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ABSTRACT

Work-pieces are subject to significant thermoelastic effects, or expansion in size. when
exposed to transient temporal thermal conditions. Manufacturing, assembly, and mea-
surement errors may arise as a result of this issue, particularly for large workpieces
such as turbine housings used in power plants. For this reason, the capability to pre-
dict deformations in the object structure, specially for ones with non-trivial shapes, is
needed. The aim of this work is to develop a virtual climatization methodology, using
many measurement tools, to analyze and predict workpiece deformations based on its
acquired temperature. The prediction is necessary in order to compensate the thermo-
elastic deformation, which is the physical event of the material change in size due to
temperature variation. This result was achieved by carrying out an experiment in which
a turbine housing was purposely heated for 3 hours, while various measurement tools
were monitoring the object: a laser tracker measured the physical deformations of the
workpiece, while surface temperature sensors and a thermal camera monitored its tem-
perature. The sensors measured the temperature at some points, while the rest of it
was covered by the camera. The temperature data was converted from 2D to 3D by
using UV mapping, in which the 2D thermal image was attached to a virtual 3D object.
Further manipulations such as data treatment and interpolation were applied. The in-
terpolation technique was implemented with Ordinary Kriging and Dijkstra’s algorithm
to improve the temperature distribution in the workpiece. Then, a finite element method
(FEM) simulation was performed using a digital thermal twin of the workpiece. Such
digital twin was obtained based on the acquired temperature data from the experiment
and on the construction of a 3D model of the turbine housing. To improve accuracy and
distribution of temperature through the whole object, an interpolation technique using
the known temperature values was implemented. The FEM simulation allowed a better
understanding of the thermoelastic behavior of the workpiece under different tempera-
ture ranges. Its result was compared to the data of the real measurement of the object’s
expansion, showing that the FEM simulator can provide a predicted expansion with an
average error of 8.73% relative to the linear temperature expansion theoretical values.
The analysis of the results showed that the developed technique is very sensitive to
small changes in the used variables and parameters, especially in the interpolation step,
which can strongly influence the final result. Various possible sources of such sensibility
were determined, so that they can be further explored in future investigations.

Keywords: Finite element method. Digital twin. Interpolation. Workpiece. Thermo-
elastic deformation.



RESUMO

Objetos no geral estao sujeitos a efeitos termoelasticos, ou expansao em tamanho,
significativos quando expostos a condigdes térmicas temporais transitérias. Como re-
sultado desta questao, podem surgir erros de fabricacdo, montagem e medicao, princi-
plamente para pecas de grande porte, como carcagas de turbinas usadas em usinas
de energia. Por este motivo, é necessaria a capacidade de prever deformacdes na
estrutura do objeto, especialmente aquelas com formatos nao triviais. O objetivo deste
trabalho é desenvolver uma metodologia de climatizag&o virtual, utilizando mdltiplas
ferramentas de medigéo, para analisar e predizer deformagdes nas pecas com base
nos dados de temperatura adquiridos. A predicdo € necesséria a fim de compensar
a deformacao termo-elastica, que € a mudanca de tamanho do material devido a
variacao de temperatura. Este resultado foi alcancado através da realizagcao de um
experimento no qual uma carcacga de turbina foi intencionalmente aquecida durante
3 horas, enquanto varias ferramentas de medicdo monitoravam o objeto: um rastre-
ador a laser media as deformacdes fisicas da peca de trabalho, enquanto sensores
de temperatura superficial e uma camera térmica monitoravam sua temperatura. Os
sensores mediam a temperatura em alguns pontos, enquanto o resto era coberto pela
camera. Os dados de temperatura foram convertidos de 2D para 3D usando o mape-
amento UV, no qual a imagem térmica 2D foi anexada a um objeto virtual 3D. Outras
manipula¢des, como tratamento de dados e interpolacéo, foram aplicadas. A técnica
de interpolacgao foi implementada com Ordinary Kriging e o algoritmo de Dijkstra para
melhorar a distribuicdo da temperatura no objeto virtual. Em seguida, foi realizada uma
simulagao de elementos finitos (FEM) usando um gémeo térmico digital da carcaca de
turbina. Tal gémeo digital foi obtido com base nos dados de temperatura adquiridos no
experimento e na construgdo de um modelo 3D da carcacga da turbina. Para melhorar
a precisao e distribuicao da temperatura através de todo o objeto, foi implementada
uma técnica de interpolacdo usando os valores de temperatura conhecidos. A simu-
lacdo FEM permitiu uma melhor compreensdo do comportamento termoelastico da
peca de trabalho sob diferentes faixas de temperatura. Seu resultado foi comparado
aos dados da medicao real da expansao do objeto, mostrando que o simulador FEM
pode fornecer uma expansao prevista com um erro médio de 8,73% em relagdao aos
valores teoricos da expansao linear de temperatura. A analise dos resultados mostrou
que a técnica desenvolvida é muito sensivel a pequenas mudancas nas variaveis e
parametros utilizados, especialmente na etapa de interpolacéo, o que pode influenciar
fortemente o resultado final. Varias possiveis fontes de tal sensibilidade foram expostas
para que possam ser mais exploradas em investigacoes futuras.

Palavras-chave: Finite element method. Digital twin. Interpolation. Work-piece. Thermo-
elastic deformation.
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1 INTRODUCTION

Fluctuations in the temperature of large workpieces in industrial fields may result
in multiple issues, including diminished product quality and efficiency due to thermoelas-
tic deformations on the physical dimensions of the object. Industries that manufacture
components and objects for energy production, such as gas turbines and their hous-
ing, are particularly susceptible to the consequences of thermal variations, such as
vulnerabilities in safety and negative financial impacts.

The heterogeneity of an object’s temperature in time results in an expansion or
contraction of the object’s material, which causes it to have a different size proportional
to the change. This behavior is known as the thermo-elastic deformation of a material
and is a consequence of the agitation level of the molecules. In case of an increase in
temperature, the molecules became agitated and there is a visible physical expansion of
the object.This event can happen in different levels in the same object if its temperature
is heterogeneous.

Despite the fact that the properties of the material of an object exert a significant
influence on its thermoelastic behavior, that is, its expansion or contraction as a conse-
quence of its temperature, parameters of the surrounding environment also impact the
object’s behavior, such as the ambient temperature or airflow. These factors must be
taken into consideration during the production processes of a large workpiece, as even
the manufacturing process of the object can heat the material and cause a temporary,
as well as permanent, change in its size, which can result in potential production errors.

Virtual climatization is a technology that combines sensors, models, and data
processing to allow the creation of a methodology or technique to compensate any
change. In the energy industry, the compensation of thermoelastic deformation using
virtual climatization may result in a reduction of energy consumption, improvement of
the quality control cycle, and reduction of measurement uncertainty.

Considering how important the temperature fluctuation of an object is in its pro-
duction environment, it is necessary to understand how the large-scale object behaves
with these changes since it is unlikely to have a homogeneous temperature throughout
its entire spacial distribution. For this reason, this project focuses on the study of the
virtual climatization of large components looking for a possibility of compensating any
thermal changes that may impact the object.

This work was developed in the Laboratory for Machine Tools and Produc-
tion Engineering, also known as Werkzeugmaschinenlabor (WZL), which is part of
the Rhenish-Westphalian Technical University (RWTH) Aachen University, located in
Aachen, Germany. The institute conducts research focused on development about rele-
vant engineering areas and innovative subjects. The specific sector in which this work
was studied is focused on production metrology and quality management, including
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virtual climatization.

While the topics studied in WZL within virtual climatization are many, such as
automatic communication interface for On-Demand sensor, remote environmental mon-
itoring and machine production monitoring, one of the projects has a goal of study
large workpieces and its temperature during the manufacturing process. This specific
project inspired this work, since the study of virtual climatization for large workpieces
can have a positive impact in the quality and costs of production and efficiency of the
final product.

Within the virtual climatization, more specific areas were addressed in this work.
With the goal of creating a methodology to predict and compensate thermo-elastic defor-
mation in large workpieces production, such as a turbine housing, different measuring
tools were used to monitor the turbine housing in different temperature conditions for
several consecutive hours.

To achieve the stated goal, the proposed solution concerns the use of data
regarding the temperature and spacial distribution of the workpiece to create a virtual
object similar to the real one. This virtual object allows a more in-depth analysis of its
thermo-elastic behavior and simulations in order to predict the object deformation under
different conditions.

By intentionally heating up a turbine housing and monitoring its thermoelastic
behavior with temperature sensors, a thermography and RGB cameras, and a laser
tracker capable of detecting slight changes in distances, thermal and expansion data
were acquired and processed for a better understanding of the expansion pattern in the
whole object.

