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Resumo 

Este trabalho tem como objetivo a implementação de uma metodologia para realizar uma análise termo-

estructural de uma estrutura para a indústria nuclear composta por várias componentes. Essas análises 

são feitas num software comercial de elementos finitos, ANSYS®. Esta estrutura é parte de um sistema 

de reflectometria que será construído e utilizado no projeto de fusão nuclear, ITER. Esta estrutura 

estará num ambiente de vácuo sujeita a intensa radiação proveniente da fusão nuclear.  

Foram feitos modelos de verificação analítica da metodologia a aplicar. Devido a requisitos para fusão 

nuclear, o material deverá ser aço inoxidável tipo 316L (N)-IG, no entanto diversos acabamentos 

superficiais estão disponíveis. Neste trabalho são feitas análises paramétricas da emissividade das 

superfícies de modo a escolher o melhor acabamento superficial para reduzir a temperatura máxima 

na antena, em análises de equilíbrio térmicas. Como o ITER está previsto funcionar em pulsos de 400 

segundos, também foram feitas análises térmicas transientes, onde foram comparadas as respostas 

térmicas de duas geometrias diferentes para a antena, escolhendo-se a geometria que apresentou 

menor temperatura máxima e fazendo-se nesta uma análise transiente com quatro pulsos de 400 

segundos. Foram feitas análises estruturais nas geometrias para a resposta de equilíbrio térmico de 

cada uma destas. 

As soluções térmicas foram conclusivas, apresentam-se soluções concretas quanto aos acabamentos 

superficiais bem como se pode ter uma noção clara da evolução térmica ao longo do funcionamento 

do ITER. A nível estrutural, os deslocamentos na estrutura devido ao carregamento térmico foram 

determinados. 
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Abstract 

This work aims to implementation of a methodology in order to do a thermo-structural analysis on a 

structure made of several components for nuclear industry. These analyses are performed in a finite 

elements commercial software, ANSYS®. This structure is a part of a reflectometry system to be built 

and used in a nuclear fusion project, ITER. This structure will be in a vacuum environment subject to 

intense radiation from the nuclear fusion.  

Analytical verification models were made from the methodology to be used. Due to nuclear fusion 

requirements, the material should be the stainless steel material type 316L (N)-IG, with some 

specifications of superficial finishes. In this work, parametric studies on the superficies emissivity were 

performed in order to choose the best superficial finish to diminish the antenna’s maximum temperature, 

in a steady-state analysis. ITER is expected to work in 400 seconds pulses, so transient thermal 

analyzes were also performed, where the thermal responses from to different geometries for the antenna 

were compared, choosing the geometry that had the smallest maximum temperature, where a transient 

thermal analysis with four pulses of 400 seconds was performed. Structural analyzes were done in the 

two geometries for the steady-state thermal response in each one. 

The thermal solutions were conclusive, and are given specific solutions for the finishes as well as a 

detailed thermal evolution during ITER operation. From a structural point of view, the displacements on 

the structure were determined.  
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Chapter 1 - Introduction 

1.1 ITER Project 

 ITER is one of the most ambitious energy projects today, it will be the world’s largest experimental 

tokamak and it is being built in southern France with the collaboration of the 35 nations. ITER members 

(European Union, China, India, Japan, Korea, Russian and the United States) are engaged in a 35-year 

collaboration to build and operate the ITER experimental device.  

 A tokamak (is a Russian acronym for “toroidal chamber with magnetic coils”) is a magnetic fusion 

device that allows fusion to occur in its toroidal chamber. 

 ITER is expected to be the first fusion device to produce net energy, i.e. the total energy created is 

expected to be superior than the amount of energy needed to initialize the system, it is expected to be 

able to receive more energy from the fusion energy than the previous Tokamaks. The machine has been 

designed specifically to [1]: 

 Produce 500MW of fusion power – The European tokamak JET produced 16MW of fusion power 

from a total input of 24MW, ITER is designed to produce a ten-fold return on energy (Q=10) i.e. 500MW 

of fusion power from an input of 50MW. 

 Demonstrate the integrated operation of technologies for a fusion power plant – ITER will be the 

bridge from today’s smaller-scale experimental fusion devices and the demonstration fusion power 

plants of the future.  

 Achieve a deuterium-tritium plasma in which the reaction is sustained through the internal heating – 

Fusion research today is about exploring a “burning plasma”. 

 Test tritium breeding – demonstrate the feasibility of producing tritium within the vacuum vessel. 

 Demonstrate the safety characteristics of a fusion device. 

 For that, ITER will have the largest components ever built for a Tokamak machine, are these: 

cryostat, magnets, vacuum vessel, blankets and divertor. A brief description is provided hereafter, see 

[1] for more details. 

 The cryostat is a stainless steel high-vacuum pressure (1x10-4 Pa) chamber that provides the vacuum 

and super-cool environment for the vacuum vessel and the superconducting magnets. The cryostat has 

penetrations on it to allow access for maintenance, cooling systems, magnet feeders, auxiliary heating, 

diagnostics and the removal of blanket section and parts of the divertor. The cryostat has approximately 

28 m wide and 29 m height and weighs aproximately 3.85x106 Kg. The four main cryostat sections will 

be assembled and then transported to the tokamak assembly site, the base section has 1.25 x106 Kg 

and will be the single largest load. 

 The ITER magnet system is manufactured from niobium-tin (Nb3Sn) and niobium-titanium (Nb-Ti) 

and magnets become superconducting at 4 Kelvin. The magnets weigh 107 Kg, have a combined stored 

magnetic energy of 51 Gigajoules, and produce the magnetic fields that will initiate, confine, shape and 

control the ITER plasma. The magnet system is divided into six main systems, see figure 1:  

- Eighteen “D”-shaped toroidal field magnets placed around the vacuum vessel produce a magnetic 

field whose primary function is to confine the plasma particles; 
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- Six ring-shaped poloidal field coils are situated outside of the toroidal field magnet structure to shape 

the plasma and pull the plasma away from the walls; 

- Central solenoid is the “backbone” of magnet system, allowing a powerful current to be induced in 

the plasma and maintained during long plasma pulses; 

- Eighteen correction coils placed between the toroidal and poloidal field coils will compensate for field 

errors caused by geometrical deviations due to manufacturing and assembly tolerances; 

- Magnet feeders are responsible for conveying and regulating the cryogenic liquids to cool and control 

the temperature of the magnets and connecting the magnets to their power supplies. 

- Two non-superconducting coil systems (vertical stability) inside the vacuum vessel provide additional 

plasma control capabilities also another set of twenty-seven coils (Edge-Localized Modes) fixed to the 

wall of the vessel create resonant magnetic perturbations in the plasma so that certain types of plasma 

instabilities. 

 

Figure 1 - The ITER machine – Schematic diagram of the components [2] 

 The vacuum vessel is entirely enclosed in the cryostat and is inside the vacuum vessel where the 

ITER experiments will take place and it also acts as a first safety containment barrier. In its doughnut-

shaped chamber, the plasma spirals around continuously without touching the walls. The vacuum vessel 

provides support for in-vessel components such as the blanket and the divertor. It has forty-four 

openings which provide access for remote handling operations, diagnostics, heating and vacuum 

systems. It also supports the blanket modules. 

 The 440 blanket modules that completely cover the inner walls of the vacuum vessel protect the steel 

structure and the superconducting toroidal field magnets from the heat and high-energy neutrons 

produced by the fusion reactions. As the neutrons are dissipating energy inside the blanket, this energy 

is transformed into heat energy and collected by the water coolant, this water is injected at 4 MPa and 
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70 ℃ and is designed to remove up to 736 MW of thermal power. In a future power plant, this energy 

will be used for electrical power production. There are over 180 design variants for the modules, this is 

related to their position in the vacuum vessel. The blankets modules also provide passageways for 

diagnostics viewing and plasma heating systems. 

 The divertor is situated at the bottom of the vacuum vessel and extracts heat and ash produced by 

the fusion reactions, also protects the surrounding walls from the thermal and neutronic loads. The 

divertor has 54 cassette assemblies, each has three plasma-facing components. These cassettes also 

host a number of diagnostics components for plasma control and physics evaluation and optimization. 

Like the blanket, the heat is this component is removed by active water cooling. 

 There are three main ports for the diagnostics, upper port, equatorial port and a lower port at the top, 

middle and bottom of the vacuum vessel respectively, which can be seen in figure 1. These systems will 

give a real-time information about the plasma and structural stability. 

 

1.2 Fusion Process and Tokamak device 

 The Tokamak idea was created by the soviet physicists Igor Tamm and Andrei Sakharov in the 

1950s. This device is designed to support a fusion process inside. The fusion process, that will occur 

inside the ITER, is the union of two hydrogen nuclei (one deuterium and one tritium) and it results in a 

heavier nucleus (Helium with two protons and two neutrons) and one free neutron, according to the 

following equation [3]: 

 
𝐻1
2 + 𝐻1

3 ⇒ 𝐻𝑒2
4 + 𝑛0

1  
(1.1) 

 The biggest issue in fusion, is to give the particles enough energy that allow fusion to occur. It is 

known that atoms nucleus has positive charge, therefore if two atoms nucleus are close they will be 

subjected to a repulse force, from the electric field. However, if these atoms nucleus are close enough 

the strong force will push them together and form on single atom nucleus. The balance between the 

strong force and the electric force is the Coulomb’s barrier [3]. Inside the tokamak, the particles must 

pass the Coulomb’s barrier, for that, these particles have to get enough kinetic energy. This energy is 

given by heating the plasma. The Maxwell-Boltzmann velocity distribution gives us a probability 

distribution between the temperature and the particles velocity, and for an increase in temperature the 

mean particles velocity also increases and the other way around. 

 According to [4], the plasma is mainly heated by neutral beam and electron and ion cyclotron heating. 

Neutral beam injection consists in shooting accelerated particles (with high energy) into the plasma 

where they will transfer their energy. Electron cyclotron heating consists in injection a high-intensity 

beam of electromagnetic radiation at a frequency of 170 GHz (the resonant frequency of electrons), 

then the electrons will transfer the energy to the ions by collision. The ion cyclotron heating is similar to 

the electron cyclotron heating but the frequency is from 40 to 55 MHz. 

 The ITER is expected to be the larger tokamak device ever built, i.e. a device that creates a powerful 

magnetic field to confine plasma in the shape of a torus. The plasma core temperature will be at 150 

million ℃ in order to allow fusion to occur, the magnetic field must ensure that the plasma does not hit 
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the machine walls. The reflectometry system in this study will contribute for providing real-time 

supplementary contribution to the magnetic measurements of the plasma-wall distance. 

 

1.3 The reflectometry system 

 The plasma position reflectometry diagnostic system consists of five fully independents 

reflectometers, 1 in gap 3, 1 in gap 4, 2 in gap 5 and 1 in gap 6, all in the upper port but gap 3 which is 

in equatorial port. 

 The reflectometry system structure studied in this thesis is localized in ITER’s upper port at the gap 

4, between two blanket modules, as illustrated in figure 2, and its waveguides path goes until a feed-

out. The model in study is a sub model of this, it is illustrated in figure 3, and it only has a portion of the 

waveguides. 

 

Figure 2 - The reflectometry system (black circle) between two blankets modules (A) and the waveguides path (B) 
and the vacuum vessel (C) in the ITER.  

 

 

a) 

 

b) 

Figure 3 – Reflectometry system a) rivet b) CAD model with the initial antenna 
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 Several studies have already been done in this system, for example, the curvature of the waveguides 

was already studied from an electromagnetic view [5], therefore the waveguides geometry should be 

this one. Also some studies in previous analysis (thermal and structural) for similar structures (antennas 

facing the plasma) have already done [6]. 

1.4 Aerospace engineering framework 

 Space thermal environment is very similar to the aforementioned reflectometry system’s 

environment. Satellites, space probes are also exposed to thermal radiation therefore thermal analysis 

must be done in order to evaluate the temperature in those systems. The components used inside the 

satellites and probes have their operational temperature limits that must be ensured. When a body is in 

space it can exchange heat by radiation i.e. it gains heat due to radiation and it only loses heat by 

radiation. For example, in [7] were done a thermal analyzes in order to improve a spacecraft deflector 

by reducing the heat radiated towards the satellite. Hereafter will be given three examples where the 

methodologies are similar the one presented in this thesis, this framing here is done to justify the 

application of these methodologies also in Aerospace engineering. 

