of the experiment. They are placed parallel to each other in
the in-core facility, as seen in Figure 4.2.

Figure 4.2: TRIO-131 set up in the in-core facility for the experiment [76] [32]
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Figure 4.2 represents the isometric drawing form and the TRIO-131 set-up in the in-core facility.
They are set up as three channels by using a pin to align them as TRIO-131. Rigs are generally
instrumented with 12 to 24 thermocouples to find the temperature rise due to fuel (molten salt).
This set-up seen in Figure 4.2 containing the molten salt (fuel) is placed in irradiation facility and is
considered as an experimental setup.

SALIENT Experiment Design
These set of experiments are operated to build up experience with molten salt fuel irradiation and

to research the molten salt-metal interaction. SALIENT experiments are coined as the world’s first
thorium molten salt experiment in over 40 years. Currently, phase 3 of these experiments are being
conducted (SALIENT-03). To model, we first consider the design of SALIENT-03 experiment in-core
facility. This design is placed inside the HFR for irradiation experiments. The view of the design setup
of the SALIENT-03 is shown in Figure 4.3.

Figure 4.3: SALIENT-03 experiment setup design [75]

Figure 4.3 shows the section front-view of the SALIENT-03 setup. Heaters are introduced in
this experiment to avoid radiolysis during HFR downtime. It has welded Alloy N rod and a pressure
transducer to measure pressure during irradiation [33]. Thermocouples are installed to measure the
temperature gradient due to fission reaction by molten salt. The radiation emitted from the core (fuel)
is transferred into the materials causing internal heating of testing materials. A graphite shroud is
surrounded the nuclear fuel molten salt to act as moderator enhancing the reaction. There is a total of
3 containments in the setup. The testing samples are held inside the 1st containment. The outermost
containment of the setup is REFA-170. For this specific experiment, the outer surface of REFA-170 is
the only part, which is in contact with the reactor coolant water, rest all the other parts inside the core
is cooled/heat transferred by an inert gas like He, Ne through gas gaps. The heat generated in the
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experiments is removed by water that is forced through the facilities. The irradiation facilities distribute
cooling water over the outer wall of each of the irradiation channels. Due to the large amount of water
forced through the facilities, the water itself is not heated signs along the way. The temperature of the
samples themselves is controlled utilizing the multiple gas gaps that are present between them and
the coolant.

A 2D version of SALIENT-03 experiment setup design was modelled in ANSYS APDL by AIS with
the same dimension as of the experiment setup, shown in Figure 4.4. This model is precisely based
on the design setup explained in the above paragraph.

Figure 4.4: Transverse model of SALIENT-03 experiment [76]

All the gas gaps with gas gap numbers are shown magnified in the Figure 4.5. The molten
salt is placed in the middle as seen in the Figure 4.4 The heaters are placed beside the fuel but
and surrounded by graphite shroud. The first gas gap is placed between the graphite shroud and
pressure transducer. The second gas gap is situated between graphite shroud and first containment
as seen in the figure 4.5. The outer wall of REFA channel is the place where there is a flow of reactor
water coolant as seen in the figure 4.4. The size of all the gas gaps are minimal and is fixed for all
experiments.
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Figure 4.5: Position of Gas Gaps [76]

Boundary Conditions and material properties
All the boundary conditions and material properties were predefined for the model because of

pre-existing data of experiments conducted in Oak Ridge research reactor [33]. There are many
materials like helium and neon, which are used for these experiments.

The nuclear fission produces the heat in the model in the salt column. This heat is calculated by a
thermocouple placed in the facility. A nuclear heating table which contains heat generation values is
given to the salt column in the model. A heat transfer coefficient of 30000 W

m2K is given to the outer
surface of REFA channel because of convection, and the temperature of the coolant is given as 45 oC.
The output obtained from this boundary condition is the temperature distribution in the model.