While temperature sensors acquired data from specific points of the turbine, the
thermal camera acquired temperature from the whole workpiece in its visual field. Since
the sensors have a better accuracy than the camera, their data was used to calibrated
the images. Both sources of data were transformed from a 2 Dimensional (2D) plane to
a 3 Dimensional (3D) using UV-mapping technology, which resulted in the attachment
of temperature from the real object to the virtual one. Then, to improve the temperature
distribution in the whole workpiece, an interpolation was performed.

The collected and processed data was used to create a digital thermal twin of the
object, which was later used for finite element method (Finite Element Method (FEM))
simulation in an attempt to predict the object’s behavior under different temperature
conditions. A comparison between the simulation results and real measurements, with
the data acquired with the laser tracker, was performed to verify the simulation accu-
racy and also narrow down possible sources of error during the data acquisition and
processing.

The necessity of a prediction tool using cameras and simulation exists due to lim-
itations of the laser tracker. The laser can only measure specific points that have Spher-
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ically Mounted Retro-reflectors (Spherically Mounted Retroreflector (SMR)s), since its
functionality depends on the reflection of the pointed laser to the equipment, which
uses the time delay to calculate the distance from the equipment to the mirror target.
Despite the great accuracy provided, the laser is limited to a number of points, while
the rest of the workpiece is not measured. More over, a methodology that uses a 3D
realistic virtual object and simulator to calculate deformation can provide multiple bene-
fits, specially the capability of having the deformation calculated to every region of the
workpiece.

Finally, the comparison of the workpiece deformation calculated by the simulation
and the real data showed a similar pattern regarding the deformation over time during
the experiment, but with some errors. It was possible to realize the sensibility of the
used methodology and its many possible sources of errors, with a highlight for the
interpolation procedure and the used coefficient of thermal expansion. The simulation
returned an average error of 28.35% over the real measurements and 8.73% over the
linear temperature expansion theoretical value.

In the next section is an overview of the document organization by chapters.

1.1 DOCUMENT ORGANIZATION

This document is divided into five chapters to further explain the applied tech-
nologies, their necessity, and the development of this work. The chapter 2 presents
the theoretical background of the concepts and techniques used in this work, the used
technology, how they function, and important concepts to better understand this project
development. The parameters of the main used equipment are also explicit in this
chapter.

The chapter 3 explains the challenges faced in this project, the problems in the
context of this area of study, the goals of the project, as well as the proposed solution.

All the necessary steps and procedures used in the implementation of the pro-
posed solution are explained in depth in chapter 4. The obtained results are analyzed in
detail and possible sources of workpiece deformation prediction errors are discussed.

Finally, chapter 5 presents the concluding remarks along with suggestions of
topics for future works.
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2 THEORETICAL BACKGROUND

This chapter brings information from multiples topics that are necessary for a
better understanding of the project. It contains technical information and a background
knowledge explanation about the used technologies.

Section 2.1 has technical information about the used workpiece. Section 2.2
explains what is large scale metrology and presents a tool used in many measurements.
Information about the physics behind thermal expansion such as the heat transfer
laws, material heat capacity, and linear thermal expansion is explained in Section 2.3.
Section 2.4 brings information about thermal cameras and how they work to create an
image. How a 3D object can be represented in a virtual environment is explained in
Section 2.5. Section 2.6 brings the different between 2D and 3D images and possible
ways to transform a 2D image into a 3D one. Section 2.7 presents a software that
can use a 2D image with a 3D object to transfer temperature data. It also explains
the necessary features such as Texture and UV mapping. Section 2.8 explains what is
interpolation and for what it can be used, as well as the tools to perform an interpolation.
The concept of Digital Twin is presented in Section 2.9. Lastly, Section 2.10 brings what
is the Finite Element Method and its use advantages in engineering.

2.1 TURBINE HOUSING

As the main goal of this project is to study and investigate the thermoelastic
behavior of large workpieces, a turbine housing is the chosen object of study since it
is considered a large scale workpiece, it is challenging because its dimension is not
uniform and it was available in the institute. For this project, just half of the real housing
is used for tests, which is depicted in Figure 1. The reason for such a piece is its large
size, which can suffer physical transformation depending on the temperature oscillation
from industrial field environments.

The turbine housing used in this work is made of cast iron and weighs 1500 kg.
The specificity of its material is presented in Table 1. In a real application in industrial
environments, it surrounds a gas turbine, which can be seen in the Figure 2. Similar to
what we have in the WZL institute, the image shows a red turbine housing that is being
placed around a turbine. In this case, the red turbine housing is bigger than the black
one used in this project. Its size can be compared to the size of the two persons next to
it.

The workpiece used in this project has 9 heat pads attached to its internal struc-
ture which are presented in Figure 3, with 200 W of power each, to be activated accord-
ing to tests necessity. The heat pads are controlled by a microcontroller called ESP32
that is connected to the Arduino Integrated Development Environment (Integrated De-
velopment Environment (IDE)), which simplifies the process of sending signals to the
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Figure 1 — Turbine housing

Source: Personal file.

Table 1 — Physical characteristics of the turbine housing material.

Density Young’s Poisson Thermal Conductiv- Expansion  Coeffi- Specific Heat
Modulus Ratio ity cient

7700kg/m® 210GPa  0.29 42.6 W/m/K 11.1mm/mm/K 470J/kg/K
Source: Author.

Figure 2 — Gas turbine with housing

Source: Data Center Dynamics.

operating device. In an environment with heat exchange that keeps temperature fluctu-
ations in a moderate amplitude, such as the WZL shop floor, the process of heating the
turbine housing with the heat pads can take hours to complete.

The external temperature sensor was developed by the WZL institute. It is
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Figure 3 — Real picture of the turbine housing inside

Internal temperature
sensors

Surface temperature
SEensors

Laser tracker

Heat pad

Controllers

SMR

Source: Author.

connected to a database through Bluetooth and transmits its data every 3 minutes.
Supporting a temperature range of 0°C — 80°C, the sensor presents a tolerance of
0.1 +0.0017 x t, where t is the temperature in Celsius. Due to its magnetic base, its
handling is simple. By attaching it to the turbine housing surface and adding the sen-
sor |IP address to the microcontroller responsible for allowing the connection with the
database, the temperature measurements are automatically sent to the database.

Since the workpiece is made of dense material and has thick walls, it can present
a non-homogeneous temperature. This difference can happen while comparing a point
on the surface and the inner region of the object. For this reason, a DS18B20 sensor
was used to measure the internal temperature of some points from the turbine. It
measurement range goes from -55°C to +125°C, with +0.5C accuracy from -10°C to
+85°C (DS18B20:..., 2019). In total, 9 sensors were used, divided into groups of 3.
Their positions are presented in Figure 4, where the abbreviation "IS" stands for Internal
Sensors. Their data were also transmitted to the same database as the external sensors
with the assistance of an ESP32 microcontroller.

Considering that the turbine housing might expand or contract due to temper-
ature changes, it is crucial for this project that these changes can be measured. For
this, a Radian Laser Tracker was positioned in front of the object. The equipment can
measure distance with an accuracy of 0.7um/m by pointing a laser into a Spherically
Mounted Retroreflector (SMR), which reflects the laser back to the equipment. Because
of its construction, the SMR can provide a laser centering with error under 2.5uM. In
total, 8 SMRs are spread over the internal surface of the turbine housing. The SMR is
presented in Figure 5 (RADIAN.. ., 2022).
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Figure 4 — Internal sensors positions

Source: Author.

Figure 5 — Spherically Mounted Retroreflector

Source: API Metrology.

2.2 LARGE SCALE METROLOGY

Large Scale Metrology (Large Scale Metrology (LSM)) was first defined in 1978
by M. J. Puttock (MAURICE JAMES PUTTOCK, 1978) as "metrology of large machines
and structures... in which the linear dimensions range from tens to hundreds of meters".
Together with the challenge of finding the right measurement equipment for a project,
metrologists also have to consider small tolerance values regarding the deformation of
the object. Regulated by the ISO 2768 standard, the tolerance for large workpieces is
considerably small (STANDARDIZATION, 1989). Such small tolerances for large objects
production can also be interpreted by the ratio of tolerance and nominal dimension that
can reach 1:4000 for pieces with dimensions up to 2m. This highlights the necessity for
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very precise measuring equipment in LSM.

Table 2 — Deviation tolerance for large scale workpieces.

Tolerance class designation (description)
Permissible deviations in mm f (fine) m (medium) ¢ (coarse) Vv (very coarse)
for ranges in nominal lengths

0.5upto3 +0.05 0.1 +0.2 -

over 3 up to 6 +0.05 +0.1 0.3 0.5
over 6 up to 30 +0.1 +0.2 0.5 +1.0
over 30 up to 120 +0.15 +0.3 +0.8 1.5
over 120 up to 400 +0.2 +0.5 +1.2 +2.5
over 400 up to 1000 +0.3 +0.8 +2.0 +4.0
over 1000 up to 2000 0.5 1.2 3.0 6.0
over 2000 up to 4000 - 2.0 4.0 8.0

Source: ISO 2768.