1.4.1 Satellites 

 Space thermal environment in a low Earth orbit (LEO) satellite is, for practical purposes, 

characterized by three parameters:  

 Solar radiation heat flux – The radiation from sun that directly hits the satellite;  

 Terrestrial albedo – The radiation reflected by the Earth; 

 Earth’s infrared radiation – The radiation that Earth emits due its temperature. 

 The sum of this three quantities gives the total amount of radiation that the satellite is subject.  

Table 1 - Heat loads and environment temperature at 1280Km height [8]. S is the solar radiation heat flux. Albedo 
is the radiation reflected by the Earth. IR is the Earth’s infrared radiation. T is the environment temperature. 

 

 Although the radiation flux is much smaller in this case than the radiation flux in the reflectometry 

system, the principle to apply is the same. It’s needed to channel the heat to out of the system. Usually, 

satellites have a surface that is exposed directly to solar radiation and other where is shadow all the 

time, the back surface. In this first can be used solar panels in order to provide energy source to electrical 

systems, this surface is usually polished to maximize the reflectivity. The excess of energy goes to the 

back surface through conduction and here is radiated to the space, this surface is less polished in order 

to maximize the emissivity of this one. 
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Figure 4 - Satellite orbiting Earth [9]. 

1.4.2 Mission MESSENGER 

 Another example for thermal protection, was the spacecraft MESSENGER. According to [10], the 

Sun shines up to eleven times brighter at mercury than at our planet this is about 15136 W/m2 (consider 

eleven times the sunlight presented in table 1). In order to provide the room temperature to the electronic 

devices (around 20 ℃), a heat-resistant and highly reflective sunshade was developed. The 

temperatures on the front of the shade could reach 370 ℃ when Mercury is closest to the Sun. 

 

Figure 5 - Spacecraft MESSENGER around Mercury. Artistic concept [11]. 

1.4.3 Mission Solar Probe Plus 

 Nowadays, this is the most ambitious space mission. NASA pretends send a spacecraft to our Sun, 

approaching as close as 8.5 solar radius above the Sun’s surface [12], this place is known as Sun’s 

outer atmosphere or corona. The environment temperature at this distance to the Sun is supposed to 

be around 1400 ℃. The objective of this mission is to understand the coronal heating and the origin and 

evolution of the solar wind. The launch date has been delayed several times, according to [12] it was 

planned to be in 2015 but now it’s scheduled to 30th July, 2018 [13].  
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Figure 6 - The Solar Probe Plus spacecraft on its approach to the Sun. Artistic concept [13]. 

 In order to develop a revolutionary carbon-composite heat shield that must withstand these 

temperatures, an exhausted and precise thermal analysis were done. The internal electronics must be 

at room temperature (around 20℃) in order to operate as planned. 

 

1.5 Contents overview 

 This thesis is divided into five main chapters. As seen, the first, Introduction, describes the ITER 

project, the position and the environment conditions of the system in study. Also, it is presented a small 

introduction to the fusion process that will occur in the ITER and ends with three aerospace engineering 

examples where the methodologies of this thesis can be applied. 

 Chapter 2 presents the structural and thermal theoretical background used to answer the problem. 

The governing equations for structural and thermal, also for thermo-elasticity are described. An 

introduction to the finite element model and the discretization of governing equations are presented. An 

overview over the finite elements used in the analyzes are presented at the end of that chapter. 

 In chapter 3 is described the methodology proposed for a thermal and structural analysis in a 

commercial finite element software, (in this thesis, ANSYS®). Also, five verification models are 

introduced. These verification models aims to justify some options used and compare with analytical 

results. 

 The chapter 4 is the results chapter, which starts with the results from the verification models. The 

reflectometry model is described with detail. The results from the methodology are presented, for 

example, the element finite model of the system, the results of the thermal and structural analysis, and 

the transient thermal responses. 

 To conclude, in the final chapter is described the conclusions of this work, and the points to be focus 

in the future work.  
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Chapter 2 - Theoretical background 

 In this chapter is going to be described the fundamental equations that governs the structural and 

thermal behavior of materials, also, the finite elements equations that will be solved in the commercial 

software of the finite elements as well as the finite elements characteristics.  

2.1 Structural Fundamentals 

 It is known that when a body is subjected to external forces it tends to move. Here will be given some 

basics equations that governs solids, for that, consider a three dimensional homogeneous, isotropic and 

linear elastic solid subjected to surface and body forces. The structural main goal is to find the 

displacement, that is, the difference between the initial and the final body’s position [14]. Consider the 

displacements along the coordinate 𝑥, 𝑦 and 𝑧 defined by the displacement vector: 

 {𝑢} = {𝑢 𝑣 𝑤} (2.1) 

The strain is the nondimensionalization of the displacement, consider the follow strain vector 

 {𝜀} = {𝜀𝑥 𝜀𝑦 𝜀𝑧 𝛾𝑥𝑦 𝛾𝑦𝑧 𝛾𝑧𝑥} (2.2) 

The relationship between strain and displacement is 

 {𝜀} = [𝐷]{𝑢} (2.3) 

where the [𝐷] is the matrix differentiation operator, as follows: 

 

[𝐷] =

[
 
 
 
 
 
 
 
 
 
 
 
 
𝜕

𝜕𝑥
0 0

0
𝜕

𝜕𝑦
0

0 0
𝜕

𝜕𝑧
𝜕

𝜕𝑦

𝜕

𝜕𝑥
0

0
𝜕

𝜕𝑧

𝜕

𝜕𝑦
𝜕

𝜕𝑧
0

𝜕

𝜕𝑥]
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

(2.4) 

As well as the strain, the stresses can also be defined as a stress vector: 

 {𝜎} = {𝜎𝑥  𝜎𝑥  𝜎𝑥  𝜏𝑥𝑦  𝜏𝑦𝑧 𝜏𝑧𝑥} (2.5) 

and the relationship between stresses and strains is given by the Hook’s law [15]: 

 {𝜎} = [𝐸]{𝜀𝑒} (2.6) 

where {𝜀𝑒} is the elastic strain, which in a presence of a temperature field is defined as: 

 {𝜀𝑒} = {𝜀} − {𝜀𝑡} 

{𝜀𝑡} = {𝛼𝑇 𝛼𝑇 𝛼𝑇 0 0 0} 

(2.7) 

(2.8) 

where 𝛼 is the coefficient of thermal expansion and 𝑇 is the temperature. The elasticity matrix [𝐸] present 

in the Hook’s law is: 
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[𝐸] =

[
 
 
 
 
 
𝜆 + 2𝜇 𝜆 𝜆 0 0 0
𝜆 𝜆 + 2𝜇 𝜆 0 0 0
𝜆 𝜆 𝜆 + 2𝜇 0 0 0
0 0 0 𝜇 0 0
0 0 0 0 𝜇 0
0 0 0 0 0 𝜇]

 
 
 
 
 

 

 

(2.9) 

where 

 
𝜆 =

𝜈 𝐸

(1 + 𝜈)(1 − 2𝜈)
 

(2.10) 

and 

 
𝜇 =

𝐸

2(1 + 𝜈)
 

(2.11) 

where 𝐸 is the elasticity modulus (also Young’s modulus) and 𝜈 is the Poisson’s ratio. 

The equilibrium equation is described by the following equation:  

 [𝐷]𝑇{𝜎} + {𝑋} = 0 (2.12) 

where {𝑋} = {𝐴 𝐵 𝐶} are the body forces vector in the 𝑥, 𝑦 and 𝑧 directions. For example, it can be the 

body’s own weight, or if the body is accelerating it is the inertia force. 

 For a thermal load the following form is: 

 [𝐷]𝑇[𝐸]([𝐷]{𝑢} − {𝜀𝑡}) + 𝑋 = 0 (2.13) 

This shows that the thermal load can be applied as a body force. The boundary conditions can be for a 

specified displacement and in this case 

 {𝑢} = {𝑢}𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑  on 𝑆𝑢 (2.14) 

or a superficial force 𝑇𝑠 = {𝑃𝑥  𝑃𝑦 𝑃𝑧} which will not appear in this thesis, however the conversion to the 

local stresses is: 

 

{𝑇𝑠} = [

𝑛𝑥 0 0
0 𝑛𝑦 0

0 0 𝑛𝑦

𝑛𝑦 0 𝑛𝑧
𝑛𝑥 𝑛𝑧 0
0 𝑛𝑦 𝑛𝑥

] {𝜎} on 𝑆𝑇 

 

 

(2.15) 

where {𝑛} = {𝑛𝑥 𝑛𝑦 𝑛𝑧} is the unit outward normal to 𝑆𝑇. 

 In engineering, for a multiaxial load, usually the von Mises stress is used to express the stress and 

compare this value to the yield stress [15]:  

 

𝜎𝑣 = [
(𝜎𝑥 − 𝜎𝑦)

2
+ (𝜎𝑦 − 𝜎𝑧)

2
+ (𝜎𝑧 − 𝜎𝑥)

2 + 6 (𝜏𝑦𝑧
2 + 𝜏𝑧𝑥

2 + 𝜏𝑥𝑦
2 )

2
]

0.5

 

 

(2.16) 

 The equivalent strain is calculated dividing the von Mises stress by the Young’s modulus. 

 𝜀𝑣 =
𝜎𝑣
𝐸

 (2.17) 

2.2 Thermoelasticity 

 It is known when the temperature of a body raises or decreases it expands or contracts, respectively. 

In the majority of the cases, the expansion of the material is directly proportional to the change in the 
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temperature. Suppose a body made of homogeneous isotropic material is heated uniformly, if there is 

no displacements restrictions, then there appear normal strains but no thermal stresses. 

 Let us assume that the temperature of an infinitesimal body element is increased from 𝑇0 to 𝑇 where 

𝑇0 is the initial temperature and is defined as a reference state of uniform temperature distribution which 

does not produce stress or strain in the body. Consider a body with a known thermal field, 𝑇 = 𝑇(𝑥, 𝑦, 𝑧), 

for simplicity consider 𝑇 = 𝑇 − 𝑇0 then the thermal strains are as expressed in equation 2.8. From that 

equation it follows that the temperature field has no effect on the shear strain components, for an 

isotropic body. 

 For sake of simplicity, let us assume that the material properties are not affected by temperature 

changes, that is, the coefficient of thermal expansion 𝛼(𝑇) = 𝛼 and the Young’s modulus 𝐸(𝑇) = 𝐸 are 

constants. Modifying Hooke’s law relations, equation 2.6, by superimposing the strains due to the 

thermal effects. It results in [16]: 

 {𝜎} = [𝐸]({𝜀} − {𝜀𝑡}) (2.18) 

where the subtract term 

 {𝜎𝑡} = [𝐸]{𝜀𝑡} (2.19) 

is the thermal stress which is associated to the thermal strains that in turn comes from the thermal 

expansion. 

 

2.3 Heat transfer Fundamentals 

 Whenever a temperature difference exists in a medium or between media, heat transfer occurs. 

There are three different modes of heat transfer: 

1. Conduction – refer to the heat transfer that will occur across the medium; 

2. Convection – refer to the heat transfer that will occur between a surface and a fluid in motion 

when they are at different temperatures; 

3. Radiation – refer to the heat transfer that will occur through electromagnetic waves. The only 

one does not need a medium to occur. 

 Inside a Tokamak reactor, the present medium between the parts is partially vacuum, therefore the 

main heat transfer mode between parts is radiation and inside the parts is conduction. Thus, convection 

is not presented in this work. 

 

2.3.1 Conduction 

 If the heat transfer occurs through the same medium from one point to another, its mode is 

conduction. Suppose a beam with a constant cross-section and a temperature gradient, Δ𝑇, such as the 

tip surfaces are at different temperatures and the other surfaces are insulated, then the conduction heat 

flux is given by [17]: 

 
𝑞𝑐𝑜𝑛𝑑

′′ = −𝑘
Δ𝑇

Δ𝑥
 

(2.20) 
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where 𝑘 is a transport property known as the thermal conductivity and Δ𝑥 is the beam length. Taking 

the differential of equation 2.28: 

 
𝑞𝑐𝑜𝑛𝑑

′′ = −𝑘
𝑑𝑇

𝑑𝑥
 

(2.21) 

This rate equation is known as Fourier’s law. Rewriting this last equation (2.21):  

 
𝑞𝑐𝑜𝑛𝑑 = −

𝑘𝐴Δ𝑇

Δ𝑥
=  
||Δ𝑇||

𝑅𝑐𝑜𝑛𝑑
 

(2.22) 

The thermal resistance for conduction (the electrical analogue for conduction) can be defined by: 

 
𝑅𝑐𝑜𝑛𝑑 =

𝐿

𝑘𝐴
 

(2.23) 

where 𝐿 is the length and 𝐴 is the cross-sectional area. 