In Figure 4.3, the model created by AIS has a full geometry because of the usage of professional
ANSYS license of NRG. However, the later worked model has 1/3rd of the geometry because of the
limitation of ANSYS student license. The 1/3rd geometry of the model worked on ANSYS is shown in
Figure 4.6.
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Figure 4.6: 1/3rd of the whole model

4.2 Limitation in the current model

The setup modelling and boundary conditions were predefined for this experiment, but there is a
limitation to this model, it does not converge with the latest version of ANSYS APDL. In this analysis,
by ‘does not converge’ it means that the algorithm inside the solver is unable to find an accurate
and stable solution to this problem. The only limitation of this model is that it does not converge
in the higher version of ANSYS APDL. This section gives a detailed explanation about limitation in
SALIENT-03 model.

The model is analysed using direct-coupled field analysis in ANSYS MAPDL. The direct-coupled
field is used to solve models in Multiphysics. By Multiphysics, it means that the model can examine
fluid-structural interaction where the program determines each physics by itself and carries the
resulting values from one physics as a load on the next physics. This type of analysis requires a
solution of each physics for every step in the solving process, till points converge [77].

There are many different types of elements in ANSYS that can be used to create the geometry.
For a 2D modelling PLANE elements are used. In this Direct-coupled field analysis, the element type
PLANE223 has been used. Let us know what PLANE223 element is? PLANE223 is a 2D 8-node
couple field solid element, as shown in Figure 4.7. The element has eight nodes with up to five
degrees of freedom per node. This element can be used in thermal-structural or couple field analysis
and is a quadratic element.
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Figure 4.7: PLANE223 Element [77]

This PLANE223 were used to build the SALIENT-03 model in ANSYS MAPDL. However, the
problem is that this model with PLANE223 elements only converges in ANSYS MAPDL software which
is below Version 16, If the same model is tried to analyse in the latest version of ANSYS APDL then
the solution does not converge to give accurate results. The reason why the model does not converge
is, consider the SALIENT model in the Figure 4.5, the gas gap in between the components consists of
solid PLANE223 elements, just like the components themselves (Gas elements are unselected in that
figures shown, the voids are filled with elements in the models). The stiffness of the gas elements in
the model is minimal (1000 Pa) when compared stiffness of steel TRIO rigs (200 GPa) in the same
model. As the type of analysis is a direct-coupled field, it considers all the multi-physics. In older
versions (versions below 16), the gas elements would be able to withstand significant deformation due
to stiffness difference without causing convergence issues. The solution convergence was possible
because, in older versions of ANSYS APDL, there was an option to turn off the stress stiffening
condition during analysis manually. However, in the latest versions of APDL, there is the automatic
activation of stress stiffening feature during analysis and the toggle to turn it off (SSTIF, OFF) is also
removed. Due to these issue in the latest version, the solution does not converge and give accurate
results.

One might ask what this has to do with the PLANE223 elements? PLANE223 element is a
quadratic element type, which means that it retains mid-side nodes on elements created in the part or
body. The mid-side nodes [M, N, O, and P] can be seen in Figure 4.7. Although using a quadratic
element type increases the number of degrees of freedom and accuracy of the analysed results.
Nevertheless, in later versions of APDL, due to automatic activation of stress stiffening feature, the
mid-side nodes in this quadratic element are shifted away from the shape of the geometry. This type
of elements is called as highly distorted elements. Due to this shifting of nodes, the APDL solver
cannot relate and solve the equations required to reach an accurate result. An illustration is shown
in Figure 4.8. Hence, the solution is said not to be converging at that shifted node; in-turn does not
converge the overall solution. We can say that, in this case, automatic activation of stiffness and usage
of PLANE223 element type together contribute to the solution not to converge.



52 CHAPTER 4. CONVERGENCE IN SALIENT EXPERIMENT MODEL

Figure 4.8: Mid-side PLANE223 nodes: a) Aligned b) misaligned (highly distorted) during analysis in higher version of APDL

4.2.1 Requirements for the solution

After knowing the limitation of the current model, the necessary steps should be taken to propose a
new solution. There are few requirements for the new solution to have, they are:

1. The newly proposed solution should be able to improve in converging the solution in higher
version of ANSYS APDL.

2. The newly proposed solution should have almost the same result accuracy in the higher version
of APDL as compared to the older versions.