Changes in the environment temperature can exert influence on the object’s be-
havior for hours since specific material properties and a massive body allow the object
to maintain temperature for a long time. For this reason, it is important to have measure-
ment equipment capable of monitoring for hours and with high accuracy. An example of
this scenario is the generation of electricity by gas turbines since its efficiency is strongly
altered by the left space between the blade tip and housing (SCHMITT et al., 2016).
This space can be altered by the quality of the pieces and their production dimensional
tolerance.

2.3 THERMAL EXPANSION

Thermal expansion is the phenomenon in which the size of an object increases
as its temperature increases. In most industrial cases the expansion of a part or a
machine is not homogeneous, leading to manufacturing error and quality deterioration.
Specific physical characteristics of a material can be used to predict its thermal expan-
sion, but there are many things that can influence the change in dimension, like the
temperature of the environment and the area of contact between the part and air. Un-
derstanding thermal expansion is important for a variety of fields, including engineering,
construction, and materials science (LAPERRIERE; REINHART, 2014).

2.3.1 Heat transfer laws

Heat can be transferred in three ways: conduction, convection, and radiation.
Conduction is the transfer of heat from a higher energy region to a lower energy region
due to their interaction. In solids, it is mathematically described by Fourier’s law

g =—KAT, (1)
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in which 5? is the heat flux density, k is the thermal conductivity of the material and AT
is the local temperature gradient.

Convection is the transfer of heat in an object caused by the movement of fluids
around the object. In this situation, the initial heat transfer occurs by convection between
the object and the fluid, which carries the internal energy with its mass. Then, most of
the transference is due to fluid movement. This mechanism can be natural, happening
because of differences in the density of the fluid when in different temperatures, or
forced by a relative velocity between the fluid and the object. For forced convection, the
heat transfer is described by Newton’s Law of Cooling:

q = hA(T = To), (@)

in which q is the transference rate, h is the convection heat-transfer coefficient, A is the
exposed surface area, T is the object temperature and Ty, is the fluid temperature.

Lastly, radiation is the transfer of heat by infrared electromagnetic waves. Unlike
convection, which relies on the movement of matter to transfer heat, radiation can
transfer heat through empty space, as long as there is a temperature difference between
two objects. It is caused by thermal agitation of the object composing molecules. The
heat goes from the hotter to the cooler object, which reflects part of the traveling energy.

A blackbody is an ideal object that does not reflect any radiation energy, absorb-
ing it all. Its radiation energy can be calculated using Stefan-Boltzmann law as

qg=0T*A, (3)

in which g is the heat transfer per unit time (W), o is the Stefan-Boltzmann constant
5.6703 = 108(W/m2K?), T is the absolute temperature (K) and A is the area of the
emitting body (m?).

For a non-ideal object, the equation is modified to multiply e, the emissivity of
the material, which is a value between 0 and 1:

q=ecT*A. (4)

2.3.2 Material heat capacity

Heat capacity is a measure of how much heat is required to raise the temperature
of a substance by a given amount. It is calculated by dividing Q, the heat transferred to
the object, by AT, the temperature increase:

Q
C= AT (5)
Heat capacity is an intensive property, which means that it depends only on the proper-
ties of the material itself, and not on its amount.



Chapter 2. Theoretical Background 23

2.3.3 Linear thermal expansion

Linear thermal expansion is the expansion of a material in response to an
increase in temperature. When a material is heated, the energy of its atoms and
molecules increases, causing them to vibrate more violently and take up more space.
Not considering phase changes, results in material expansion.

This event is generally expressed as a coefficient of expansion a, which is the
fractional change in length of a material per unit change in temperature. For isotropic
materials, linear thermal expansion can be calculated as

§ = alAT, (6)

in which 6 is the linear deformation, « is the coefficient of linear thermal expansion of the
material, L is the length of the material that has expanded, and AT is the temperature
increase. The initial temperature is usually considered 20°C. It is important to highlight
that the coefficient of thermal expansion (CTE) depends on the temperature value
(JAMES et al., 2001).

2.4 THERMAL IMAGES

When used correctly, a temperature sensor can provide accurate measurements.
In contrast, the sensor is capable to measure the temperature only from a specific small
point to which the sensor is attached. There are occasions where getting data exclusive
from a small point does not lead to the expected result since the information acquired
is not enough and there is no possibility to use multiple sensors. For example, when
temperature inhomogeneities occur and single-point measurements do not reflect a
holistic temperature distribution, a possible solution would be to have the entire object
temperature model, which can be acquired by using a thermal camera.

In order to get a thermal image of the temperature distribution of any object, a
thermographic camera can be used. This camera detects the radiation emitted from
the surface of the object. The information can be transformed to a temperature range,
resulting in a thermal image of the object (TECHNI TOOL, 2022). The radiation is
detected by the camera as an analog signal and then converted as a numerical signal,
which is used to create a black-and-white image, where the luminosity is related to the
radiation intensity (DEROBERT et al., 2018).

In the Figure 6 a thermal picture of a half housing of a turbine is shown, in
which the hottest regions of the object emit more radiation and are represented by the
lighter parts of the image. The radiation emissivity information from an object can suffer
negative influences from the environment where the object is placed before it is captured
by the thermal camera. That is the reason for the correction model that transforms
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Figure 6 — Thermography image

Source: Author.

emissivity into luminosity to rely on information from the object’s surroundings. The total
apparent luminosity received by the detector is transformed into a numerical output by

DLio = Taz‘msobjDLobj + Tatm(1 — Eobj)DLenv + (1 —"Tam)DLatm (7)

where T4, is the atmospheric transmission for the spectral bandwidth of the camera,
eobj @Nd (1-¢p;) are the emissivity and reflectivity of the object, respectively, and DLeny
and DL 4y, are the apparent luminosity from respective environment and atmosphere,
respectively (DEROBERT et al., 2018).

The camera used in this project is model IRSX-1640-F-7.5 from Automation
Technology. Its specifications are presented in Table 3, where Minimum Distance of
Object (M.O.D.) stands for Minimum Distance of Object. Since is a camera designed to
be used in industrial environments, it has a measurement range from -40°C to 550°C
and an accuracy of £2°C or +2% of the measured value. !

Table 3 — Thermal camera specifications.

Resolution FPS Focal Length Angle of View M.O.D. Spectral Range Pixel Pitch

640 x 512 30 7.5 mm 89°x 69° 25mm  7.5t013 um 17 x 17 (um)
Source: Automation Technology.

It is important to highlight that even when the camera can produce accurate
images, the position where a object appears in the camera’s visual field can result in
a erroneous temperature reading. For a better capture of the object temperature, it

1

Part of this section was presented in the author’s mandatory internship report and is in this document
to make it self-contained.
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should be located at a 90 ° angle from the camera, both in vertical and horizontal planes
(TKACOVA et al., 2010). When a object is big and close enough to cover almost the
entire visual field of the camera, the most reliable information will be concentrated in
the center of the object, while its edges may suffer with uncertainties.

2.5 3 DIMENSIONAL OBJECTS

The ability to create and visualize 3 dimensional (3D) object models on 2 di-
mensional (2D) screens is an important technological advance that has brought many
possibilities to the industry. The use of 3D objects in areas such as medicine, con-
struction, rapid industrial parts design, and engineering is becoming more evident, as
numerous scientific articles are being published (BIGLINO et al., 2017), (FADERO;
SHAH, 2014). (SAMPAIO et al., 2010), (WANG, J. et al., 2012).

Created from a scanner, computer-aided design software, or photogrammetry,
a 3D model can be used in many computer studies, allowing physical simulations and
the creation of a digital twin. For this to be possible, the structure of the object must be
portrayed in the computer in a specific way called mesh. In a 3D mesh, the body of the
object is divided into small polygons, usually, quadrangles or triangles, and each vertex
of the geometry has its location given in coordinates. The connection between vertices
generates lines, which can be combined to form a face.

Multiple software can perform the transformation of a 3D object into a mesh, with
one of them being Gmsh (GEUZAINE; REMACLE, 2009). Gmsh considers that every
3D object can be created using Boundary Representation, where each representation
can oscillate between four model entities, like the scheme

& =G & G s G

where G? is a vertice with dimension 0, G! is an edge with dimension 1, G? is a face
with dimension 2 and, lastly, GI3 is a region with dimension 3. with such representation,
any model can build its adjacencies of any dimension without having to process all the
object.