 

2.3.2 Radiation 

 Radiation is the heat transfer mode preponderant in all universe, because is the only one that needs 

no material to occur, for example, energy from our star comes to earth through radiation. Bodies emit 

radiation thought his surface and its intensity is proportional to their temperature. Consider a body that 

follow the following statements: 

1) Absorbs all incident radiation, no matter their direction and wavelength: 𝛽(𝜆, 𝑇) = 1; 

2) For a given temperature, no other body emits more energy: 𝜀(𝜆, 𝑇) = 1; 

3) It is a diffuse emitter, that is, the body emits radiation to all directions. 

That body is known as a blackbody, and its total emissive power is given by [17]: 

 𝑃𝑏 = 𝜔𝑇4[𝑊/𝑚2] (2.24) 

this equation is known as the Stefan-Boltzmann law and 𝜔 is the Stefan-Boltzmann constant. 

Nevertheless, there are no surface like a blackbody, so we can define the total hemispherical emissivity, 

𝜀(𝑇), as the ratio between the total emissive power of a surface and a blackbody at the same 

temperature: 

 
𝜑(𝑇) =

𝑃(𝑇)

𝑃𝑏(𝑇)
 

(2.25) 

thus, 

 𝑃 = 𝜑𝜔𝑇4[𝑊/𝑚2] (2.26) 

This is the quantity of radiation that a surface emits, now suppose that radiation reaches a surface, this 

is called the irradiation 𝐺. Some part of this radiation can be reflected; another part can be absorbed 

and another part can be transmitted. Because of the conservation of the energy the sum of the portion 

that is reflected (𝜌), transmitted (𝜏) and absorbed (𝛽) must be equal to one [17]: 

 𝜌 + 𝜏 + 𝛽 = 1 (2.27) 

where each coefficient lies between 0 and 1. For example, for a black body we have: (𝜌, 𝜏, 𝛽) = (0,0,1) 

and for an opaque, diffuse and gray surface 

 𝜌 = 1 − 𝛽 = 1 − 𝜑 (2.28) 
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These coefficients are functions of the surface temperature, the direction and wavelength of the incident 

radiation, however for the proposes of this thesis, the last two will not be considered, the most of the 

time we consider only being function of temperature. 

Let define radiosity of a surface 𝑖, 𝐽𝑖, as the sum of the emitted energy and the reflected energy: 

 𝐽𝑖 = 𝑃𝑖 + 𝜌𝑖𝐺𝑖 (2.29) 

Assuming an opaque, diffuse and gray surface the radiosity can also be expressed as: 

 𝐽𝑖 = 𝜑𝑖𝑃𝑏𝑖 + (1 − 𝜑𝑖)𝐺𝑖 (2.30) 

Knowing that, 

 𝑞𝑟𝑎𝑑𝑖
′′ = 𝐽𝑖 − 𝐺𝑖 (2.31) 

Getting 𝐺𝑖 from equation 2.30 and replacing it in equation 2.31 knowing that 𝑞′′ = 𝑞/𝐴, follows that: 

 
𝑞𝑟𝑎𝑑𝑖 =

𝑃𝑏𝑖 − 𝐽𝑖

(1 − 𝜑𝑖)/(𝜑𝑖𝐴𝑖)
 

(2.32) 

 

 

Figure 7 - View factor between elemental surfaces 𝑑𝐴𝑖 and 𝑑𝐴𝑗 [17]. 

Consider two surfaces, surface 𝑖 and surface 𝑗, the surfaces emit radiation but only a part of this radiation 

reach the other surface, that is the view factor. The view factor 𝐹𝑖𝑗 is the fraction of radiation emitted by 

the surface 𝑖 that reaches the surface 𝑗. Obviously, this value varies between 0 and1. In an enclosure 

with 𝑁 surfaces, adding all the view factors of the surface 𝑖 we have: 

 
∑𝐹𝑖𝑗

𝑁

𝑗=1

= 1 
(2.33) 

The general expression for the view factor between two differential areas 𝑑𝐴𝑖 and 𝑑𝐴𝑗 (figure 7) is the 

following [17]: 
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𝐹𝑖𝑗 =

1

𝐴𝑖
∫ ∫

cos(𝜃𝑖) cos(𝜃𝑗)

𝜋𝑅𝑖𝑗
2

𝐴𝑗𝐴𝑖

𝑑𝐴𝑖𝑑𝐴𝑗 
(2.34) 

where 𝜃𝑖 is the angle between the surface normal and line that connects the two centers which have the 

length of 𝑅𝑖𝑗. A properties very useful is the following: 

 𝐴𝑖𝐹𝑖𝑗 = 𝐴𝑗𝐹𝑗𝑖 (2.35) 

The total radiation exchange between surface 𝑖 and all the others in an enclosure is [17]: 

 
𝑞𝑟𝑎𝑑𝑖 =∑𝐴𝑖𝐹𝑖𝑗

𝑁

𝑗=1

(𝐽𝑖 − 𝐽𝑗) = ∑𝑞𝑖𝑗

𝑁

𝑗=1

 
(2.36) 

Using the radiation network approach [17] (the electric analogue for radiation), we can define a network 

of resistances between surfaces of an enclosure (figure 8), note that, the resistances values represented 

are the coefficients in equation 2.36 and 2.32. 

 

Figure 8 - Network representation of radiative exchange between surface i and the remaining surfaces of an 
enclosure [17]. 

 The figure 8 illustrates that not all energy leaving a surface reaches another one. It is important to 

estimate the radiation quantity which reaches a surface. The computational method to calculate de view 

factors is the hemicube method, see figure 9. If a surface of an 3D element emits radiation, for this 

method, the surface is divided into a number 𝑁 of smaller 2D elements which are called pixels. 
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Figure 9 - Hemicube method schematic. [18] 

 According to [18], the view factor is calculated following: 

 
𝐹𝑖𝑗 =∑Δ𝐹𝑛

𝑁

𝑛=1

=
cos(𝜃𝑖) cos(𝜃𝑗)

𝜋𝑅𝑖𝑗
2 Δ𝐴𝑗 

(2.37) 

 For a precise result in the view factor calculation the hemicube resolution must be higher (more 

number of divisions). However, this will increase the computational time for this operation. 

 The equation presented in figure 10 is derived from equation 2.34 and is used to find the view factor 

between two aligned parallel rectangles. 

 

 

 

 

 

(2.37a) 

Figure 10 - Equation for the view factor between to aligned parallel rectangles [17]. 

 

2.4 FEM - Finite Element Method  

 The FEM is a numerical technique for solving problems. The continuous physical problem is 

transformed into a discretized finite element problem with unknown nodal values, for elasticity is the 

displacement and for thermal is the temperature. 

Let’s see the step for the FEM: 

1. Discretize the continuum – this consists in divide the solution region into finite elements, meshing; 

2. Select interpolation functions – this functions are used to interpolate the field variable over the 

element. Usually polynomials functions are selected and the degree of the polynomial depends on 

the number of nodes assigned to the element; 
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3. Find the element properties – The matrix equation for the finite element should be established which 

related the nodal unknown values, for example, temperature or displacements, with material 

properties, such as the material density or thermal conductivity. For that different approaches can be 

used, the variational approach and the Galerkin method are the most convenient; 

4. Assemble the element equations – To find the global equation system for the whole solution region, 

all the element equations must be assembled. The boundary conditions are included in this global 

equation, for example, displacements and loads.  

5. Solve the global equation system – For that a Direct or an Iterative method can be used. 

6. Compute additional results – For example, mechanical stresses and strains are of interest in addition 

to displacements. 

 Note that the FEM is more precise and closer to the real solution in space when the discretization is 

done in more points, see figure 11. 

 

Figure 11 – Example of a real solution (blue) and FEM solution (red) [14]. 

 

2.4.1 Finite Element Equation for Heat transfer 

 The heat transfer equation has the following formulation [17]: 

 
−
𝜕𝑞′′𝑥
𝜕𝑥

−
𝜕𝑞′′𝑥
𝜕𝑦

−
𝜕𝑞′′𝑧
𝜕𝑧

+ 𝑄 = 𝜌𝑐
𝜕𝑇

𝜕𝑡
 

(2.38) 

here 𝑞′′𝑥, 𝑞′′𝑦 and 𝑞′′𝑧 are components of heat flow through the unit area, 𝑄 = 𝑄(𝑥, 𝑦, 𝑧, 𝑡) is the internal 

heat generation rate per unit volume; 𝜌 is material density; 𝑐 is heat capacity; 𝑇 is temperature and 𝑡 is 

time. Applying the Fourier’s law to the last equation, it follows: 

 𝜕

𝜕𝑥
(𝑘
𝑑𝑇

𝑑𝑥
) +

𝜕

𝜕𝑦
(𝑘
𝑑𝑇

𝑑𝑦
) +

𝜕

𝜕𝑧
(𝑘
𝑑𝑇

𝑑𝑧
) + 𝑄 = 𝜌𝑐

𝜕𝑇

𝜕𝑡
 

(2.39) 

 The boundary conditions used in this thesis are: 

- Specified temperature  

 𝑇𝑠 = 𝑇(𝑥, 𝑦, 𝑧, 𝑡) on 𝑆1 (2.40a) 

- Radiation 
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 𝑞′′𝑥𝑛𝑥 + 𝑞′′𝑦𝑛𝑦 + 𝑞′′𝑧𝑛𝑧 = 𝜔𝜑𝑇𝑠
4 − 𝛽𝑞′′𝑟 on 𝑆2 (2.40b) 

where 𝑛𝑥, 𝑛𝑦, and 𝑛𝑧 are the components of the normal unit vector to the surface, 𝑞′′𝑟 is incoming heat 

flow per unit area. For transient problems, it is necessary to specify an initial temperature: 

 𝑇(𝑥, 𝑦, 𝑧, 0) = 𝑇0(𝑥, 𝑦, 𝑧) (2.41) 

Besides these boundary conditions, for a generic heat transfer problem the following can also be 

considered: Specified heat flow; Convection. 

The equation 2.39 along with the boundary conditions states the strong form.  

The shape functions 𝑁𝑖 are used for interpolation of temperature inside a finite element [16]: 

 𝑇 = [𝑁]{𝑇} 

[𝑁] = [𝑁1 𝑁2… ] 

{𝑇} = {𝑇1 𝑇2…} 

 

 

(2.42) 

here  {𝑇} is a vector of temperatures at nodes, [𝑁] is a matrix of shape functions. The Differentiation of 

the temperature interpolation equation gives the following interpolation relation for temperature 

gradients: 

 

{
  
 

  
 
𝜕𝑇

𝜕𝑥
𝜕𝑇

𝜕𝑦
𝜕𝑇

𝜕𝑧}
  
 

  
 

=

[
 
 
 
 
 
 
𝜕𝑁1
𝜕𝑥

𝜕𝑁2
𝜕𝑥

…

𝜕𝑁1
𝜕𝑦

𝜕𝑁2
𝜕𝑦

…

𝜕𝑁1
𝜕𝑧

𝜕𝑁2
𝜕𝑧

…]
 
 
 
 
 
 

{𝑇} = [𝐵]{𝑇} 

 

 

(2.43) 

[𝐵] is a matrix for temperature gradient interpolation. 

 Note that, the shape function 𝑁𝑖 must be one at the node 𝑖 and zero at the others nodes, therefore if 

the element has two nodes the two shape functions should be linear, if the element has three nodes, 

the three shape functions should be quadratic and so on. 