3. The new solution should apply to all model which have gap gaps

Why is the model to be converged in higher version of ANSYS APDL? To answer this, NRG desires
to upgrade and improve in technology by using the latest software of ANSYS. This model successfully
converges up to ANSYS version 16, and above that the solution fails in converging. To improve their
modelling capabilities and to take advantage of new features in the latest version of ANSYS, the
company wants the solution to be converged in the latest/higher version of ANSYS. The next section
shows some tried hypothesis to converge the solution in higher version of APDL.
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4.3 Tried Hypothesis and Results to Solve for Convergence

The estimated accurate temperature distribution results, at the end of the analyses, will show us if the
solution has been converged. The focus in this section is to try and solve the convergence issue of the
highly distorted elements in the gas gap by researching different techniques which can be incorporated
in APDL. To begin, let us see how temperature distribution of converged and not converged solution of
the model looks like in ANSYS APDL Version 14 (V14) and APDL V20 R1 respectively.

Figure 4.9: A converged solution in ANSYS APDL V14 (lower version) using PLANE223
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Figure 4.10: Not converged solution in ANSYS APDL V20 (latest version) using PLANE223

Figure 4.9 shows the estimated accurate temperature distribution in the SALIENT-03 model. One of
the easy methods to know if the solution is not converged is in Figure 4.10, one can see ‘SUB=999999’
in the legend. If this type of number is displayed in the number of steps section that means the solution
is not converged during analysis, results of such analysis are not to be trusted. As we do not know
which technique will work for the highly distorted element convergence problem, below are the things
which were tested for the gas gap.

4.3.1 Manual Mesh Rezoning

In a large-deformation investigation, mesh distortion in the elements lowers simulation certainty,
creates convergence complications, and can ultimately abort an investigation. The rezoning grants
the user to rebuild the distorted mesh and continue the simulation. Rezoning can be performed many
times in an analysis. The term manual rezoning means that the user determines when to use rezoning,
then a new mesh is generated in that region. During the rezoning process, ANSYS transfers boundary
conditions and loads from the original mesh to new mesh.

In order to find on the region to apply manual mesh rezoning, we first consider the SALIENT-03
model (Figure 4.6) in the latest version (V20) of ANSYS APDL. The analyses time is set to 1 (TIME=1).
However, during analysis, the solution does not converge at TIME=0.603, as shown from the APDL
command image in Figure 4.11. If we see Figure 4.11 at 67th sub-step (i.e. TIME=0.602) the solution
converges and goes to the next point, but at TIME=0.603, the solution stops, and SUB=999999 is
displayed. The temperature distribution increases initially and stops at TIME=0.603, due to divergence



4.3. TRIED HYPOTHESIS AND RESULTS TO SOLVE FOR CONVERGENCE 55

in the model, as shown in Figure 4.12. After a study, it is found that the element number 752
(ELEMENT=752) is the element which is highly distorted inside the gas gap 2 in the model [refer
Figure 4.5], because of the highly distorted ELEMENT=752 the solution does not converge at
TIME=0.603. In the complete analysis, this element number 752 is the first point where the solution
fails to converge. If the ELEMENT=752 is removed from the analysis, then the next element in gas
gap two, i.e., ELEMENT= 758 does not converge. With this, we can say that it would be efficient if the
whole area of gas gap two is considered for rezoning.