Following this scheme, the geometry is represented differently for each model
entity. A vertex is simply given by its 3D location in coordinates X; = (x;, y;, Z;). An
edge is its underlying curve C; with its parametrization p(t) € C;, t € [t1, t2]. A face is
more complex, being its underlying surface S; with its parametrization p = (u, v) € S;.
It is important to point out that for any curve C; € S;, any point p(t) € C;j must be
reparametrized on S;.
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2.6 IMAGE TRANSFORMATION FROM 2 DIMENSIONS TO 3 DIMENSIONS

Nowadays, most used cameras can capture 2D images, which do not have
information related to the depth of the area or object contemplated. But even though
a 2D image only exists in 2 axes of space, x and y, a sense of depth can be captured
by the viewer just by looking at the image. This event shows that, in most cases, an
image has projection information, like shadows, that are used by the human brain to
establish depth characteristics at some level (KRASILNIKOV; KRASILNIKOVA, 2014).
The reconstruction is only possible because the brain already has information acquired
during life about our 3D world.

The use of 3D images in the industry can reach many different fields, like au-
tomotive, medicine, and robotics. Its importance is highlighted precisely because it
brings more information than 2D images and allows improvements in measurement,
inspection, and quality control (MOLLEDA et al., 2013). For manufacturing industries,
3D images allow the specification of position and orientation, size, identification of ob-
jects, collision avoidance, and safety. All these advantages depend heavily on suitability,
accuracy, resolution, time to acquire and process data and cost (CHEOK; SAIDI, 2020),
which makes it a widely researched subject in engineering.

There are many explored ways to convert an image from 2D to 3D. A couple of
images that were taken at the same time but from different angles can be combined to
compose a third image with depth information, creating an analogy to the functioning of
the human brain that receives images from both the right and left eye (MURATA et al.,
1998). Another option is the use of artificial intelligence to learn the concept of depth
from multiple images, and apply the identified features to estimate the depth of new
images (KONRAD; WANG, M.; ISHWAR, 2012). But both of these approaches require
multiple images and some dedicated time for image processing to work.

In addition, as much as the 3D images have depth, they do not have easy
connectivity with some 3D objects, which is crucial for this project. For this reason, only
a 2D to 3D image transformation is not enough, and other techniques must be explored.
The combination of a 2D image with a 3D object creates a visual perception of depth,
even though the image does not have it. This type of integration is investigated using a
software named Blender, which is explored and explained in the next section.

2.7 BLENDER

Blender is a software for 3D modeling created by Ton Roosendaal in 1994. lts
main goal at the beginning was to provide a solution that allowed easy multiple changes
in 3D works as they were required by clients. For this reason, Blender offers a highly
configurable interface with multiple features that covers many steps of a 3D creation
(BLENDER ONLINE COMMUNITY, 2018). With a great global community, blender
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became an open-source software in 2002. This facilitates the process of correcting
bugs and also new implementations, responding rapidly to the user’s needs.

The program provides features enough to cover many areas, such as modeling,
sculpting, animation and rigging, story artist, rendering, simulation, and video editing,
delivering even the possibility of automation via scripting. Exploring the sculpting fea-
ture, there are numerous tools that facilitate the creation of a 3D object, like drawing,
correction of shapes and symmetries, coloring, material and pattern specification, or
even texturing. Although the texture tool was first designed to be a complement in object
creation, it is a great feature that is explored in a different way in this project.

2.7.1 Texture

The texture is present in every single object of the world. By looking at or touching
an object, we can perceive the characteristics of the object because of its texture. As an
extremely common property of real life, when animations or objects are being created
in a virtual environment the use of texture can enhance the designer’s work and make
it closer to reality (ROMANO; KUCHENBECKER, 2012).

Different methods for applying virtual textures are available nowadays. A train-
able framework called Colorful Voxel Network can learn to identify the shape and color
of a 2D image and create a 3D model with the same texture (SUN et al., 2018). Also,
deep neural networks are being trained to recognize textures and reconstruct them in a
3D model (OECHSLE et al., 2019). Despite their great results in virtual texturing, both
methods require much preprocessing of images.

In contrast, a texture method based on a UV map of 3D objects does not require
any preprocessing in training, but only a 2D image (CHEN, Z.; YIN; FIDLER, 2022).
Although the use of texture seeking only visual improvement of a 3D object or animation
exists, its use can be further explored and bring more value than this, especially when
the technique of UV mapping is applied since it relies on a 3D object mesh. This method
is further explained in the next subsection.

2.7.2 UV mapping

UV mapping is a method to add virtual textures to 3D objects (BLENDER...,
n.d.). In this technique a texture, which can be an image, is placed over a 2D plane
described by (u,v) coordinates, in contrast with (x,y,z) coordinates from the object. In
summary, to combine both planes a 2D planification of the 3D object mesh is calculated
and placed over the texture plane. This process is called UV unwrapping and is crucial
for the quality of the result (PORANNE et al., 2017).

There are multiple ways to unwrap the 3D object mesh. The most common
one takes cuts from different parts of the object until it can be represented by a flat
structure. It can also be explained as if the object were hollow and being "opened" up
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to a stretched figure. One example of this unwrapping method is shown in Figure 7.
After the unwrapping, the flat figure is placed in a 2D plane, as presented in Figure 8.
Although it can result in good quality texturization, this process depends on the used
texture pattern and the format of the 3D mesh.

Figure 7 — Unwrapping a cube

cco 1

Source: (BLENDER..., n.d.)

Figure 8 — Cube UV map

Source: RGB-LABS

The 2D UV map represents all the nodes from the meshed object in a 2D struc-
ture. This structure can be manipulated when necessary and can even change the
figure format since all nodes will still be connected to a (u,v) coordinate and receive
a characteristic from the texture anyhow. Since the node structure does not have to
represent the object in a clear and visual manner, the whole 3D object can just be just
flattened into a 2D structure. The process of flattening a 3D object and representing all
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nodes into a 2D structure is called projection from view since it depends on the angle
at which the object became a plane.

In Figure 9 a and b are presented two possible turbine UV maps. Letter a
presents the case in which only visible nodes are placed into the UV plane, in con-
trast with letter b that shows how all the nodes flattened are mapped. When an image
is attached to the UV plane and the UV map is projected from the view, the structure
can be edited to a better fit. Figure 10 shows how the UV structure is placed after its
size and shape were transformed.

Figure 9 — UV map projected from view

(a) Only visible nodes (b) All nodes
Source: Author.

Figure 10 — Edited UV map

Source: Author.

By using a thermal image as a texture, the UV coordinates became a fit for the
image coordinates. When the UV map from the turbine is projected into the UV plane,
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every node from the object mesh is connected to a UV plane coordinate. A great benefit
of using texture and UV mapping methods in this project is that with little calculation is
possible to create a connection between the thermal image temperature and the node
from the turbine mesh, which represents a real point from the turbine housing. To better
explain all these steps and connections a diagram is presented in Figure 11.

Figure 11 — Diagram for temperature-node connection

Thermal image with
temperature as pixel value

Became Temperature data

v

Texture
Specifically

Transformed to 4 connection

v to

UV map coordinates

Connected to Nodes

v

Nodes

Source: Author.

2.8 INTERPOLATION

Interpolation is a mathematical estimation of new points based on already known
data (STEFFENSEN, 2006). Usually, the unknown points are intermediate values of
a series and can be described as a table or function (SHEPPARD, 1910). The inter-
polation algorithm can be used in many fields of science and engineering that require
an approximation of function values, for example, temperature measurements that only
acquire information from specific points instead of the whole object or place of study.

As interpolation is an estimation that can be used on several occasions, there
are different methods to calculate the approximation. Each method fits better with a
specific type of data and can present variations in the results, which can be more or
less precise. Spatial interpolation refers to calculating a function that describes a whole
surface and returns estimated values based on data that comes from a surface as
discrete points or subareas (LAM, 1983). The existent spatial interpolation methods are
divided into two categories: area and point interpolation.

Focusing on point interpolation, there are approximate and exact methods. The
approximate methods do not conserve the already known points values, while the exact
method does (CARUSO; QUARTA, 1998). One of the most used exact methods is called
Kriging, created em 1960 and inspired on the work of Danie G. Krige for geostatistical
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analysis in South Africa (KRIGE, 1976). There are multiple sub-types of kriging, such
as universal and block kriging, but the most important one in this project is the ordinary
kriging (COLUMBIA, n.d.).

2.8.1 Ordinary Kriging

The interpolation method Ordinary Kriging is based on the assumption that the
variance of values is random but stationary. In other words, the mean and variance
of values are constant in the space, where the variance is dependent on the distance
between points (OLIVER; WEBSTER, 2015). Kriging calculates for every point the best
linear unbiased estimator (BLUE) and is expressed as

n
Zie =Y Nz, (8)
i=1

where where Z is the estimated result, A; is a weight for A;, and A; is a sampled point
(CHUNG et al., 2019).

An important concept used in ordinary kriging is the variogram. A variogram is
a representation of the spatial continuity of a data set, which can provide information
that usually is not represented in common descriptive statistics and histograms. This
missing information is crucial for spatial prediction (BARNES, n.d.). The variogram is
calculated by

1 NGO )
v(h) = G) (;[Z(X)—Z(X+ h)=, (9)

where x is the coordinates from position «, Z(x) is the value from «, h is the distance
to which an estimate is to be made, and N(h) is the number of paired comparisons for
h (CORREIA, 2010). The change in h returns semi-variances and these originate a
sample variogram for the used data set (OLIVER; WEBSTER, 2015).