 Using the Galerkin method [16], the heat transfer equation 2.38 can be rewritten as follows: 

 

∫ (
𝜕𝑞′′

𝑥

𝜕𝑥
+
𝜕𝑞′′

𝑥

𝜕𝑦
+
𝜕𝑞′′

𝑧

𝜕𝑧
− 𝑄 + 𝜌𝑐

𝜕𝑇

𝜕𝑡
)

𝑉

𝑁𝑖𝑑𝑉 = 0 

(2.44) 

Applying the divergence theorem to the first three terms: 

 

∫ 𝜌𝑐
𝜕𝑇

𝜕𝑡
𝑁𝑖𝑑𝑉

𝑉

− ∫ [
𝜕𝑁𝑖
𝜕𝑥

 
𝜕𝑁𝑖
𝜕𝑦

 
𝜕𝑁𝑖
𝜕𝑧
] {𝑞}𝑑𝑉

𝑉

= ∫ 𝑄𝑁𝑖𝑑𝑉

𝑉

−∫{𝑞′′}𝑇{𝑛}

𝑆

𝑁𝑖𝑑𝑆 

(2.45) 

where {𝑛} is the outer normal to the surface of the body. Inserting the boundary conditions presented in 

this thesis, it follows: 

 

∫ 𝜌𝑐
𝜕𝑇

𝜕𝑡
𝑁𝑖𝑑𝑉

𝑉

− ∫ [
𝜕𝑁𝑖
𝜕𝑥

 
𝜕𝑁𝑖
𝜕𝑦

 
𝜕𝑁𝑖
𝜕𝑧
] {𝑞}𝑑𝑉

𝑉

= ∫ 𝑄𝑁𝑖𝑑𝑉

𝑉

− ∫{𝑞′′}𝑇{𝑛}

𝑆1

𝑁𝑖𝑑𝑆 − ∫(𝜑𝜔𝑇4 − 𝛽𝑞′′𝑟)

𝑆2

𝑁𝑖𝑑𝑆 

 

(2.46) 
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note that: 

 {𝑞′′} = −𝑘[𝐵]{𝑇} (2.47) 

The equation 2.46 has the following form: 

 [𝐶]{�̇�} + ([𝐾𝑐] + [𝐾𝑟]){𝑇} = {𝑅𝑇} + {𝑅𝑄} + {𝑅𝑟} (2.48) 

where, 

 

[𝐶] = ∫ 𝜌𝑐 [𝑁]𝑇[𝑁]𝑑𝑉

𝑉

 

[𝐾𝑐] = ∫ 𝑘 [𝐵]𝑇[𝐵]𝑑𝑉

𝑉

 

[𝐾𝑟] = ∫ 𝜑𝜔𝑇4[𝑁]𝑑𝑆

𝑆1

 

[𝑅𝑇] = − ∫{𝑞′′}𝑇{𝑛}[𝑁]𝑇𝑑𝑆

𝑆1

 

[𝑅𝑄] = ∫ 𝑄[𝑁]𝑇𝑑𝑉

𝑉

 

[𝑅𝑟] = − ∫ 𝛽𝑞′′𝑟[𝑁]
𝑇𝑑𝑆

𝑆2

 

 

 

 

 

 

 

 

(2.49) 

The equation that the commercial element finite software will solve, for steady-state is: 

 ([𝐾𝑐] + [𝐾𝑟]){𝑇} = {𝑅𝑇} + {𝑅𝑄} + {𝑅𝑟} (2.50) 

And for transient is: 

 [𝐶]{𝑇(𝑡)̇ } + ([𝐾𝑐] + [𝐾𝑟]){𝑇(𝑡)} = {𝑅𝑇(𝑡)} + {𝑅𝑄(𝑡)} + {𝑅𝑟(𝑡)} (2.51) 

   

2.4.2 Finite Element Method Equation for Elasticity 

 In order to achieve the FEM equation, consider the following function [18]: 

 

Π = ∫
1

2
{𝜀𝑒}𝑇{𝜎}𝑑𝑉

𝑉

− ∫{𝑢}𝑇{𝑝𝑉}𝑑𝑉

𝑉

−∫{𝑢}𝑇{𝑝𝑆}

𝑆

𝑑𝑆 

(2.52) 

where {𝑝𝑉} = {𝑝𝑥
𝑉 𝑝𝑦

𝑉  𝑝𝑧
𝑉} is the vector of body force and {𝑝𝑠} = {𝑝𝑥

𝑆 𝑝𝑦
𝑆 𝑝𝑧

𝑆} is the vector of surface 

pressure. The Π function is the total potential energy and the theorem of minimum potential energy 

ensures that the minimum of Π is given by the exact solution given by the equation 2.13, this is, other 

approximate solution for will provide a greater for Π. Therefore, the equation for the FEM comes from 

 
{
∂Π

∂q
} = 0 

(2.53) 

where {q} is the nodal displacements of a three-dimensional finite element defined by: 
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 {𝑞} = {𝑢1 𝑣1 𝑤1 𝑢2 𝑣2 𝑤2… } (2.54) 

The displacements inside a finite element is given by 

 {𝑢} = [𝑁]{𝑞} (2.55) 

where [𝑁] is the matrix with the shape functions: 

 
[𝑁] = [

𝑁1 0 0 𝑁2 …

0 𝑁1 0 0 …
0 0 𝑁1 0 …

] 
 

(2.56) 

The relationship between the strain and displacement is then given by 

 {𝜀} = [𝐵]{𝑞} (2.57) 

and  

 [𝐵] = [𝐷][𝑁] = [𝐵1 𝐵2 𝐵3 …] (2.58) 

Replacing equations 2.57, 2.6 and 2.55 in 2.52, it comes: 

 

Π = ∫
1

2
([𝐵]{𝑞} − {𝜀𝑡})𝑇[𝐸]([𝐵]{𝑞} − {𝜀𝑡})𝑑𝑉

𝑉

− ∫([𝑁]{𝑞})𝑇{𝑝𝑉}𝑑𝑉

𝑉

−∫([𝑁]{𝑞})𝑇{𝑝𝑆}

𝑆

𝑑𝑆 

(2.59) 

using equation 2.53, it follows: 

 

0 = ∫[𝐵]𝑇[𝐸][𝐵]𝑑𝑉{𝑞}

𝑉

− ∫[𝐵]𝑇[𝐸]{𝜀𝑡}𝑑𝑉

𝑉

− ∫[𝑁]𝑇{𝑝𝑉}𝑑𝑉

𝑉

−∫[𝑁]𝑇{𝑝𝑆}

𝑆

𝑑𝑆 

(2.60) 

It comes that equation 2.60 have the following form: 

 [𝐾]{𝑞} = {𝑓} = {𝑝} + {ℎ} (2.50) 

where  

 

[𝐾] = ∫[𝐵]𝑇[𝐸][𝐵]𝑑𝑉

𝑉

 

{ℎ} = ∫[𝐵]𝑇[𝐸]{𝜀𝑡}𝑑𝑉

𝑉

 

{𝑝} = ∫[𝑁]𝑇{𝑝𝑉}𝑑𝑉

𝑉

+∫[𝑁]𝑇{𝑝𝑆}

𝑆

𝑑𝑆 

 

 

 

(2.51) 

[𝐾] is the element stiffness matrix, {𝑝} is the forces vector and {ℎ} is the thermal vector. 

After known the element equation, the next step is to find the global equation system, that have the 

following form: 

  [𝐾]{𝑄} = {𝐹} (2.52) 

where the global matrices and vectors result from a specific arrangement of the element matrices and 

vectors which depends on the space discretization. After the boundary conditions are introduced, the 

system is ready to be solved. It can be through an iterative method or a direct method, depending on 
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the system complexity, for simple system the direct method is quicker while for the complex systems 

the iterative method will be the approach. 

 

2.4.3 Finite Element Types 

 The system has an unknown temperature to the power of fourth, and the material properties are 

temperature dependents, therefore this problem is a non-linear problem, thus, the finite elements chosen 

are quadratic instead of linear.  

 The element type in the computational analysis is the hexahedral element SOLID186 and the 

tetrahedral element SOLID187 for the structural analyses and the hexahedral element SOLID90, the 

tetrahedral element SOLID87, the quadrangular element SHELL131 and the radiative element 

SURF252 for the thermal analyses. Here are present the different geometries for each of these 

elements, figures 12, 13 and 14. Also, for the contacts between bodies the elements CONTA174 and 

TARGE170, figure 15. 

 The element SHELL131 is used to simulate the system radiation boundary condition in the respective 

surface. The element SURF252 is created from a surface of a solid elements where the radiation is 

present. In these elements will be solved the radiative part of the thermal analysis.  

Before the analysis the elements are named as presented in table 2. 

Table 2 - Elements name conversion 

Mesh element Thermal element Structural element 

HEX20 SOLID90 (hexahedral) SOLID186 (hexahedral) 

WED15 SOLID90 (prism) SOLID186 (prism) 

Pyr13 SOLID90 (Pyramid) SOLID186 (Pyramid) 

Tet10 SOLID87 (Tetrahedral) SOLID187 (Tetrahedral) 

Tri3 SHELL131 (triangular) -- 

Quad4 SHELL131 -- 



 

20 
 

 

 

Figure 12 - SOLID186 and SOLID190 geometry. The SOLID187 and SOLID87 are the tetrahedral. [19]  

 

 

Figure 13 - SHELL131 Geometry [19] 
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Figure 14 - SURF252 geometry [19] 

 

 

 

Figure 15 - CONTA174 geometry and associated TARGE170 element [19] 

 

2.4.4 Finite Element Method - Contact 

 In the ANSYS® Mechanical, when two bodies are closer, each with its mesh, a contact region is 

created. This region is created if any element from one body is in a distance less than a defined radius 

(pinball radius) from a different body. One surface is the contact surface and the other is the target 

surface. Inside the software four formulations are available: 

Pure penalty – a contact stiffness, 𝑘, is defined as 𝐹𝑛 = 𝑘𝑥𝑝 and a finite force is applied. The higher 𝑘 

lower 𝑥𝑝, figure 16. This formulation is used for nonlinear contact between surfaces. 

Augmented Lagrange – very similar to the pure penalty formulation, but a corrective term is added to 

make the method less sensitive to the stiffness parameter. 𝐹𝑛 = 𝑘𝑥𝑝 + 𝜆. 

Normal Lagrange – It adds an extra degree of freedom (contact pressure) to satisfy contact compatibility.  

MPC (multi-point constrains) – It adds constraint equations to “tie” the displacements (or temperature). 
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Figure 16 – Schematic for a pure penalty contact [20] 

 

 

 

Figure 17 - Difference between type of formulations available in ANSYS® [20] 

 

2.4.5 Finite Element Metrics 

 Skewness determines how close an element is to the ideal (equilateral or equiangular). In general, 

the skewness formula is as follows [18]: 

 
𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 = max [

𝜃𝑚𝑎𝑥 − 𝜃𝑒
180 − 𝜃𝑒

,
𝜃𝑒 − 𝜃𝑚𝑖𝑛

𝜃𝑒
] 

(2.53) 

where,  𝜃𝑚𝑎𝑥 and 𝜃𝑚𝑖𝑛 are the largest and the smallest angle in the face, respectively, and 𝜃𝑒 is the 

angle for an equiangular face (for example, 60 for triangle and 90 for a square). This method is the 

Normalized Equiangular skewness. If the element is triangular or tetrahedral the Equilateral Volume 

Based method is used, and it follows the equation below [18]: 

 
𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =

𝑂𝑝𝑡𝑖𝑚𝑎𝑙 𝐶𝑒𝑙𝑙 𝑆𝑖𝑧𝑒 − 𝐶𝑒𝑙𝑙 𝑆𝑖𝑧𝑒

𝑂𝑝𝑡𝑖𝑚𝑎𝑙 𝐶𝑒𝑙𝑙 𝑆𝑖𝑧𝑒
 

(2.54) 
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where the optimal cell size is the size of an equilateral cell with the same circumradius. The final 

skewness value will be the maximum of the two methods. This value lies between 0-1 where 0 is good 

and 1 is bad quality. 

 Element Quality is other metric and it is calculated following [18]: 

 
𝑄𝑢𝑎𝑙𝑖𝑡𝑦 = 𝐶 (

𝐴𝑟𝑒𝑎

∑(𝐸𝑑𝑔𝑒𝐿𝑒𝑛𝑔𝑡ℎ)2 
) 

(2.55) 

for 2D elements and, 

 
𝑄𝑢𝑎𝑙𝑖𝑡𝑦 = 𝐶 (

𝑉𝑜𝑙𝑢𝑚𝑒

[∑(𝐸𝑑𝑔𝑒𝐿𝑒𝑛𝑔𝑡ℎ)2 ]3/2
) 

(2.56) 

for 3D elements. The 𝐶  value depends on the element geometry, table 3. The metric value lies between 

0-1 where 1 is good and 0 is bad quality. 

 

Table 3 - Constant values for each type of element [18] 

Element Value of C 

Triangle 6.92820323 

Quadrangle 4.0 

Tetrahedron 124.70765802 

Hexagon 41.56921938 

Wedge 62.35382905 

Pyramid 96 
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Chapter 3 Methodology 

3.1 General Methodology 

The reflectometry system is a complex system to be solved by analytical models therefore a 

commercial software of finite elements, ANSYS®, will be used. Five basic verification models are 

performed in that software, to compare with analytical solutions and also to justify some chosen options. 

 The general methodology is: 

1) Compare verification models with analytical models. 