Figure 4.11: The time point where the solution does not converge in higher version of ANSYS APDL

Figure 4.12: The time and temperature value at the point of not converged solution in higher version of APDL

So, the manual rezoning was applied to the ELEMENT=752 and whole area of gas gap 2. After
rezoning the convergence in the ELEMENT=752 was solved, but it gave rise to a new distorted
element in the model. Now the solution passes TIME=0.603 mark and goes up-to TIME=0.706, but at
that time, it again does not converges due to another distorted element as shown in iteration plot of
APDL in Figure 4.13. If this is continued, it will create a loop where other elements were distorted after
solving one, and the individual rezoning process for the element would be time-consuming. So, all the
possible gas gaps containing distorted elements were selected at once for manual rezoning. After
rezoning the whole gas gaps, the solution does not converge fully in this model. It may be because
initially the model was constructed by AIS, using the professional license of ANSYS in NRG. However,
due to licensing limitation, 1/3rd portion of the model is used in the student ANSYS version, this model
was not intact for the rezoning. The contacts at the sides of the model were open, which interfered
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in the manual rezoning process. Nevertheless, using this method, the solution of this model in the
higher version of ANSYS APDL was partially converged 18 percent more with regards to convergence
time, than the previous regular analysis, this can be seen in Figure 4.14 where the temperature result
is increased from 778.37 oC(from figure 4.10) to 797.93 oC and getting close to converged solution
results in Figure 4.9.

Figure 4.13: Iteration time, and convergence after rezoning (TIME=0.706)

Figure 4.14: Partial convergence plot at TIME=0.706
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As open ends of the 1/3rd portion of the model were causing hindrance in manual rezoning. It was
decided to test this hypothesis of manual rezoning works for gas gap elements. The intent to check
this manual rezoning hypothesis on another model is to know whether the solution would converge,
and rezoning method would create a rezoned mesh in the gas gap during analysis. To apply this
hypothesis, a model created by infinite was used, which had three fully closed solids and a gas gap
in between them, as shown in Figure 4.15. This model was analysed in a higher version of ANSYS
APDL. For analysing to see if rezoning work in the gas gap, a higher displacement value was given to
solid one seen in Figure 4.15.

Figure 4.15: A solid model containing gas gaps in between

Along with the displacement, a heat generation table was given to gas gaps, and the analysis was
carried out. The first analysis was done without using rezoning, and it was found that the solution does
not converge in the gas gaps with PLANE223 in higher version of APDL as seen in the Figure 4.16.
However, later in another analysis, the manual rezoning was applied to the whole gas gap, this time,
the solution converged in higher version of APDL as shown in Figure 4.17. We can see the difference
in the initial mesh and final mesh of the analysis with manual rezoning in Figure 4.18 and Figure 4.19.
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Figure 4.16: Not converged results of the model before manual mesh rezoning

Figure 4.17: Converged solid model after rezoning in higher version of APDL with gas gaps
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Figure 4.18: Initial mesh during analysis Figure 4.19: Final mesh after rezoning

With this analysis, we can say that it is possible to apply manual rezoning in the gas gap, which
creates full rezoned mesh during analysis. The only thing necessary for this hypothesis to work is to
have an entirely solid model with all the contacts bonded and intact. Based on this analysis, we can
say that this hypothesis could be tried and used on the whole geometry of the SALIENT-03 model,
and this may help to converge the solution in higher version of ANSYS APDL.

4.3.2 Mesh Adaptability

The ANSYS program provides predicted techniques for estimating mesh discretization error for definite
sorts of analyses. Apart from using the mesh rezoning, this mesh adaptability hypothesis is also
tested for the gas gaps. By adopting this type of technique, the program can then detect if an
appropriate mesh is sufficient enough. If not, the program will automatically refine the mesh so that
the measurement error will decrease and the solution can proceed- this process of automatically
evaluating mesh discretization error and refining the mesh, called adaptive meshing.

This technique was used in ANSYS Workbench but not in ANSYS APDL because to try to widen
the analyse solution area of the SALIENT-03 model and to see if this type of analysis works in another
format of the software. As it is technically not possible to directly open the SALIENT-03 APDL model
in ANSYS Workbench. So, a model was constructed in workbench, which resembles SALIENT-03
functions and with a gas gap, as shown in Figure 4.20. As the SALIENT-03 model was a 2D model, a
2D model in the workbench is considered to try this technique. The model in the workbench is made
to have the same boundary conditions as in SALIENT-03 model with the same amount of nuclear heat
generation.
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Figure 4.20: 2D Geometry in workbench