To keep the algorithm unbiased, all the used weights must sum up to 1. This
means that if Zy, is a known value and Z; is an estimated value, then

EZy-2Z; =0, (10)
because the increments are expected to be zero. With such constraint the estimation
variance of kriging is

n
o% = E(Zy-Zp)? = C(V, V) + 1= _v;Clw;, V), (11)
i=1
where C(V, V) represents the covariances between sample variables, v is Langrange
parameter, and C(v;, V) the covariances between the sample variable and the estimates
(OLIVER; WEBSTER, 2015), (WACKERNAGEL, 1998), (CHUNG et al., 2019).
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The ordinary kriging algorithm can return the estimated value for each point of
the data set as presented in this section. But part of its calculations relies on information
about the distance between every point. For this, another algorithm can be applied, such
as the Dijkstra. Dijkstra’s algorithm is explained in the next subsection.

2.8.2 Dijkstra’s algorithm

Dijkstra’s algorithm, created by Edsger Wybe Dijkstra, finds the shortest path
between two nodes in a graph (DIJKSTRA, 1959). With many use cases, like robot path-
planning (WANG, H.; YU; YUAN, 2011) and path optimization for vehicles evacuation
(CHEN, Y.-z. et al., 2014), the algorithm can also be used to find the closest node for
every other node in a 3D object, which can be useful in a subsequent interpolation.

The algorithm is considered to be node labeling and greedy, which means it is
programmed to make the more optimal choice for every stage disregarding any future
consequence. An important requirement for the algorithm to be applied is that there
are no negative distances between nodes. The label system works with two labels:
an upper limit d(/) for the shortest path between the source node s to a node /, and
the previous node p regarding i in the settled shortest path to /. With this information
established, the algorithm can be represented in 3 steps (GASS; FU, 2013):

» Step 1: Specify d(i) for every node representing the upper limit for the shortest
path attempt from s to /. On the first scenario, if d(s) = 0, d(/) is setto co. Then, s
receives the label {0,-), and the last node y is s.

» Step 2: For the next scenarios of unlabeled nodes, d(i) = min{d(i), d(y) + ¢},
where c is the distance between a pair of nodes. In other words, the distance
Csj» IS the distance labeled on the previous node p, plus the distance between
the actual and previous nodes. If the node i already has a label with a greater
distance than the present one, change it to the actual value, otherwise, keep the
old value. When labeled, y = i.

 Step 3: If all nodes have a label the algorithm has finished and the shortest path
from s to any i is on the label {d(/), p}. If not, repeat step 2.

2.9 DIGITAL TWIN

A digital twin is a virtual representation of a physical object. It usually contains
physical information like the main material and its properties, size, and temperature.
It is typically created using data and simulations, and it is used to model the behav-
ior and performance of the physical object or system. Digital twins are often used in
manufacturing, engineering, and other fields to help improve the design, operation, and
maintenance of physical systems.
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The term digital twin was first used by David Gelernter in his book Mirror Worlds
in 1993. But was not until 2002 that its concept was defined and brought to the industrial
context by Dr. Michael Grieves (GRIEVES; VICKERS, 2017), who defined digital twin as
"a set of virtual information constructs that fully describes a potential or actual physical
manufactured product from the micro atomic level to the macro geometrical level".

There are many types of digital twins used in the industry nowadays, depending
on the specificity of the application. A product digital twin can improve the design of new
products by allowing tests and product validation in different environmental conditions.
The results lead to fewer prototypes and development time while increasing quality.
Production digital twins can facilitate the analysis of an actively running manufacturing
process before actual production begins, reducing risks of malfunction and accidents
under any possible scenario. Both product and production digital twins can be combined
to create predictions for better maintenance, improvement, and efficiency (SIEMENS,
n.d.).

Regardless of the type, the digital twin is created using data and simulations, and
it is used to model and analyze the behavior and performance of the physical system.
Its proper use can help to improve design, operation, and maintenance, and to identify
ways to reduce costs, increase efficiency, and enhance customer value. It is also a
great tool for science since simulations using digital twins are easily viable and can
return significant information.

2.10 FINITE ELEMENT METHOD

With the advance of science, engineers have been facing challenges regarding
the feasibility of complex projects. The costs of a study and the available time for
research increased the need for a powerful simulation tool that could digitize physical
events related to an object. The use of digital twins in the industry brought to science
the digitization of objects and their physical properties but was still not enough to
simulate different scenarios where temperature, pressure, weight, and other properties
are quickly changed, allowing a study of the consequential natural phenomena.

In order to analyze the changes in complex physical systems, researchers de-
scribe objects’ behavior through mathematical models that contain partial differential
equations. By solving these equations in an automatized manner, it is possible to simu-
late physical events related to a change in the object scenario. With this purpose, one of
the most used tools is the Finite Element Method (FEM), which requires great computer
effort to transform differential equations into algebraic ones (Dhatt.2012). The method
is based on the variations principle and triangulated or piecewise approximation, which
basically says that a line or a curve can be represented by many broken pieces, where
the smaller the subdivision, the closer the approximation (FENG; ZHONG-CI, 1996).

The method divides a structure into finite subdivisions of fundamental elements,
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like points, lines, areas, and volume. Then, the wanted value or property can be cal-
culated by the approximation of the sum of all elements’ calculated values, since it
is easier to process smaller parts. Mathematically, this process transforms a complex
function with infinite degrees of freedom into a function with limited degrees of freedom.
Such an approach makes the method useful for different applications while bringing an
efficient and quality solution.

FEM can be applied in the civil engineering field for the structure analysis of
buildings and bridges and their behavior under different conditions. Simulations using
FEM in this particular area usually have a bigger focus on stresses and strains of the
structures caused by great loads, seeking a better understanding of safety (KAVEH,
2014). Another possible area of study using this method is fluid dynamics. It can cal-
culate scenarios of different pressure and velocity of the fluid as well as the efficiency
of the system (CONNOR; BREBBIA, 1976). FEM can also benefit electromagnetic
studies by providing information about the behavior of electromagnetic fields and cur-
rents. This way, projects related to motors, generators, and transformers can have their
performance predicted to a possible improvement of efficiency (JIN, 2015). Lastly, the
method is also capable of analyzing heat transfer events and their consequences. The
conduction or convection of heat through solid objects and fluids can be calculated for
a better understanding of the physical changes, predicting the temperature distribution
(LEWIS, 1996).

The use of the Finite Element Method in studies brings advantages and disad-
vantages (IEEE, n.d.). As advantages it is possible to highlight:

« Ability to handle complex geometries. The method is able to accurately model
these complex systems by dividing them into smaller and simpler elements that
can be solved independently;

* Versatility. FEM can be applied to a wide variety of problems, from simple beam
structures to complex fluid flows. This makes it a versatile tool that can be used
in many different fields and applications;

» Accuracy. FEM can provide accurate solutions to complex problems. This makes
problem-solving easier and more practical, besides being faster than a manual
solution;

» Ease of use. The tool is relatively easy to use, especially because there are many
commercial softwares that automatically perform the method without requiring
advanced mathematical knowledge;

» Boundaries. By using a software, it is easy to set boundaries that specify con-
ditions for the model to follow. It can be forces, thermal effects, and positional
constraints.
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At the same time, the disadvantages include:

» High computational cost. FEM requires a significant amount of computational
power, especially when solving large or complex problems, which can be imprac-
tical in some situations.

» Approximate solutions. Although FEM can provide results close to reality, it is still
not an exact method. It is possible to get more accurate solutions with analytical
methods.
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3 PROBLEM DESCRIPTION AND PROPOSED SOLUTION

This chapter presents an overview of the university and institute where this work
was developed, exposing their work areas. In the sequel, the problem that instigated
this project is explained, as well as the proposed solution.

3.1 THE UNIVERSITY

The Rhenish-Westphalian Technical University (RWTH), or in German “Rheinisch-
Westfélische Technische Hochschule®, is, nowadays, the largest technical university
in Germany. The university is considered one of the premier European educational
and research institutions, covering the areas about Mathematics, Computer Science
and Natural Sciences, Mechanical Engineering, Electrical Engineering and Information
Technology and School of Business and Economics.

With many campuses spread in the city of Aachen and successful industry
cooperation, RWTH University has a commitment to technological innovation and quality
education and promotes a great incentive to research. This work was developed in one
of its institutes, WZL, which is described in the sequel.

3.2 THE INSTITUTE

The Laboratory for Machine Tools and Production Engineering or, in its original
German name, "Werkzeugmaschinenlabor”, also known as WZL, is part of the RWTH
Aachen University and has a goal of making it possible to use the knowledge and results
from research in the university environment. The institute allows students to work as
research assistants for the employees as a learning opportunity so that he or she gains
both theoretical and practical knowledge.