2) Use the methodology with the reflectometry system (complex system). 

a. Receive the .STP file. 

b. Use SpaceClaim to simplify the model. 

c. Import the material data to the ANSYS® Engineering Data. 

d. Use ANSYS® Mechanical Model: 

i. Meshing the model using ANSYS® ICEM CFD and automatic ANSYS® 

Mechanical Model meshing; 

ii. Check skewness and quality until the mesh is good according to these metrics, 

if not the mesh is upgraded. 

e. ANSYS® Mechanical thermal: 

i. Apply loads and boundary conditions; 

ii. Solve the system to archive the temperature distribution in the system; 

iii. If is not done yet, a convergence is done for the current mesh. 

f. ANSYS® Mechanical structural: 

i. Apply boundary conditions and thermal loads from the previous analysis; 

ii. Solve the system to archive the displacement distribution in the system; 

iii. Check the Von-Mises stresses and strains and If is not done yet, a convergence 

is done for the current mesh. 

The same mesh is used several times, therefore if the convergency is already done, it will not be 

done again. Thermal analyses were done for parametric studies, temperature distribution in different 

antennas and transient response for the reflectometry system, the structural analysis were done to 

evaluate the thermal stresses and strains of the system. 

 

3.2 Verification Models 

 In this thesis, five verification models are presented. Here, these models are introduced and the 

specific procedure is explained. 

 For the first model consider a plate, figure 18, where is applied a uniform and constant thermal load 

in the whole plate. The thermal strain and thermal stress results from the FEM are compared with the 

analytical results. 
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Figure 18 - Plate for the verifications models 

 The second model is very similar to the first one, but in this case only displacement in Z directions is 

allowed. The thermal strain and stress from the FEM model are also compared with the analytical 

results. 

 The third model is the same plate as the previous models, but it is irradiated by a plane 0.1 m above. 

This model aims to verify the view factor calculations and the radiative solver therefore the thermal 

conductivity of the plate, for this model, is set to a large value in order to obtain a homogeneous 

temperature distribution in the plate to simplify the analytical solution. 

 The fourth model aims to minimize the contact error between two parts with a different mesh. For 

that, is considered two abutting plates (each plate is equal to the previous one) each one with a different 

mesh, see figure 29, for the contact between the plates inside the ANSYS® Mechanical Model the 

detection method can be one of the following options: 

1. Program Controlled; 

2. On Gauss Point 

3. Nodal-Normal from Contact 

4. Nodal-Normal to Target 

5. Nodal-Projected Normal from Contact 

 The plates, for each verification model, were built in ANSYS® Design Modeler. 

 Finally, the fifth model is to evaluate the difference between the Bonded and No Separation option 

for the contact type in ANSYS® Mechanical Model. For that, a hollow body and a body inside were built 

in SolidWorks, imported to ANSYS® Workbench and the mesh was done in ANSYS® Mechanical Model 

according to the methodology, without using the ICEM CFD. It was set a different temperature in each 

body, on the exterior surface of the pipe and inside the other body. A steady-state thermal analysis was 

done and then the static structural analysis in order to evaluate the expansion in each case i.e. Bonded 

and No Separation option. 
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Figure 19 - Geometry for the verification model number 5 

 

3.3 FEM procedure 

 In this work, the FEM model is performed in ANSYS® Mechanical Model. To build this model in the 

Mechanical Model, the Material properties were integrated in the Engineering Data and the CAD model 

was imported to the Workbench, using the flux of data indicated at figure 20.  

 

 

Figure 20 – The ANSYS® Workbench links from Material Data and Geometry to Mechanical Model. 

 Inside the Mechanical Model, each body was assigned to the material, and the reference temperature 

was changed from “By Environment” to “By Body” and set a value of 20 ℃.  
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 The Contacts were created with the Auto Detection where the Tolerance Type was set to Value and 

the respective value chosen to 0,5 millimeters. These contact must be verified one by one. For these 

contacts the Detection Method was set to “Nodal-Projected Normal From Contact”, as explained in 

section 4.1.4. The contact type between the waveguides and the side cover and the support cover was 

set to “No Separation” while for the others “Bonded” type was chosen, section 4.1.5. 

 For the mesh, the MultiZone is the method used whenever the software can do the mesh with it, 

otherwise the Hex Dominant Method is used. In both methods is important to choose the option “Kept” 

for “Element Midside Nodes” in order to create nodes in each element side. Since the material properties 

are temperature dependents so the analyses are non-linear thus is important to have more nodes in 

each element side, therefore quadratic elements will be used instead of linear elements e.g. HEX20 

element is quadratic and will be used instead of HEX8 which is a linear element. 

 In MultiZone method there are two options for link to ICEM CFD, for “Write ICEM CFD Files” the 

option is “Interactive” and for “ICEM CFD Behavior” the option is “Generate Blocking and Mesh”. With 

these options, when the mesh is generating, the ICEM CFD software opens. There, the mesh can be 

constructed and edited as the user wish: 

 First, blocks that fits the whole geometry must be done. These blocks must have associate points, 

edges and surfaces to the geometry.  

 Second, choose the divisions of each block edge, these divisions will propagate to the parallel edges.  

 Third, the pre-mesh should be generated and the mesh quality must be checked. In this thesis, the 

parameter chosen was “Determinant 3x3x3” and it has a value between 0,6 and 1.  Whenever an 

element did not have a value in this range the blocking or the division were changed.  

 Finally, when the pre-mesh with the requirements is done, it must be converted to unstruct mesh, 

the project saved and the ICEM CFD closed. Automatically the ANSYS® Mechanical finishes the import 

process. 

 Looking at the mesh metrics in Mechanical Model, Skewness and Element Quality, the mesh done 

in ICEM CFD have better results than the mesh done automatically through the ANSYS Mechanical 

options, because almost all elements have 90º corners, figure 21.  

 

a) 

 

b) 

Figure 21 - Mesh difference, in antenna, between, a) ICEM CFD b) MultiZone and Face Meshing option 

 Because the antenna, waveguides and flange volumes have one dimension smaller than the two 

others, the Element Quality value of these elements will be smaller than the others elements in others 
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bodies (0,1-0,3) while for the others bodies it will be between 0,35 and 1 (close to 1 is better). While for 

the Skewness, all the meshes done in ICEM CFD have a skewness between 0 and 0,3 (closer to zero 

is better). This was the target parameter while meshing. 

 The mesh refinement was done inside the ICEM CFD, where selecting the body blocks the 

refinement parameter can be set to a positive integer, which define the number of each subdivision on 

each edge division e.g. setting this parameter to 2, each element side from the original mesh is divided 

in 2 elements, for a 3D element this will divide that in eight. 

 

3.4 FEM Analyses 

 In ANSYS® Workbench, the FEM can be easily transported to the Steady-State Thermal in order to 

proceed with the thermal analysis, and the temperature distribution from this analysis, can also be 

transported to the Static Structural where the structural analysis is done, figure 22.  

 

Figure 22 - The ANSYS® Workbench links from Mechanical Model to Steady-state Thermal and Static Structural 

 Inside the ANSYS® Mechanical for Steady-State analysis the options for the material assignment, 

the connections between bodies and the mesh are automatically imported from ANSYS® Mechanical 

Model. To change these options, first the user must set “No” for the Read Only option, when the 

Mechanical Model is used to build the mesh the default option is “Yes”. However, the mesh refinement 

is done duplicating the Mechanical Model and changing the mesh inside it, then the link between this 

new Model and the target analysis must be created 

 For the boundary conditions, inside the ANSYS® Mechanical for Steady-State analysis, the Initial 

Temperature Value must be set, in this work, this value is 100 ℃. For the surfaces that have radiation, 

this must be inserted. While setting this, is important to choose “Surface to Surface” for the Correlation, 

otherwise the radiation from the others surface is not considered in the radiosity solver and only the 

radiation from the environment is considered. The emissivity must be set for the surface, note that, the 

approach used in the Steady-State is the gray surface, therefore the absorptivity is the same as the 

emissivity and the reflectivity plus the absorptivity must be equal to one, equation 2.28. The Ambient 

Temperature is set to 100 ªC. Also the temperatures for the boundary conditions must be inserted.  
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Figure 23 - Detailed options for radiation in a surface with emissivity parameterized 

 The parametric variables are identified with a P before the property, figure 23. Setting a parameter 

creates a “Parameter Set” in the ANSYS® Workbench, where values can be introduced (design points) 

for the parameters and, if set, the respective value for the parameter output appears after solving the 

analysis with the respective value. In this thesis, this is used to verify the variation of the maximum 

temperature in the antenna with the emissivity of several surfaces. 

 For this analysis, the important output is the temperature distribution in the reflectometry system, and 

the maximum temperature, which is expected to occur in the antenna’s tip. For a detailed analysis of 

the temperature distribution a temperature solution should be inserted, there should be selected only 

the concerned bodies, for example, for the temperature distribution in the reflectometry system, the 

blankets and the radiative surface should not be selected. 

 After the thermal solution completed, this is imported to the static structural analysis. In this thesis 

only the steady-state thermal solutions will be imported to a static analysis, because it is here where the 

thermal loads are higher as well as the stresses and strains. 

 Thus, after the two links in ANSYS® Workbench for the static structural are done, inside the ANSYS® 

Mechanical for the static structural analysis, the Imported Body Temperature must be updated and the 

Fixed Support must be inserted at the respective surfaces. After the solution is necessary to evaluate 

the results of interest, they are the Total Deformation and the Equivalent von Mises stress and strain 

and do a convergence analysis with different meshes. 



 

30 
 

 

Figure 24 - Step Controls for the transient thermal analysis 

 

 The transient thermal analysis is done in a similar way as a steady-state thermal analysis. The mesh 

is the same as well as the boundary conditions. The difference is the analysis setting inside the ANSYS® 

Mechanical for Transient Thermal, it is necessary to define an adequate Time Step, in this work, it is 

always 10s. More options are presented in figure 24. 
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Chapter 4 Results and Discussion 

In this chapter are presented the results from the methodology. Firstly, the five verification models 

are described and solved. These analytical solutions will be compared with the software solutions. 

  Secondly, the system’s components are described in detail, some dimensions and the position of 

the components are described. After, the system meshing results are presented following the system 

boundary conditions and mesh converge. 

 The results from steady-state thermal analysis, parametric studies on emissivity and transient 

analysis are discussed. 

 At the end of the chapter is presented the structural mesh converge and the structural analysis 

results. 

  

4.1 Method Verification 

4.1.1 Thermal Strain on a plate 

 Consider a three dimensional plate with dimensions 1×1×0.1 m, see figure 25., with a thermal load 

of 500 ℃. The plate is made of Stainless Steel Type 316L (N)-IG with mechanical properties presented 

in annexes in table A1. The plate is frictionless supported at planes 𝑥 = 0, 𝑦 = 0 and 𝑧 = 0, which 

means, there is not movement normal to them but is allowed tangent to them:  

 At 𝑥 = 0, 𝑢 = 0 

 At 𝑦 = 0,𝑣 = 0 

 At 𝑧 = 0, 𝑤 = 0 

 Where 𝑢, 𝑣, 𝑤 are the displacements in 𝑥, 𝑦, 𝑧, respectively. It is important to consider an environment 

temperature of 20 ℃, the same as the initial temperature, because this is the material reference 

temperature. 

 

Figure 25 - Simple plate with its mesh HEX20. 

 Consider the equation 2.8, the thermal strain should be the same no matter the direction because 

there are no present temperature gradients, the change in temperature is uniform: 



 

32 
 

 𝜀𝑥𝑇 = 𝜀𝑦𝑇 = 𝜀𝑧𝑇 = 𝛼(𝑇 − 𝑇0) = 1.83×10−5×(500 − 20) = 8.784×10−3 (4.1) 

 As the body is free to deform, there is no stresses nor elastic strains in the plate all the strain is due 

to the thermal load. 

 In order to solve this simple problem in ANSYS®, firstly, the three dimensional plate was built in 

ANSYS® DesignModeler with the dimension described before. Secondly, in the ANSYS® Mechanical, 

the material was signed and the mesh was done with hexahedral 20 node finite elements, HEX20, figure 

25. This mesh was good enough for the solution looking at its skewness, an important element metric 

according to [21], in this case all elements have zero skewness. After the mesh done, was applied the 

frictionless support, at the three faces, and the constant thermal load in the plate’s body, the body was 

changed from the initial temperature 20 ℃ to a temperature of 500 ℃.  