Figure 4.20 is like SALIENT-03 model; there are two surfaces which are dived by helium gas. There
is a gap between the steel structure, which is assigned with helium properties to consider the gas as a
gas gap. This model is relatively simple; it has one surface inside which resembles the salt column
in the SALIENT-03 model and one outer surface which is in contact with reactor coolant. Nuclear
heating table with heat generation value of 20000000 W

m3 is given to the central part of this model.
This heating value is a bit higher than the SALIENT-03 heat generation value, i.e. 17761312.8 W

m3 , to
have some tolerance due to shape. Convection of 30000 W

m2K and ambient coolant temperature of 45
oC is applied to the outer surface of the workbench model. The mesh adaptability setting is turned
on and is applied to the single gas gap. With all these conditions, the analyses are carried, and this
model converges and produces converged results in ANSYS Workbench, as shown in Figure 4.21.
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Figure 4.21: Converged solution in workbench

This technique is useful as it gets the solution to converge but to be applied to SALIENT-03,
the model needs to be recreated in workbench. The SALIENT-03 solution could be converged in
workbench, but there are few limitations to use the workbench for this model, which will be discussed
in chapter 5.

4.3.3 Transient Analysis

All the previous hypothesis were based on either static or static-thermal analysis (couple field). To
try to solve the SALIENT-03 model in higher version of APDL, we will now consider the transient
analysis in APDL. A transient thermal analysis is where the applied load is a function of time. To
specify time-dependent loads, we first divide the load-versus-time curve into load steps. To transient
analyse the SALIENT-03 model in APDL V20, we have divided the load cycle into five steps, and
the analysis is done for TIME= 3600 sec with all the same features of SALIENT-03 such as same
boundary conditions as previous and same element types (PLANE223). As the SALIENT-03 model
had many open contacts inside the model, hence, there was no proper separation of elements. So, all
the element contact in the model are separated and later bonded together in a better way. In Figure
4.22, the red colour shows the elements are in full contact, and orange shows sliding contact and
yellow shows near contact elements. To transient analyse the model, the contacts were improved,
leaving only a few far open contacts elements as seen in Figure 4.22.
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Figure 4.22: Contact in between elements

After the contact improvement, the transient analyses were carried out in the higher version of
APDL (V20). The final solution converged for the SALIENT-03 model with original element type
PLANE223, as seen in Figure 4.23.

Figure 4.23: The converged solution of transient analysis of SALIENT-03 model in APDL V20
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A thermal transient analysis could be used to calculate the temperature distribution in the
SALIENT-03 model. But there are also limitiation to this hypothesis which will be discussed in
chapter 5.

4.3.4 Element type PLANE222

The SALIENT-03 model is made up of the element type PLANE223, which is a quadratic element.
However, what if we use element type PLANE222? First let us see, what is element type PLANE222?

PLANE222 is a 2D 4-Node Coupled field solid element, as shown in Figure 4.24. It is a four-node
element with up to three degrees of freedom. This element type can also be used for both couple-field
and structural-thermal analysis. PLANE222 is a linear element.

Figure 4.24: PLANE222 element type [77]

The difference between element type PLANE223 and PLANE222 is the former is quadratic, and
the latter is a linear element. Linear element is the one which does not have any mid-side nodes
as compared to quadratic, as seen in Figure 4.24. Due to the missing of mid-side nodes, the linear
element PLANE222 has a smaller number of degrees of freedom compare to quadratic element
PLANE223.