As a research laboratory, it has many fields of work that cover the production
technology area, like business areas of development and design, quality management,
organization, work preparation, production, and assembly, as well as control and au-
tomation. To allow research and work experience for the students, the institute also has
an industrial field with many units of machinery used in real industrial processes.

This work was developed at the Large Scale Metrology Group, which is part of
the Production Metrology and Quality Management field. The importance of this project
to the institute and the problem addressed are explained next.

3.3 PROBLEM DESCRIPTION

Virtual climatization, or the use of different measurement tools and data process-
ing to compensate changes, is an area of interest in WZL. The institute has different
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projects within this area, since it is becoming an important tool in industries nowa-
days. In special, the virtual climatization of large workpieces is being studied, with a
goal of creating a methodology to compensate the deformation caused by temperature
variation in the manufacturing process, which can lead to multiple disadvantages.

Considering that the deformation of a workpiece caused by its temperature is
a physical phenomenon difficult to control, since the very friction of production can
raise the temperature of the part, it is necessary to have a method that compensates
the deformation based on temperature ranges. However, a compensation method for
this case is not trivial, since it has to happen before or during the manufacturing pro-
cess, avoiding defective final products. This is because a late compensation cannot be
applied, since the product would be finished, i.e. it would have no effect on the final
product, only pointing out the error.

According to the International Organization for Standardization, specially the ISO
2768, the error tolerance for large workpieces decreases as the object size increases.
Errors with values higher than tolerated can result in problems in the manufacture
of the product and, consequently, loss of product quality and efficiency, as well as
compromised product safety. In the production of large-scale workpieces, the object
can change sizes according to the fluctuation of its temperature, which is influenced by
the environment. Such changes can result in a thermoelastic response of the object’s
material, causing an expansion or contraction of the piece in the micrometer range.

With this in mind, the compensation methodology needs a technology capable
of predicting the deformation of the object based on temperature ranges, considering
the spatial distribution of the workpiece. This is particularly important because parts
with non-trivial shapes can suffer from even greater manufacturing, complicating the
calculation process for compensation.

Large manufactured parts, such as turbine housings, often do not have trivial
shapes, making it difficult to understand their thermoelastic behavior. Different projec-
tions attached to the object’s body facilitate heterogeneity of the object’s temperature,
generating different changes in the object’s size depending on the region being ana-
lyzed. The impossibility of generalizing the thermoelastic behavior makes it difficult to
monitor the part with measurements in the manufacturing process.

In the next section a possible solution for this problem is presented.

3.4 PROPOSED SOLUTION

In order to solve the presented problem, this work aimed to propose a methodol-
ogy for acquiring data from the piece while in different temperature conditions and use
it to predict the expansion suffered by the part according to the temperature change.
The predictions must be based on the physical characteristics of the object. A specific
goal is the development of a digital thermal twin of a turbine housing so that it can be
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further exploited to enable a prediction of the workpiece expansion when heated.

All data, including temperature and deformation, necessary to the development
of the proposed solution can be acquired during an experiment with the workpiece.
The experiment must happen with the object under different temperature ranges, and
the thermoelastic behavior of the object needs to be constantly monitored. This way,
reliable data that connects temperature and deformation can be used in the future for
analysis.

Since controlled temperature changes are important for the outcome of the study,
the object can be purposefully heated using an external heat source. The temperature
of the object should be monitored by sensors at specific points and thermal cameras
for a wider coverage of the object. At the same time, a laser tracker can measure
different points on the turbine and return relevant data for the deformation analysis of
the workpiece.

All data acquired during the experiment must be processed. This includes the
calibration of the thermal images and their transformation to a temperature unit, such as
Celsius. It is worth noting that all measurement tools used must be properly calibrated.
After the images have been processed, they must be used as a source of temperature
data for a virtual 3D object, effectively passing 2D data to the 3D plane.

The distribution of temperature in the virtual object is extremely important. The
proposed tools can only measure the temperature on the objects surface, which is not
enough for this project. To solve this particularly issue, an interpolation method can be
applied to extend temperature value to the inside of the object.

In order to create a reliable digital thermal twin (Digital Thermal Twin (DTT)), a
3D virtual object with the same dimensions as the original object needs to be used
and the temperature distribution must respect the heating pattern observed in the real
experiment, even if some regions are warmer than others. Finally, with a digital thermal
representation of the object, a simulation can be performed to predict deformation
based on temperature. The simulation must consider the physical properties from the
object, since they can cause great influence in the results.

Simulating a physical event is not trivial and requires a lot of processing. For this
reason, the DTT can be processed by a finite element method (FEM) simulator, which
used the object’s physical properties to calculate and predict the most likely outcome
regarding the object’s deformation. The simulation results can then be analyzed and
compared with the real experiment data to observe how well the simulator predicts the
object deformation. Also, it is important to analyze and highlight possible sources of
errors in the final result.

For a successful result, many steps may be necessary during the development
of the project. Tasks such as temperature sensor calibration, finding the positions of
the target for the laser tracker, setting the laser tracker routine, camera calibration,
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processing the thermal images, assigning the correct temperature to each node of the
virtual object, and many others will be essential. In summary, the main topics of this
solution are visually represented in the Figure 12.

Figure 12 — Proposed solution diagram
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Source: Author.

The diagram brings as main topics, all related to the turbine housing, temperature
and deformation monitoring, data treatment, heat source, similar virtual 3D object, data
transformation from 2D to 3D, interpolation of temperature and simulation with a DTT.
The implementation of the proposed solution is explained in details in chapter 4.



40

4 PROJECT DEVELOPMENT AND RESULTS

As a large workpiece can suffer from temperature variations resulting in thermo-
elastic deformations, a methodology to predict this behavior is needed in order to have
a system capable of compensating changes in the object size during the manufacturing
process. As presented in chapter 3, this work used experimental data from a turbine
housing in order to perform a FEM simulation of the workpiece behavior under different
temperature conditions. All the necessary steps to perform the simulation, the simulation
results and the comparison of simulated and real data are exposed in this chapter. To
provide a better view of the following steps, an diagram is presented on Figure 13.

Figure 13 — Experiment diagram
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Figure 13 has the main steps of this project in an ordered diagram. It also
covers some important steps from previous work, which are the temperature sensors
calibration and installation, RGB and thermal camera setup, image distortion treatment,
and sensor localization using neural network.

Further steps developed in this work follow the order of correcting thermal images
temperature, processing thermal images to transform the camera values in Celsius, con-
nect the thermal image pixels to a 3D object in order to transfer temperature data to the
virtual object, interpolate the known temperatures to improve temperature distribution
through the virtual workpiece, and create the digital thermal twin in the FEM simulator.
Then the final steps are retrieving and treating data from the simulation and compare
the results with the real experiment data.

Considering the importance of understanding the steps developed in previous
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works, the next section brings an explanation of what was developed and their necessity
for this project, as it is a continuation of what has been achieved. After that, the steps of
the proposed solution in this work are explained in details. Lastly, a section containing
all the procedures performed in sequence for the actual experiment is presented, as
well as the results analysis.

4.1 SENSOR LOCALIZATION

It is important to highlight that the first steps in the development of the global
project were proposed and implemented by the present author in a previous internship,
as described in the report. For this reason and for a better understanding of this work,
a simplified summary of the work is presented in this section.

In order to acquire the temperature from the whole surface of the turbine housing,
a thermal camera was used to capture a thermal image, which may present high
measurement uncertainty. To solve this problem there is a possibility to use more
precise temperature sensors to calibrate the image. The calibration procedure requires
non-trivial data such as the sensors’ position. This is because the thermal images have
low quality, making it hard to identify the sensor through the image.

To solve the low-quality image problem, a second camera was used. This camera
was a usual camera that captures RGB images with high quality. Then, images from
the turbine housing with attached sensors were taken with the high-quality camera
and processed by a neural network algorithm called Faster-RCNN, which was able to
identify the sensors’ position on the RGB image. After this, is still required to get the
sensors’ position on the thermal image, and for this is necessary a pixel conversion
method between the images.

A pixel conversion with low error must consider the distortion present in each
image since both cameras have different lenses. To reduce the distortion, an algorithm
that computes the intrinsic parameters of the camera was applied. It can determine the
distortion caused by the lens and reduce it on each image. After reducing the distortion
in every image, the size of the images was considered as a factor to calculate the pixel
conversion between thermal and RGB pictures.

4.2 PROJECT STEPS IN DETAIL

4.2.1 Sensor Calibration

To improve the accuracy of the experiment and its results all the used temper-
ature sensors have gone through a calibration process. All sensors transmit data via
Bluetooth and can also be connected to a computer to receive calibration parameters.
The used algorithm, developed by previous workers, reads the temperature from the
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sensor in cold and hot conditions and, with external industrial sensor data, calculates
the calibration parameters.