 The results on ANSYS® were very similar, the thermal strains were the same for all directions and 

the result was the same. For the equivalent von-Mises elastic strain and von-Mises stress, the results 

should be zero but due to the numerical error appear some residual values in the ANSYS® solution, 10-

15 for the strain and 10-3 for the stresses. The type of finite element used in the ANSYS® solver was 

SOLID186, the structural element of the HEX20. 

 

a) 

 

b) 

Figure 26 - ANSYS® results for a simple plate a) Thermal Strain b) Total deformation 

4.1.2 Thermal Stresses on a plate 

 Consider the same plate as before, with the same dimensions, same thermal load but with the 

following boundaries conditions: 

 At 𝑥 = 0 and 𝑥 = 1,  𝑢 = 0 

 At 𝑦 = 0 and 𝑦 = 1, 𝑣 = 0 

 At 𝑧 = 0, 𝑤 = 0 (free to deform in 𝑧 direction) 

 Now, the plate can only expand through 𝑧 direction. The thermal strain is, equation 2.8: 

 𝜀𝑥𝑇 = 𝜀𝑦𝑇 = 𝜀𝑧𝑇 = 𝛼(𝑇 − 𝑇0) = 1.83×10−5×(500 − 20) = 8.784×10−3 (4.2) 

 Through 𝑥 and 𝑦 direction the total train must be zero because of the boundary conditions, so the 

elastic strain must be equal to the thermal strain but in opposite direction, therefore: 

 𝜀𝑥𝐸
𝑧 = 𝜀𝑦𝐸

𝑧 = −8.784×10−3 (4.3) 
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 The stress can be calculated using equation 2.6: 

 
𝜎𝑥
𝑧 = 𝜎𝑦

𝑧 =
𝐸

1 − 𝜐2
(𝜀𝑥

𝑧 + 𝜐𝜀𝑦
𝑧 − (1 + 𝜐)𝛼(𝑇 − 𝑇0)) = −1.9952×10

9𝑃𝑎 

𝜎𝑧 = 0 𝑃𝑎 

(4.4) 

 The stress in 𝑧 direction is zero because the plate can expand freely through this direction that means 

the total strain is only due to thermal strain which does not produce stress. The stresses in 𝑥 and 𝑦 

direction are above of the elastic deformation (compressive yield strength), however it was assumed no 

plastic deformation for the calculation and it is allowable for verification of used methodology. 

 Calculating the equivalent von-Mises stress, using equation 2.16: 

 

𝜎𝑣 = [
(𝜎𝑥 − 𝜎𝑦)

2
+ (𝜎𝑦 − 𝜎𝑧)

2
+ (𝜎𝑧 − 𝜎𝑥)

2

2
]

0.5

= 1.9952×109𝑃𝑎 

(4.5) 

 The equivalent von-Mises strain is given by: 

 𝜀𝑣 =
𝜎𝑣
𝐸
= 0.0125 (4.6) 

 This problem was solved in ANSYS®, in a very similar way that was done before. The difference 

was that the frictionless support was applied in the five surfaces instead. The mesh was the same. 

 The solution provided by ANSYS® was the same as the solution calculated analytically, figure 27. 

 

a) 

 

b) 

 

c) 
 

d) 

Figure 27 - ANSYS® results for a confined plate, a) Thermal Strain b) equivalent (von-Mises) stress c) Total 
deformation d) equivalent (von-Mises) strain. 
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4.1.3 Irradiated plate 

 In the reflectometry’s model of this thesis, the radiation, that comes from the plasma, is modulated 

as a surface that emits radiation. In this simple example, a plate is subjected to a radiation from a plane, 

see figure 28. Suppose that, through the plane is passing 500 𝑘𝑊/𝑚2 in all direction (up to down), the 

plane is 100 mm above the plate which its material and dimensions are the same as the previous 

examples but the coefficient of thermal conductivity is isotropic and constant and is assumed as infinite 

(1010 𝑊/(𝑚 𝐾) in the analysis), the objective is that, the heat flows instantaneously inside the plate. This 

simple example aims to verify the view factors and the modulation of the radiation source and not the 

temperature distribution in a plate. The plate emits radiation through all its surfaces with an emissivity 

of 0.5. 

 

Figure 28 - Plate and the surface with mesh, the elements are HEX20 and QUAD4, respectively. 

 In ANSYS® Mechanical, the radiative surfaces are opaque, diffuse and gray surfaces so we can use 

the equations from chapter 2.3.2. First, the view factor between the plate top surface and the radiative 

plane must be calculated. 

Using the equation from figure 10: 

 
𝑌 = 𝑋 =

1

0.1
= 10 

𝐹𝑝𝑙𝑎𝑛𝑒𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
2

100𝜋
{ln (

101×101

201
)

1
2
+ 2×10×(101)

1
2×𝑡𝑎𝑛−1 (

10

101
1
2

) − 2×10×𝑡𝑎𝑛−1(10)} 

𝐹𝑝𝑙𝑎𝑛𝑒_𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 0.827 

 

 

(4.7) 

 So, the heat flux from the plane that reach the surface of the plate is 500 000×0.827 = 413 500𝑊/𝑚2. 

Because the emissivity is 0.5 and it is an opaque, diffuse and gray surface the reflectivity and absorptivity 

are also 0,5. Therefore, the plate absorbs half of this value from the radiative surface plus half of the 

radiation from the environment, which is, from equation 2.29, 2.24 and 2.36: 

 
𝐽𝑎𝑚𝑏 = 𝜔𝑇𝑎𝑚𝑏

4 = 5.67×10−8×(22 + 273.15)4 = 430.28
𝑊

𝑚2
 

𝑞 = 4×𝐴𝑠𝑖𝑑𝑒×𝐽𝑎𝑚𝑏 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚×𝐽𝑎𝑚𝑏 + 𝐴𝑡𝑜𝑝×(1 − 𝐹𝑝𝑙𝑎𝑛𝑒𝑠𝑢𝑟𝑓𝑎𝑐𝑒)×𝐽𝑎𝑚𝑏 = 

= 4×0.1×430.28 + 430.28 + (1 − 0.82711)×430.28 = 676.783 𝑊 

(4.8) 

 

(4.9) 
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where the first term comes from the side surfaces of the plate, the second term comes from the bottom 

surface and the final term comes from the top surface. The total radiation absorbed is 207 426 𝑊, this 

quantity will be emitted by its surfaces (all at the same temperature because the coefficient of thermal 

conductivity is infinite). The total area is 2.4 𝑚2, so the temperature of the plate is, from equation 2.26: 

 
𝑃 = 𝜑𝜔𝑇4⇔

207426

2.4
= 0.5×5.67×10−8𝑇4 

(4.10) 

 Solving the equation and saving the positive value comes 𝑇 = 1048.22℃. 

 Using ANSYS® Mechanical, the model is in figure 28, a temperature of 1450.1℃ and an emissivity 

of 1 was set to the surface, according to equation 2.26, the surface will emit a total of 500 𝑘𝑊/𝑚2. The 

plate surfaces were put as radiative surfaces with the emissivity of 0,5. The hemicube resolution was 

set to 10 (this parameter is responsible for the view factors calculations). The finite elements used in 

this simulation was SOLID90 for the plate, SHELL131 for the surface and SURF252 were created at the 

radiative surfaces. The temperature obtained for the solid plate was 1046.4℃. An error less than 0,2%. 

This error essentiality due to the view factor calculation, setting up the hemicube resolution for 100 the 

error comes to 0,1% but this accuracy requires a lot more time running the simulation, therefore in the 

reflectometry system, the value used is 10. The numerical error also influences the total error but in a 

minor scale. 

 

4.1.4 Contact between two plates 

 The reflectometry system in study have several parts that are connected, and it is known that in some 

cases is impossible to have the mesh between parts perfectly connected. So, consider two abutting 

plates, with the same dimensions (1x1x0.1 m) and material as the previous one, with a different meshes 

as illustrated in figure 29. The plates were built in ANSYS® DesignModeler and the meshes were done 

in ANSYS® ICEM CFD through the MultiZone option in ANSYS® Mechanical. 

 

Figure 29 - Two abutting plates with different meshes both with HEX20 elements. 

 Consider that, the temperature of the right surface is 500℃ and all the others are insulated but the 

surface at left which can emit radiation to an ambient that is at 22℃ with an emissivity of 1. 

 Before solving the problem, in ANSYS® Mechanical whenever are a multipart body, there is one 

option about contacts as illustrated in figure 30, [22]. In the respective contact region option, can be 
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selected the Detection Method for that surface, for default the option is Program Controlled but the user 

can select one of the following options: 

  

Figure 30 - The option about contacts’ detection method in a multipart body. 

1. Program Controlled; 

2. On Gauss Point; 

3. Nodal-Normal from Contact; 

4. Nodal-Normal to Target; 

5. Nodal-Projected Normal from Contact. 

 Using each one of the previous option, was done one thermal solution in order to evaluate the 

implication of this definition in the results. In order to simplify the analytical problem, it was considered 

a constant isotropic coefficient of thermal conductivity of 18 𝑊/(𝑚 𝐾). 

 Solving analytically, the heat flux that goes from the hottest surface to the coldest surface through 

conduction must be the same as the heat flux that goes through radiation to the ambient. Thus, from 

equation 2.20: 

 
𝑞′′

𝑐𝑜𝑛𝑑
= −𝑘

Δ𝑇

Δ𝑥
= −18×

(𝑇 − 500 − 273.15)

2
[𝑊/𝑚2] 

(4.11) 

 And from equation 2.36, 

 𝑞′′
𝑟𝑎𝑑

= 𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐵𝑎𝑚𝑏 = 𝜑𝜔𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
4 − 𝜑𝜔𝑇𝑎𝑚𝑏

4 = 

= 1×5.6704×10−8(𝑇4 − (22 + 273.15)4) [𝑊/𝑚2] 

(4.12) 

 Since these two quantities must be the same, solving for T, 𝑇 = −701.073 𝐾 ∨  𝑇 = 481.712 𝐾. 

 Since the first value makes no sense for a temperature, the temperature at the coldest surface is 

208.56 ℃. Calculating the respective heat flux, 𝑞′′ = 2622.94 𝑊/𝑚2. 

 Solving in ANSYS® Mechanical using options 1, 2, 3 and 4, the temperature in the coldest surface 

was 208.54 ℃  with an almost linear decrease from the hottest surface (500 ℃), that is almost the same 

temperature as the analytical solution. However, the main focus of this verification test is about the 

contact region, as illustrated in figure 31, when the mesh is not continuous and it fails at the contact, 

errors in heat flux appear, yet, using the option 5 this problem can be avoided. 
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Figure 31 - Contact problem in some detection methods. 

 Using that, the temperature at the coldest surface is 208.54℃ with a linear distribution along the two 

plates and the heat flux is2622.8𝑊/𝑚2  constant along the two plates without trouble at the contact 

surface. These results are almost the same as the analytical solution (error less than 0.02%). Also, at 

the contact region, the temperature discontinuity from the hottest plate to the coldest plate is bigger with 

options 1, 2, 3 and 4 than option 5. With the first four options the maximum temperature in the coldest 

plate is 354.55℃ and the minimum temperature in the hottest plate is 354.05℃, because of the 

irregularity in the heat flux, at the contact surface in both plates the difference between the maximum 

and the minimum in the same surface is ∆𝑇 = 0.5℃. However, with the option 5, the temperatures are 

354.25℃ and 354.29℃ for the maximum at the coldest plate and the minimum at the hottest plate, 

respectively, and these values are the same in whole surface. The analytical temperature at the contact 

section is 354.28℃. Therefore, for the thermal analysis in the reflectometry system option 5 will be used. 

4.1.5 Contact between two no welded parts 

 Consider the geometry presented in figure 32, that is like the geometry in the reflectometry system 

where the waveguide is passing inside its support. The material is Stainless Steel Type 316L (N)-IG. 

 

Figure 32 - Geometry with its mesh (HEX20 elements). 

 The body inside the hollow body have a rectangular cross-section with 0,36 meters width, 0,26 meters 

height and 0,3 meters length before and after the 90º bend. The support body has 0,02 meters thickness 

and the bend radius is 0,5 meters from the smallest outer surface. The mesh was done with the 

MultiZone Method and a Body Sizing for the two parts (element size of 10 millimeters to the hollow body 
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and 20 millimeters for the other body). Two different solutions have been done, the contact type for one 

was set as Bonded while for the other was set to No Separation. 

 The body inside is at temperature of 700 ℃ and the exterior surface of the hollow body is at 

temperature of  200 ℃. Two thermal solution have been done, one for each contact type. For the 

structural analysis consider all exterior surfaces of the support body are clamped, the option in ANSYS® 

Mechanical is fixed Support. 