Suppose the SALIENT-03 model is built with the element type PLANE222 instead of PLANE223. In
that case, the solution of the whole model converges in any version of ANSYS APDL without applying
any techniques or hypothesis. Now one can ask how PLANE222 will converge? The answer is the
same as in Figure 4.8, but considering PLANE222, this element type has only 4-nodes at each one of
the nodes is placed at the corner. Hence, there is significantly less chance of an intact corner node
to be misaligned or distorted during analysis, unlike in the case of PLANE223 where there is high
probability of mid-side element to be displaced or distorted.
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Figure 4.25: The converged solution in V20 just by changing from PLANE223 to PLANE222

Although element type PLANE222 is the easy solution to converge the model in any version of ANSYS
APDL, there are a few downsides to it. The major downside is that the PLANE222 is a linear element
which has 4-nodes, which means the number of nodes in the element will be less and because of
less number of nodes the accuracy of the results will also be slightly less when compared with 8-node
element solutions. As PLANE222 has 4-nodes and three degrees of freedom, it is less flexible at the
corners. In Figure 4.25 and Figure 4.9 are compared, we can see that the former results are slightly
less accurate because of the usage of PLANE222 in the former. However, in general, if PLANE222
elements are used, then the SALIENT-03 model will converge in any ANSYS APDL versions without
any additional technique/hypothesis.



Chapter 5

Discussion

This chapter discusses the outcome of the results reported in Chapter 3 and Chapter 4. It will be
discussed accordingly.

5.1 Modelling and thermal analysis of the PWR

1. Average skewness value of the model before refinement was 0.547, but after refinement, the
average skewness value was found to be 0.443. In the skewness mesh metrics, it is defined that
the closer the average skewness value is to zero, the better the mesh. Hence, there was 23.47
percent increase in quality of the mesh.

2. Initially, an automatic mesh feature of ANSYS Workbench was used in the reactor pressure
model. The time required to simulate the solution was two days and nine hours using an iterative
solver type. Later the automatic generated mesh was refined to remove unnecessary elements
in the baffle and formers, and make a smooth quadratic mesh by adding methods like body
sizing, sweep method and multizone. After refining, a direct solver was used for the transient
thermal analysis because of its efficient memory requirement. The simulation time was reduced
to 1 hour 20 min.

3. The thermal distribution results highly depend upon the imported heat generation from MCNP
neutronic calculation and on the applied boundary conditions.

4. To validate the simulated thermal distribution, the thermal capacity in the real-life reactor core of
a nuclear power plant is considered. This validation is highly dependent on the mass flow rate of
the feedwater, velocity of the feedwater inside the RPV. The validation of the simulation results
are still affected by errors whose origins can be attributed to several reasons as, approximations
in the numerical solution, and imperfect knowledge of boundary and initial conditions.

5.2 Convergence in SALIENT Experiment Model

1. After analysis in higher version of ANSYS APDL, it was found that the highly distorted elements
that hinder the convergence of the solution were situated in gas gap 2 counted from inside of
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the SALIENT model (refer figure 4.5).

2. Suppose the code of the model which is converged in the lower version of ANSYS APDL
(example APDL version 14) is used and simulated in the higher version of ANSYS APDL (version
20) without any functional addition to the code. In that case, it converges until TIME=0.603 sec.
If manual mesh rezoning function is added to the model, then it converges until TIME=0.706 sec
in higher versions. This rezoning gives 18 percent improvement with respect to convergence
time of the model when compared to the previous model.

3. The gas gap model was created by AIS team at NRG using a professional ANSYS license, but
due to limitations of ANSYS student license 1/3rd part of the model was considered for analysis.
Due to the usage of the 1/3rd part of the model, there were open ends at the corner of the model.
The manual rezoning could not be applied at those open ends. Hence, manual rezoning only
could improve 18 percent convergence. A further study can be done to apply manual rezoning
on the whole model and to check if the solution may converge.

4. The requirements of the new solution stated that the solution could be applied to any gas gap
model. It was decided that the manual rezoning hypothesis be tested on a gas gap in a different
model (refer figure 4.15). This manual rezoning hypothesis was successfully converged on this
whole model in higher ANSYS versions.