The calibration process uses a cooler container to simulate a cold or hot homoge-
neous environment. The sensors are placed in a container filled with water, but not fully
submerged. Then, an industrial temperature sensor is placed on the water to measure
the true temperature. The industrial sensor used is LR-Cal LRT 1000 and presents a
measurement accuracy of 0.005K at 0°C and 0.02K in the range -40...+20°C.

First, the water temperature is cold, around 23°C, and the measurements from
all sensors are saved. Then, the water is heated to 45°C and the measurements are
saved again. With the information from the industrial sensor, the calibration file is cal-
culated and sent to the sensor, increasing its measurement accuracy. An example of
measurement is shown at Table 4.

Table 4 — Sensor calibration measurement values.

Sensor Before Cold water Hot water After
Sensor Reference Sensor Reference

a 21.92 18.29 21.9 43.41 42.5 25.48

b 21.47 17.72 21.9 41.2 425 25.25

c 14308.79 -4927.93 21.9 1.34 425 44.36

Source: Author.

As presented in Table 4 sensors a and b had a small difference of 0.45°C be-
tween them, while sensor ¢ presented an extremely high number, which did not fit reality.
After the calibration procedure sensors a and b had their difference reduced to 0.23°C.
Sensor ¢ had a closer number to reality than before, but still not real, so it was reported
as defective and not utilized again in this project.

4.2.2 Thermal image processing

In order to be able to use the thermal images as a visual representation of
temperature, it is necessary to process all images. This is mandatory since the camera
saves the images by giving its own signal value range, captured by the sensors, to the
pixels, which is not the temperature as we know. The signal value is directly related to
physical properties from the camera, the object and the environment, which allows a
calculation to transform the camera signal value to Celsius. All the thermal images used
were saved in .npy format, in which the image is represented my a multi-dimensional
vector and every pixel has a space, allowing a specific and separated transformation. A
schematic of temperature measurement by the camera is presented in Figure 14.

The figure shows the dependence that the signal has, not only on the object but
also on the atmosphere and the lens. It also presents the used symbols and parameters,
such as:
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Figure 14 — Emission and transmission parameters of a real measurement situation.
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Source: IRSX User Manual.

* Amp = Ambient Temperature

* eopj = Emissivity of the object

* Topj = Temperature of the object

* Taim = Transmission of the atmosphere

* Taim = Temperature of the atmosphere

* T/ ens = Iransmission of the lens

* T;ens = Temperature of the lens

* Spet = Detector signal in counts

» M(...) = Radiation (temperature-dependent)

* T/ ens = Iransmission of the lens

Since the images have temperature data in the signal unit, a conversion to
Celsius or Kelvin is important. This procedure was performed with a Python script that
reads each image, converts the signal to Kelvin, and saves all the new values as a new
image. The necessary equations were taken from the IRSX manual (AUTOMATION
TECHNOLOGY, n.d.).

First, considering that the experiment was performed in a air conditioned envi-
ronment, the variables for the temperature of the environment, atmosphere, and lens
were set at 295.15K. Since the camera and the object were a short distance away, the
transmission of the atmosphere was set to 1.
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€1 = EOp-TAtm » (12)

and the emissivity of the object considering the atmosphere and the lens

€12 = €0bj-TLens TAtm > (13)

were calculated.
Then, the radiation of the environment (/4,), of the atmosphere (/4;,,) and of
the protective window (Sy4;m,) of the lens were calculated using the radiation equation

R
latm = —5— (14)
eTam — F
R
lamb=—7%— (15)
e’amb — F
R
Satm=—5—"""> (16)
eTLens — F

where R, B, and F are based on the physical Planck function and given by the thermal
camera manual (AUTOMATION TECHNOLOGY, n.d.). Also, the radiation components
Ki and K> were calculated as

and ’
— €0pj 1-7 1-7
Ko=— ~ amb + ——21 gt + ——€"5 Sppm. (18)
Obj &t

Then, the object signal (SObj) is calculated as

Sopj = K1.(S—0) - Kz, (19)

where O describes the signal offset (property of the detector). Finally, the temperature
of the object (Topj) can be calculated as

B

A :

After performing the conversion from camera signal to Celsius for every pixel in
all images, the images now have readable temperature data and can be used in further

steps. Next section explains how the 2D thermal image can be used as information for
a 3D object, connecting pixels to 3D nodes.

Topj = (20)



Chapter 4. Project Development and Results 45

4.2.3 Connection of temperature data with 3D nodes

After acquiring images from the turbine housing with good-quality temperature
data, the next important step in the development of this project is to combine the images
with the real object. The goal of this task is to transform the 2D image into a 3D image
that respects the format and size of the object.

With this goal, a computed 3D model of the turbine housing was used. This
model was imported to a software named Blender, which allows different types of
manipulation on 3D objects, including its texturing. By applying an image to the object
surface as a texture, each node of the 3D object is connected with a pixel from the
image. Using the pixel data, it is possible to calculate the corresponding temperature,
which is explained later. Thus, simply put, the thermal image applied to the 3D object
makes the temperature become the texture of the turbine housing.

The texture feature uses a UV mapping of the 3D object, which can be positioned
on a chosen image for better fitting. The UV map comes from the node structure that
forms the object. This structure is presented on Figure 15, where is possible to see all
the nodes and their connections from the turbine housing.

Figure 15 — Turbine housing structure.
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Source: Author.

At first, the UV map used was from the front view of the object, transforming the
3D structure into a flat structure that still represents all the nodes from the object. Then,
the UV map was placed over one thermal image. Both image and UV map fitting are
presented in Figure 16 a and b.

Even with an apparently good fit, the result of the procedure was not successful.
This is because Blender has an internal automatic interpolation to fill the areas that are
not contemplated on the view. For example, the sides of the lower small parts are not
visible if the turbine housing is positioned with a front view. This makes the software
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Figure 16 — UV mapping fitting with one image

(a) Thermal image (b) UV map
Source: Author.

extend the data from some points to the closest point that is not covered yet. The result
of this fitting, along with the explained problem, are presented in Figure 17. The lateral
view on Figure 17b shows unwanted patterns on the object texture, which leads to
erroneous temperatures.

Figure 17 — UV mapping result with one image

(a) Front view (b) Side view

Source: Author.

To solve this problem the turbine was divided into 6 parts and the UV mapping
procedure was performed separately for each one of them. For this, 6 images were
taken, where each one had a different part of the turbine centered. Since the UV map
for a single part was generated with a similar viewing angle of its respective image, the
results showed no noticeable image distortions for the parts not visible at a given angle.
For example, the same angle of the turbine presented in Figure 17b is now visible in
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Figure 18 after the UV mapping for 6 parts.

Figure 18 — UV mapping result with 6 images

(a) Image used for the (b) UV map from the right (c) Result from the right part
right part part

Source: Author.

Now, with every pixel of the image representing a temperature, and the 2D
images attached to the 3D virtual object, the connection can be exported as a .ply file
containing nodes coordinates and its corresponding pixel. It is important to remember
that the .ply files does not have the temperature data itself, but the corresponding pixel
coordinates in percentage from the image size. For this reason, another script was
written in which all the point cloud information present in the .ply files from each division
of the turbine housing 3D model was read and processed.

First, the script reads the pixel coordinates in image percentages related to each
node. Then, the percentages are transformed into a pixel coordinate directly related to
the 2D image plan. The new coordinates can be used to to find the pixel position in the
image and its value (temperature in Celsius). Finally, the temperature value retrieved
from the pixel is connected to its corresponding 3D node and this information saved in
a python list. After all the nodes from the 6 parts of the turbine housing were processed,
all data was saved as a .csv file.

The original 3D model of the turbine housing was created using a software
named Solid Works. When the file was imported to Blender, a software that has different
uses than Solid Works, the 3D object did not have the internal structure anymore, in
other words, the object became hollow. For this reason, the procedure to connect an
image to nodes only worked for the nodes from the surface of the object. But to be
able to do further analysis, it is important to get a temperature value for the internal
nodes. For this reason, the solid 3D object was used to perform an interpolation, which
is better explained in the next section.
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4.2.4 Interpolation

At first, all the nodes received a temperature value from the thermal image, since
all nodes were selected when the .ply file was created. Even though the thermal data
is 2D and only from a front view of the object when all nodes are selected, Blender
transforms the front and back nodes from the object into a flat structure, so when the
UV map is placed over an image the back nodes also receive information from the
image.

All surface nodes had a temperature value, but the internal ones did not. To
solve this, Dijkstra’s algorithm was used. As a strong interpolation method, it uses the
closest nodes’ information to calculate a temperature value from an internal node. The
adaptation of Dijkstra’s algorithm to 3D objects was done by another member of the
project in which this research was developed. It uses a VTK and STL file from the 3D
turbine housing object to get and spread information from and through all nodes.