 

a) 

 

b) 

Figure 33 - Von-Mises Stress Solution at true scale. a) Bonded solution, and b) No Separation solution. 

 According to [20], Bonded contact put the two surfaces bonded like “glue”, they are not allowed to 

separate or to slide, they will be always together. By the other hand, No Separation is similar to bonded 

but the two surfaces are allowed to slide a little bit. This effect is present in figure 33, where in a) the 

elements at the contact zone are ‘glued’, by the other hand, in b) the elements can slide in the contact 

surface. Taking this result in consideration, in the reflectometry system the contact used between the 

waveguides and the soul and the side covers is No Separation, between all others surfaces Bonded 

contact is used because it is more realistic. 

 

4.2 Model 

 As seen in section 1.4, the model results from an assembly of different parts. In this subchapter will 

be described all the components of the model, see figure 34. The material of these parts is the stainless 

steel type 316L (N)-IG. The model is made of the following parts: 

 Antennas; 

 Two waveguides; 

 One flange; 

 Two support covers; 

 Two side covers; 

 One soul part; 

 One vessel support; 

 Two blankets; 

 One plasma radiation surface. 



 

39 
 

 

Figure 34 – The reflectometry system with each body identified 

4.2.1 Geometry of antenna A and antenna B 

 The antennas send the electromagnetic waves, microwaves in this case, directionally in order to 

control the plasma’s position. The dimensions of the antenna must be the more accurate possible, any 

little change can affect the microwave signal transmission and incorrectly control the position of the 

plasma.  

 

Figure 35 – Reflectometry antenna A. 

 As illustrated in figure 35, the two antennas A of the system are equals and have a rectangular cross 

section with constant thickness of 1mm and a linear variation in width and length from theirs base until 

theirs tip. At the base, the external width and height are 22 and 14 mm, respectively. At the tip, the 

external width and height are 27.23 and 16.24 mm, respectively. The distance between the tip and the 

base is 112 mm (measure perpendicularly). These will be called antennas A. The antennas B, figure 36, 

at its base have an external width of 64 mm and an external height of 24 mm constant through 15 mm, 

after this the antenna have less 4 mm of width in each side. The overall distance between the tip and 
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the base of this antenna is 115 mm. The two interior sections of the antenna are rectangular with a width 

and height at its base of 22 and 12 mm, respectively, and 24 and 20 mm at its tip. 

 

Figure 36 – Reflectometry antenna B. 

4.2.2 Waveguides 

 The waveguides are responsible for carry the electromagnetic signal from its source to the antennas. 

In the present model, each waveguide will connect the respective antenna through the flange. The 

waveguide’s cross section is constant and has the same dimensions as the cross section of the 

respective antenna at its base. The waveguides have a 90º bend [5] with a radius of 143 mm at the 

internal surface. The length after and before the curvature are 66.1 and 119 mm, respectively. 

 

Figure 37 – Waveguides. 

4.2.3 Flange 

 The flange, figure 38, is the connection between the antennas and the waveguides. The thinnest 

thickness is 1 mm and the thickness between the two rectangular holes is 8 mm, it means the distance 

between waveguides and the distance between the antennas are 6 mm, also its width is 50 mm. The 

flange has a length of 24.5 mm. 
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Figure 38 – Flange. 

4.2.4 Soul part 

 The soul part supports the waveguides at their curvature and it is supported by the two support 

covers. It has a length of 51.1 mm after the curvature and 19 mm before the curvature. The curvature is 

the same as the waveguides. 

 

Figure 39 - Soul part with the side covers. 

 Looking at figure 40, the thickness is 6 mm between the waveguides, distance FG. At the top and 

bottom of the soul, the thickness is 8 mm, for example, the distance AH. At each tip of the soul part, 

there is a little concave path, for example CDE, the distances BC, CD, DE and EF are 3, 1, 0.5 and 22 

mm, respectively. This distances are the same at the others three zones and constants along the soul. 

The soul part is symmetric through the line that passes at midpoints AH and FG. 
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Figure 40 – Detailed view at the soul part. 

4.2.5 Support covers 

 The support cover is used to support the soul part and link it to the vessel support. As illustrated in 

figure 41, the system has two support covers, one in each side of the soul, which are connected to the 

soul part where the thickness is greater (8 mm) not in the curvature.  

 

a) 

 

b) 

Figure 41 - a) the two support covers, b) The Back view of a support cover. 

The characteristic thickness in these parts has 5 millimeters. 

4.2.6 Side covers 

 The side covers are a 3 millimeters thickness and curved strip to put along the soul part (figure 39) 

4.2.7 Vessel support 

 The vessel support links the soul part and the support covers and is welded to the ITER’s vacuum 

vessel. This component has 105 mm height, 96 mm width and 32 thick. 
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Figure 42 - Vessel support. 

4.2.8 Blankets and plasma radiation surface 

 As illustrated in figure 3, the reflectometry system is between two blocks, a top blanket and a bottom 

blanket. In the present study, a boundary condition for temperature is at 3 millimeters inside the blankets 

the temperature is 100℃. The figure 43, shows the top blanket and bottom blanket, with 3 mm thickness, 

that is used. This parts, as well the radiation surface, was only used for thermal simulations in order to 

evaluate the thermal load in the reflectometry system. The plasma radiation surface is to simulate the 

radiation provided from the plasma. It is well described in the section 4.4. 

 

a) 
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b) 

 

c) 

Figure 43 – a) the top blanket, b) the bottom blanket. c) the two blankets and the plasma radiation surface. 

4.3 FEM - Finite elements model 

 Each part was meshed as an independent body. The contact settings between each part have 

already been described in section 4.1.4. The mesh of some parts of the model were done in ANSYS® 

ICEM CFD through the MultiZone Method option in the Mechanical Model for meshing and others parts 

with the Hex Dominant Method plus Body Sizing options. This second option was used to mesh the 

blankets and the support covers, for these the value of the Element Size was 5 millimeters for the side 

covers and 50 millimeters for the blankets. The wave guides and the antenna have always two elements 

in theirs thickness. While meshing in ANSYS® ICEM CFD was being chosen the number elements by 

edge the final result of the meshing are in the figure 44. The radiative surface was meshed with the 

automatic mesh from ANSYS® Mechanical, figure 45. 

 The element type of the parts meshed in ANSYS® ICEM CFD is HEX20, the elements type of the 

radiative surface is QUAD4 and TRI3 while for the support covers the majority are also HEX20 but some 

elements like TET10, WED15 and PYR13 are also presented. The total number of elements is 49472 

and the number of nodes is 251127. For a good quality mesh (chapter 2) is important to check the Mesh 

Metric options in ANSYS® Mechanical. For this model the average Skewness is 0,29464 and the 

average Element Quality is 0,4286. 
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a) 
 

b) 

Figure 44 – a) FEM of the waveguides, flange and antenna A. b) FEM of the soul, the vessel support and side 
cover. 

 

 

a) 
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b) 

Figure 45 – a) FEM of the reflectometry system and the bottom blanket, mesh. b) FEM of the whole thermal 
system. 

 The mesh used for the antenna B, in the transient thermal analysis is presented in figure 46. For the 

steady-state thermal and static structural, three different meshes were tested. The first, the antenna 

thickness is divided into 2 elements, the second, the thickness is divided into 3 elements (figure 46) and 

the third, the thickness divided into 4 elements. The results from the convergence are presented in 

section 4.5 for the thermal and in section 4.9 for the structural.   
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Figure 46 - FEM for antenna B. Thickness divided into three finite elements 

4.4 Boundary conditions 

In this thesis, the internal heat generation from the interaction between the free neutrons and the 

materials will not be considered only the radiation from the fusion process will be considered. The fusion 

process effects in the reflectometry system can be consulted in [23]. 

 The temperature at 3 millimeters of each blanket is assumed to be 100 ℃, because of this the 

blankets have that thickness. The temperature where the support vessel is welded at the vacuum vessel, 

see figure 47, is assumed to be 100 ℃ as well as the initial temperature and the environment 

temperature. According to [23], the radiation power density from the plasma at the first wall is assumed 

to be 500 𝑘𝑊/𝑚2, this will be simulated with the radiative surface. Thus, according to Stefan-Boltzmann 

law, equation 2.26, if the emissivity of a surface is 1 and emits 500 𝑘𝑊/𝑚2 therefore the temperature 

should be approximatively 1450.1 ℃. 

 

Figure 47 - Temperature Boundary Conditions. 
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 All surfaces of the reflectometry system are radiative. Moreover, the bottom surfaces of the top 

blanket, the top surfaces of the bottom surfaces and the radiative surface in direction to the reflectometry 

system also are radiative. 

 For the structural analysis, the two blankets and the radiative surface will not be considered, only the 

reflectometry system is considered. The reflectometry system is fixed at the support vessel, boundary 

C at figure 47, and the temperature distribution, that was obtained previously on the thermal analysis, is 

imported to this analysis. 

 

4.5 Mesh convergence for thermal analysis 

 For the study on thermal analysis convergence, three analyses were done, one analysis with the 

mesh presented in chapter 4.3 and the other with a finer mesh, i.e. the Element Size in the Body Sizing 

option was set to half and the mesh done in ANSYS® ICEM CFD, each element edge was divided in 

two, each element was divided in to eight. The refined mesh has 252719 elements and 1180093 nodes. 

The blankets and the radiative surface meshes were not refined. For the fine mesh the average 

Skewness is 0.14521 and the average Element Quality is 0.44254 therefore a better mesh metric. The 

values for emissivity are: 0.6 for the blankets; 1 for all others surfaces. 

 

 

Figure 48 – Temperature distribution solution for the mesh. 
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Figure 49 - Temperature distribution solution for a fine mesh. 

 For the first solution (default mesh), the time spent and the memory used was 44 m 44 s and 2.6387 

GB, respectively, while for the second solution (finer mesh) it was 7h 45 m and 13,244 GB respectively. 

The difference in the two simulations for the maximum and minimum temperatures are 0,082% and 

0,085% respectively. These two results are very close each other and the time spend in the finer mesh 

does not improve the results so much, therefore, in the next thermal simulations, the default mesh will 

be used instead of the finer mesh for thermal analysis. Also, an intermediate mesh was created to verify 

the mesh convergence. This mesh has 93186 elements and 449642 nodes. The mean skewness is 

0.19308 and the mean elements quality is 0.50283. The temperatures results are between the last two 

results, closer to the default mesh, 695.21 ℃. 

 The temperature distribution for the reflectometry system, from the previous analysis (finer mesh), 

was imported to a structural analysis. Three structural analysis were done with three different meshes 

(default mesh, finer mesh and another even finer). The third mesh parameter for the Element Size was 

1,7 millimeters for the support covers, the other parts were done with a refinement as the finer mesh but 

splitting each edge into three (instead of two). For this mesh the average Skewness is 0,066 and the 

average Element Quality is 0,42737. The total number of nodes is 3661437 and the total number of 

elements is 832739. The results from these analyzes are in section 4.9. 

 The convergence of the antenna B was done in the conditions presented in section 4.7 with the mesh 

described at the end of section 4.3. The results were 659.72 ℃, 661.36 ℃ and 662.96℃, for a coarse 

mesh (thickness divided into 2 elements), mesh from figure 46 and a finer mesh (thickness divided into 

6 elements), table 4. 
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Table 4 - Maximum temperature values for the thermal convergence 

 Default mesh Intermediate mesh Finer mesh 

Antenna A 695.07℃ 695.21℃ 695.64℃ 

Antenna B 659.72℃ 661.36℃ 662.96℃ 

 

4.6 Parametric Studies on emissivity 

 This parametric study was done in order to choose the best surface finish in order to minimize the 

maximum value for the temperature at the antenna, here the antenna A was used. According to [24], for 

each material treatment, a different set of values for emissivity are available. The start values for 

emissivity are: 0.2 for the interior of the antenna, 1 for the radiative surface, 0.6 for all others surfaces.  

 For this study, a set of 4 emissivity values for 4 different surfaces were analyzed. These surfaces 

are: antenna’s interior, antenna’s exterior, bottom surface of the top blanket and top surface of the 

bottom blanket, and the initial values were 0.2, 0.6, 0.6, 0.6 respectively. Then, only one value at the 

time is modified.   

 The figure 50 illustrates the results for the maximum temperature in function of the value of the 

emissivity for those four surfaces. Note that, in the figure 50, each temperature line is due to the change 

of a single emissivity surface (one surface at a time).  

 

Figure 50 - Maximum temperature at antenna vs surfaces emissivity. 