5. By using the technique described in section 4.3.2, this SALIENT model could be created in
Ansys Workbench, and the solution can be converged. Workbench does not give flexibility to
the user to do certain things which are not predefined by ANSYS.inc in the software program.
However, the main limitation that was found out after creating and analysing this model described
in section 4.3.2 was that the solution would converge for a gas gap but with the limited value
of heat generation. The convergence of the gas gap model fails if the heating value increases
above 2E+08 W

m3 . The heating value for the SALIENT experiment model was 1.7E+07 W
m3 which

was well below the limit for the model in section 4.3.2. Hence, the solution was converged, but
a further in-depth study must be done on this analysis before implying to the whole SALIENT
experiment models.

6. The temperature in the transient analysis, as seen in figure 4.23 is much higher compared to
figure 4.9. It is because figure 4.9 is a steady-state analysis, while figure 4.23 is a transient
analysis. The steady-state solves the problem by considering time as infinite, while transient
analysis considers a specific time given to the analysis by the user. In section 4.3.3, the time
that was given to the transient analysis was 3600 seconds. It should be known that at this
specific time, i.e., 3600 seconds, the temperature is high as compared to steady-state. However,
eventually, at the time nearing to infinite, the transient state analysis results will be equal to the
steady-state analysis results. With this, we can say that the transient temperature is higher
at 3600 seconds when compared to steady-state temperatures, but eventually with time, for
example, say if the analysis is run until 86400 seconds then maybe the transient temperatures
will be near equal to the steady-state. This model was also checked for 61000 second, but still
at that point of time the solution slightly improves but does not reach the temperatures similar
to temperatures as seen in figure 4.9 (steady-state). Moreover, the time where the transient
analysis reaches steady state will be different for different gas gap models, if exact time inputs
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are unknown for the specific model then it will be a lengthy task to apply transient analysis.
As this part of work is limited, a detailed transient study for the experimental model should be
carried to exactly know the limitations to be applied to SALIENT models.

7. In the section 4.3.4, the thermal distribution results are slightly less accurate as seen in the
figure 4.25 because of using linear PLANE222 element when compared to results in the figure
4.9 which uses quadratic PLANE223 element type. The results are less accurate while using
PLANE222 element because it has four nodes (refer figure 4.24) with up to three degrees of
freedom per node when compared to PLANE223 which has eight nodes with up to five degrees
of freedom per node. DOF associated with PLANE222 has less possibility to move in defined
direction, and carry less information about thermal temperatures. Hence, the results are slightly
less accurate.



Chapter 6

Conclusions and recommendations

In this chapter, the conclusions and recommendations that are drawn from the work presented in this
thesis are reported.

6.1 Conclusions

The main objective of this thesis was to develop and improve the modelling capabilities of reactor
vessel internals. This goal was achieved for Nuclear Research and Consultancy Group (NRG) using
ANSYS Workbench and Mechanical APDL. The work started with research and understanding the
concept and process of nuclear energy and various nuclear reactor types. The configurations and
working of a pressurized water reactor model created by AIS was refined with mesh to have an
overview of the real-time thermal distribution in the vessel internals. Due to working from home
situation, the work was slightly shifted to develop and improve the SALIENT experiment model, which
is a facility/experiments that are radiated inside the reactor core to help in developing a new type
of reactor. Therefore, each research question was answered separately in the previous chapters.
Therefore, the conclusion will not be expressed in values but in achievements, and can be summarized
as follows,

• The transient analysis is highly dependent on the time, temperature, and boundary conditions,
i.e. the start-up loading conditions and the reference temperature of a nuclear reactor.

• Thermal transient temperature distribution in the reactor pressure vessel of a PWR was
successfully implemented, and the results of analysis depict almost real-life scenario of that
specific pressurized water reactor.

• Many potential solutions to converge the molten salt experiment model were studied and tested in
higher versions of ANSYS MAPDL, which are described in Chapter 4. These potential solutions
moderately help to improve the model capacity of SALIENT experiments.

• Some of the potential solutions converge partially on the SALIENT-03 model, and some other
converge totally, which are described in Chapter 4. A further research for some of the hypothesis
is necessary to successfully implement it to the model.
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In conclusion, all these findings and results tend to develop and improve the modelling capacity
and capability of the pressure vessel. These improvements in the modelling capabilities will help to
efficiently use the pressure vessel and to develop a new type of reactor. An initial study to converge
the molten salt model was done which would indirectly be used in the research conducted by the
Dutch Molten Salt Program. Furthermore, detailed research and integration of different techniques
described in Chapter 4 should be conducted to implement it to the SALIENT-03 model successfully.

6.2 Recommendations

The thesis work is a part of broad research in the nuclear industry. Although the thesis deals with
thermal temperature distribution and convergence in the model. A few recommendations can be
made,

• The transient simulation results for the reactor vessel were validated for the real-life nuclear
power plant. Hence, this data can be used in the future analysis of the specific nuclear power
plant.

• The mass flow rate and velocity of feedwater for the reactor vessel were updated and should be
carefully examined and applied if necessary in future analysis.

• The mesh quality and computational time were balanced. Hence, the RPV model can be used
further in future analysis.

• Although the results of rezoning for the molten salt experiment model were partially converged,
a further study on manual mesh rezoning is recommended to be applied to the whole SALIENT
model.

• Creating the molten salt model in ANSYS workbench has a few limitations based on the flexibility
of the software. Although the results converge for this molten salt experiment model, an in-depth
study is needed to check its applicability for gas gap model with high heat generation.

• The PLANE 223 element in the molten experiment model can be changed to PLANE 222
to converge in the higher version of APDL because, in this particular molten salt model, the
difference in accuracy is slight. Hence, this can be applied while considered some percentage
of error in the model.

6.2.1 Recommendations based on literature

• ANSYS has many advantages for its usage in energy industry, but ABAQUS could be used for
non-linear analysis as it performs better in that specific field. This will make the company more
diversified in the usage of analysing softwares.
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Snippet Code

Figure A.1: Snippet code for height, time, and temperature
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Appendix B

Pressurized Water Reactor (PWR)

PWRs are the most common type of reactor accounting for two-third of current equipped nuclear
generating capacity worldwide. It was originated as a submarine power plant and used water as coolant
and moderator. The research and development work was performed by the Knolls Atomic Power
Laboratory and the Westinghouse Bettis Laboratory. As a result of this research and development
work, commercial PWRs were designed and developed for nuclear power plant applications [84].
Eventually, several commercial PWR suppliers emerged such as Westinghouse, Siemens in Germany,
and Framatome in France. A PWR has fuel assemblies of 200-300 rods each, arranged vertically in the
core, and a large reactor may have about 150-250 fuel assemblies with 80-100 tonnes of uranium [27].
The PWR design has two separate circulation arrangements for the turbine and the reactor: the
primary and the secondary coolant circuits. The primary circuit transfers the water (coolant) through
the reactor core. In the core, fuel rods transfer the energy released by fission, heating the water from
291 oC to 325 oC as it a closed loop. The reason why water does not boil at this temperature is that
the core is kept pressurised to about 157 atm, and the steam maintains the pressure in a pressure
tank [78].

The heated water then flows from the core into the tubes of the steam generator. The heat is
transferred to the water around the tubes in the secondary system. After the heat is transferred in
the steam generator, the cooled water in the primary system is pumped back into the core. As the
pressure on the secondary circuit is only around 64.5 bar, the feedwater evaporates here at around
280.5 oC. This evaporation produces steam, which is then passed to the turbines. These turbines are
connected to a generator that converts the kinetic energy (rotational energy) into electricity. Coldwater,
flowing through the tubes in the condenser, removes excess heat from the steam, which allows it
to condense. The water is then pumped back into the primary circuit for reuse, and the process
is repeated. The main reason to have two circuits (primary and secondary) in PWR is to separate
the water that is boiled in the steam generator from the fission process, and so it does not become
radioactive. Some plants use water from the river, lakes to cool the system, while others use tall
cooling towers [78]. Schematic view of a pressurized water reactor is shown in Figure B.1.
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Figure B.1: Pressurised Water Reactor [86]



Appendix C

Small Portion of Code for Manual
Mesh Rezoning

Figure C.1: Portion of Mechanical APDL code
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