 In a general way, whenever the emissivity increases the temperature maximum decreases but for 

the antenna’s interior surface. However, the interior surface, for electromagnetic purposes, must be the 

best mirrored it can be, therefore its emissivity must be minimum as possible. So according to [24], the 

antenna’s interior surface should have a finish with a root means square height of 2 µinches 

(approximately 5×10−5 mm) which its emissivity varies from 0,08 until 0,3 for a temperature between 20 

℃ and 770 ℃, while for the others surfaces, the material should be as received after heating and cooling 

which its emissivity varies from 0,56 until 0,66 in the same range of temperatures as before. 
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4.7 Thermal analysis on the two antennas 

 In order to choose the antenna that best suits the reflectometry system in terms of temperature, a 

steady-state and a transient thermal analysis were done. The emissivity values considered for the two 

analysis were: The start values for emissivity are: 0.2 for the interior of the antenna flange and 

waveguides, 1 for the radiative surface, 0.6 for all others surfaces and the others thermal boundary 

condition are described at section 4.4. The maximum steady-state temperature for the antenna A is 

665,91 ℃. Replacing the antenna A by the antenna B this value is 661,36 ℃. A decrease of 4,55 ℃ is 

small. However, the operation time for ITER machine is 400 s, therefore, in order to have a better 

comparison between the two antennas, a transient analysis to evaluate the temperature in the 

reflectometry system at the end of this time have been done.  

 

Figure 51 - Maximum temperature over time for the two antennas. 

 

 From the two analyses, the results show that the antenna B, not only have a final maximum 

temperature smaller than the antenna A (9,07%) but also have a smaller increase rate over time (
𝑑𝑇

𝑑𝑡
 ) at 

the beginning of the simulation (approximately t<120s), which means the maximum temperature will be 

around the steady-state value at a later time. These results are in figure 51. The temperature distribution 

is very similar to the figure 48 and 49 in section 4.5. 

 

4.8 Transient thermal analysis for an operational cycle 

 According to [25], the duration of burn phase (when plasma emits radiation) is 400 s and the dwell 

time is of 1400 s, therefore a transient analysis of 4 burn cycles and 3 dwell cycles has been done with 

the antenna B. The boundary conditions were the same as the presented in 4.7 analyses for a total of 

5800 s but the radiative surface which will have a cycle of 400s at 1450,1 ℃ then decreasing (linear) to 

0 ℃ for 10 s (the step time), staying at this temperate for 1380s then going back (10 s) to the start 

temperature and so on until the end of the 5800 s. The result of the maximum temperature evolution 

over this period of time is presented in figure 52. 
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Figure 52 – Maximum temperature evolution at antenna B over time for a 4 burn cycles and 3 dwell cycles. 

 As illustrated in figure 52, at the end of the cycles, the maximum temperature is 621,01 ℃ which still 

being less than the maximum temperature at the end of 400 s for antenna A, and also, still having 40,35 

℃ until its steady-state value. The values for the maximum temperatures (peaks) are converging for a 

value, as well for the minimum values because the differences are getting smaller.  

4.9 Structural analysis for the worst case scenario 

 The worst case scenario occurs when the ITER machine does not turn off after 400 s therefore the 

temperature distribution approaches to the steady-state temperatures which are also similar to the 

temperatures at the end of 400 s. Thus, one structural analysis has been done for each antenna with its 

steady-state temperature distribution as an input. The convergence was done for each of the antennas, 

the results are in the next tables. 

 

4.9.1 Antenna A 

 Three analysis were done in order to test the convergence of the structural solution in the model. 

The minimum and maximum stresses and strain at the antenna, vessel support (where the system is 

fixed) and the maximum and minimum deformation is presented as follows, here the model means the 

whole structure without the blankets and the radiative surface: 

Table 5 - Maximum values for the stresses, strains and deformation in the model 

Number 

elements 

Von Mises stresses (MPa) Von Mises Strains Deformation 

(mm) Antenna Support Model Antenna Support Model 

49472 105.54 4052.3 4052.3 8.744x10-4 2.806x10-2 2.806x10-2 1.87 

252719 64.679 5967.8 5967.8 4.363x10-4 4.055x10-2 4.055x10-2 1.87 

849862 65.429 8883.4 8883.4 4.415x10-4 5.896x10-2 5.896x10-2 1.87 

603,14 619,4 620,81 621,01
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Table 6 - Minimum values for the stresses, strains and deformation in the model 

Number 

elements 

Von Mises stresses (MPa) Von Mises Strains Deformation 

(mm) Antenna Support Model Antenna Support Model 

49472 0.12685 2.3730 0 8.5299x10-7 3.3436x10-5 0 0 

252719 0.08769 2.1418 0.0317 7.7137x10-7 1.1261x10-5 3.7082x10-7 0 

849862 0.04398 2.2206 0.0389 4.3391x10-7 1.1675x10-5 2.3177x10-7 0 

 

 Because of the stress concentration at the support, three analyses were done with different levels of 

refinement for the support, for the others parts the mesh is the same that was with 252719 elements. 

These levels of refinement stand for the division of the elements from the starting mesh, for example, 

the elements edges are divided in two edges for the first level, in three for the second and so on. The 

results are in the next tables: 

Table 7 - Maximum values for the stresses, strain and deformation for the refinement in the support mesh 

Refinement 

level 

(support) 

Von Mises stresses (MPa) Von Mises Strains Deformation 

(mm) Antenna Support Model Antenna Support Model 

First 64.68 7502.6 7502.6 4.3629x10-4 5.0267x10-2 5.0267x10-2 1.87 

second 64.699 8883.4 8883.4 4.3642x10-4 5.8969x10-2 5.8969x10-2 1.87 

third 64.68 10093 10093 4.3629x10-4 6.6557x10-2 6.6557x10-2 1.87 

Table 8- Minimum values for the stresses, strain and deformation for the refinement in the support mesh 

Refinement 

level 

(support) 

Von Mises stresses (MPa) Von Mises Strains Deformation 

(mm) Antenna Support Model Antenna Support Model 

First 0.08613 2.2564 0.0306 7.770 x10-7 1.4764x10-5 4.0427x10-7 0 

second 0.08634 2.1536 0.0317 7.808 x10-7 1.1322x10-5 4.1011x10-7 0 

third 0.08681 2.1116 0.0314 7.766 x10-7 1.1333x10-5 4.0597x10-7 0 

 

 The maximum values for stresses and strains do not seem to converge, in the support vessel 

(localized at the fixed surfaces and where these values are maximum for the model). These values are 

getting larger and larger as the mesh is refined. This may be a singularity zone because as the elements 

edges are getting smaller, the deformation is increasing a bit (0,0001 millimeter) and the stresses are 

getting 10 GPa. This value exceeds the materials ultimate strength. In future structural analysis should 

be considered the modulation of a vacuum vessel’s part and put this in the analysis. In that way, the 
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fixed constrain can be applied some distance away. The results on convergence, Table 4, shows that 

convergence on the antenna is kept as the values in the support are not converging. 

 

4.9.2 Antenna B 

 For the antenna B, the convergence was only done at the antenna and using the default mesh for 

the others parts. The refinement level 1.5 X is the mesh presented in figure 46, where the antenna’s 

thickness is divided into three elements. For the others levels, the first is for two divisions, second is 4 

divisions, third is 6 divisions and fourth is 8 divisions. The others elements also are getting smaller is 

the same proportion (refinement process described in the chapter three). 

Table 9 - Stresses, strains and displacement in Antenna B for its mesh convergence 

Refinement 

level 

Von Mises stresses (MPa) Von Mises Strains Deformation 

(mm) Maximum Minimum Maximum Minimum 

First 48.041 0.2581 2.8663x10-4 1.5483x10-6 1.92 

1.5 X 71.383 0.1479 4.3007x10-4 1.6695x10-6 1.92 

Second 127.02 0.0852 8.0429x10-4 5.1045x10-6 1.92 

Third  171.78 0.0571 1.076x10-3 4.0101x10-7 1.92 

Fourth  204.66 0.0211 1.2749x10-3 3.0771x10-7 1.92 

 

 The maximum value in the strain and stress occur at the joint between the antenna and the flange, 

in detailed at the corner flange points in the antenna’s surface. These 4 four points have some difficult 

in convergence. All the others, and the displacement field, converge. 

Because the mesh is built in the ICEM CFD, the element size or edges divisions cannot be parametrized, 

every time a convergence is performed the mesh adaptation must be done manually is the software, by 

the other hand, in the automatic mesh process from the ANSYS® Mechanical, this process is easier, 

because that elements can be parametrized. 
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Chapter 5 - Conclusion 

 In this thesis, a study on a thermal response of a reflectometry system for nuclear fusion was 

performed, taking in consideration the radiative environment. The thermal parametric study on antenna’s 

and blanket’s surfaces emissivity shows that the exterior antenna’s surface should be as rough as 

possible that is, the emissivity should be high as possible as well as the top and bottom blanket’s surface. 

The internal antenna’s surface should be mirrored, that is, the surface should have a low value for the 

emissivity. 

 The steady-state thermal response showed that the maximum temperature in the system for a non-

stop ITER operation is 661.36 ℃ for the geometry B and 665.91 ℃ for the geometry A. The difference 

between the two geometries is steeper on the transient thermal response, for a 400 seconds activity 

from the rest position, the geometry B shows, at the end of the cycle, a maximum temperature 10% less 

than geometry A. For the antenna B, was performed a transient thermal cycle, four periods of 400 

seconds for operation time and three intermediate periods of 1400 seconds for rest time, showing that 

the maximum temperature on the antenna at the end of each operation time increases a little from the 

last one, but it should stabilize around 622 ℃. 

 The structural analysis shows that the deformation is slightly bigger on the antenna B, because this 

antenna has a bigger thickness. There are some points on the FEM where the stress and strain 

convergence is not clear, such as the support where the system is fixed, and at antenna B, on the 

connection surface with the flange. However, the deformations values converge.  

5.1 Future work 

 From a structural view of the system, a better look at the contacts should be taking in account, as 

well as the welded mechanism between the system and the vacuum vessel and between the system’s 

components. The stresses concentration at these regions are the important for the stability of the 

system.  

 From a thermal point of view, future work should take in consideration the heating effects from the 

interaction between the neutrons and the structure i.e. internal heat generation, considered in [26]. 

 Also it is important to consider in the analysis its death weight, for an earthquake while in full 

operation, as recommended in [23].  

5.2 Final Personal Considerations 

 I really hope this thesis helps the continuity of the work in this reflectometry system and, therefore 

this study contributes for equivalents reflectometry systems and, more important, for the ITER 

concretization. The investigation done for this thesis helped me to realize that the human kind really 

needs this type of energy source, 100% clean and, with all the efforts, this will be 100% safe. ITER is 

really “the way” to the future. 
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Annexes 

Table A1 – Stainless Steel Type 316L (N)-IG Material Proprieties 

Temp. 

(℃) 

Density 

(kg m^-3) 

Coeff. Thermal 

Expansion (℃^-1) 

Young’s 

Modulus (GPa) 

Thermal Condutivity 

(W m^-1 ℃^-1) 

Specific Heat 

(J kg-1 ℃-1) 

20 7930 1,53E-05 200 14,28 472 

50 7919 1,55E-05  14,73 485 

100 7899 1,59E-05 193 15,48 501 

150 7879 1,62E-05 189 16,23 512 

200 7858 1,66E-05 185 16,98 522 

250 7837 1,69E-05 180 17,74 530 

300 7815 1,72E-05 176 18,49 538 

350 7793 1,75E-05 172 19,24 546 

400 7770 1,78E-05 168 19,99 556 

450 7747 1,8E-05 164 20,74 567 

500 7724 1,83E-05 159 21,49 578 

550 7701 1,85E-05 155 22,24 585 

600 7677 1,87E-05 151 22,99 593 

650 7654 1,89E-05 147 23,74 600 

700 7630 1,9E-05 142 24,49 606 

750 7606 1,92E-05 138 25,25 612 

800 7582 1,93E-05 134 26 617 

850 7558 1,95E-05 130 26,73 622 

900 7533 1,96E-05 125 27,48 627 

950 7507 1,97E-05 121 28,22 630 

1000 7482 1,97E-05 117 28,97 634 

The underlined values mean they were extrapolated from the original data that is not underlined, 

assuming quadratic tendency. 

 

Poisson Ratio is 0,3 

Compressive/Tensile Yield Strength is 2,2E08 Pa 

Compressive/Tensile Ultimate Strength is 5,25E08 Pa 

 