Using all the nodes from the surface of the 3D object the result of the interpolation
was not good. The temperature value is demonstrated as different colors for different
values in the image. As presented in Figure 19, the back of the turbine got random
temperature values. Also, the front had some mistaken values on the lower parts of the
turbine housing.

Figure 19 — Interpolation with all nodes

(a) Front (b) Back
Source: Author.

To investigate why this happened, an interpolation with only 24 nodes was per-
formed. For each one of the 6 parts of the turbine housing, 4 points were manually
selected on specific positions such as the front and back upper part and the front and
back lower part of the object. The Figure 20 shows the result of the experiment. The
algorithm returns a better result than before, but the lower parts of the turbine still do
not have a good representation of the heated parts.
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Figure 20 — Interpolation with 24 nodes

(a) Front (b) Back
Source: Author.

Tests were performed increasing the number of used nodes. With 1000 nodes
the interpolation was returning random values, but with 600 it returned a better result,
as shown in Figure 21. The known heated areas were better represented, but still
not good enough. This is because the lower prominent parts of the object have more
nodes than the rest of the lower surface and, because of the random selection of the
nodes, more nodes were coming from them than the surface where the heat is greater.
The position of the selected points is presented at Figure 22. The color of the nodes
represent different temperature values, with red being the warmest node and blue the
coldest. The gray big nodes are the selected ones.

Figure 21 — Interpolation with 600 nodes

(b) Back

Source: Author.

To solve the problem of concentrating nodes in the prominent parts of the object
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Figure 22 — Points of 600 nodes

Source: Author.

and considering that the thermal image only provides information from the front surface
of the turbine, nodes from specific positions were manually selected. The regions where
heat is located in the front were specially contemplated in this process. 430 nodes were
selected from the different regions, plus 12 nodes from the back of the turbine and more
random nodes. In total, 585 nodes were used. With this approach, the selected nodes
were in a more useful position, as shown in Figure 23. The result of the interpolation
using these nodes is presented in Figure 24.

Figure 23 — Points of 585 nodes

Source: Author.

It is possible to notice in Figure 24 that the heat is present with a better contour
and position. It respects the real case where the hottest temperature is not on the
prominent parts of the turbine, but in its rounded lower surface. This result is important
for the next step since it influences all of the next outcomes.

4.2.5 Finite Element Method Simulation

To simulate a heating and cooling process of the whole turbine housing a soft-
ware named FreeCAD was used. This software calculates the thermo-elastic trans-
formation using the finite element method, which allows a more realistic simulation
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Figure 24 — Interpolation with 585 nodes

(b) Back
Source: Author.

of the turbine housing behavior. FreeCAD has many features that allow an easy pre-
configuration of the object and its characteristics, but a lot more can be done if the
simulation file is configured manually and not only through the features.

The software requires the physical characteristics of the object and its mate-
rial, specific constraints, and temperature data as input. The physical characteristics,
presented in Table 1, and constraints were selected through software features, but
the temperature data had to be manually configured since each node had a different
temperature value.

Figure 25 — Mechanical boundary condition

Source: Author.

One physical limitation of the object is that the bottom surface touches the ground
and can not expand downwards. This specificity was added to the software as presented
in Figure 25. It shows the faces of the 3D turbine housing with green arrows around the
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bottom face, which represent the limitation of expansion. The temperature configuration
was less straightforward and is explained in the next subsection.

4.2.5.1 Extraction of temperature

After the camera signal was converted to a temperature value in Celsius, it
is important to write the temperature from each node in the order that the software
FreeCAD uses. This procedure was performed at the same time as the configuration
file for the simulation was edited. This file has a list of all nodes with their respective
number and coordinates. This is important to know the order in that FreeCAD software
works with the nodes.

Since the nodes’ temperatures need to be written in the same node order that
FreeCAD uses, a python script was created to edit the configuration file automatically.
It reads a temperature file with only coordinates and temperature data, crosses the
coordinates with the ones from the configuration file, and formulates a list with the
number of nodes and their respective temperature only for the coordinates that where
match in the correct order. This list is passed to a specific position in the configuration
file and, then, the edited file is imported to FreeCAD.

4.2.5.2 Calculation of deformation using external temperature data

While the real turbine housing is heated using 9 heat pads that are spread on its
internal surface, the simulation can not truly reproduce this event. The heating options
from the software do not allow such heat configuration, and any other heat source
would result in a different outcome regarding the concentration and distribution of heat
in the object.

In order to simulate the heating process of the turbine, instead of adding any
heat source to the simulator, external temperature data is imported to the simulation
configuration file. But at the same time that the temperature is important, is also crucial
that the deformation data is considered.

For this reason, temperature from a specific time of interest can be added to the
simulator, while the deformation caused by it is calculated by the software. To perform
this calculation, the temperature was passed to the simulator using the same procedure
presented in Section 4.2.5.1. Then, the configuration file had to be manipulated again
in order to implement a static simulation, instead of the usual dynamic one.

With the correct temperature information, as well with its respective deformation,
the simulation was finished and its data can be exported for further analysis.
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4.3 PREVIOUS EXPERIMENTAL SETUP BASED ON ROBOTIC ARM

Before the start of the project presented in this document, an experiment was
conducted in which the turbine housing was heated by using the heat pads and cooled
by the ambient temperature. The whole process lasted about 6 hours, of which 3 were
for heating and 3 for cooling. During the whole process, the turbine temperature was
measured by 25 sensors. Furthermore, the deformation of the workpiece was also
measured by means of a robotic arm that was attached to the turbine. All the data was
stored and available for future analysis.

In order to test the correspondence between thermoelastic simulation results and
reality, 5 timesteps were selected from the experiment data. The first time corresponds
to the beginning of experiment (B), the second to the middle of the heating process (H1),
the third to the heating apex (H2), the fourth to the first half of the cooling process (C1)
and, lastly, the fifth to the second half of the cooling process (C2). Only the temperature
and deformation data from these time points were used in the analysis. It is important
to clarify that all the following procedures were repeated at each time point separately.

As stated before, the real data temperature came from 25 sensors, which can
only represent 25 nodes out of 6216 from the virtual turbine housing. For this reason,
the rest of the nodes had their temperature calculated using interpolation. After the
temperatures were calculated, the simulation process started.

The real deformation data was acquired by measuring 3 points’ positions and
calculating the distance between them with the Euclidian norm. The points are pre-
sented in Figure 26. Point A is considered to be the origin and points B and C are used
for calculating the horizontal and vertical deformation, respectively.

Figure 26 — Old deformation measurements positions

Source: Author.

The simulation data is a result of a static thermoelastic simulation using FreeCAD.
The temperature was imported to the software that estimated the deformation for every
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node. Then, the simulation was exported as a VTK format file, which contained all
necessary data. To read this file and extract information related to the measurement
points, a python script was created.

Figure 27 presents the difference between the simulation and real deformation
regarding the vertical measurement, between points A and B. It is possible to notice
that the values have a large gap, especially for the third point, when the heat was high.
In Figure 28 the horizontal deformation, between points A and C, is shown. Although
the gap between real and simulation data is smaller for the horizontal than the vertical
comparison, it still exists.

Figure 27 — Vertical Deformation
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Figure 28 — Horizontal Deformation
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The explanation for such a gap is not certain, but a few circumstances can be
highlighted. First, as the robotic arm that made the measurements was attached to
the turbine housing, it may have suffered a displacement during the deformation of the
workpiece itself.
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4.4 NEW EXPERIMENT SETUP USING LASER MEASUREMENT TOOL

After developing and testing all the presented techniques and methodology nec-
essary, a new experiment was performed. In this experiment, the turbine housing was
forced heated using 9 heat pads for 3h. Then, the heat pads were turned off and the
turbine housing was left to cool down naturally. During this whole procedure, there was
a thermal camera set to take pictures of the workpiece every 5 minutes, sensors mon-
itoring its temperature, and a laser tracker measuring some specific points distances.
All the procedures performed will be better explained next.

Before the actual experiment was started, the sensor calibration was already
performed, as explained in Section 4.2.1. Then, continuing with preparation, the tem-
perature sensors, and spherically mounted retro-reflectors (SMRs) had to be positioned.
In total, 13 temperature sensors were attached through the inside and outside surfaces
of the turbine housing, while 7 SMRs covered the inside of the object. Their positions
are presented in Figure 29. All measurement points were chosen seeking the best
representation of the overall characteristics of the object, which will be important for
future calculations and analyzes.

Figure 29 — Measurement points
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Source: Author.

In Figure 29, along with temperature sensors and SMRs, there are also yellow
points that represent the average temperature of the closest sensors horizontally. Yellow
point 1 is the average of temperatures from sensors 10 and 11, while yellow point 2
represents the average of temperatures from sensors 12 and 13. Besides, the blue
points represent all the thermal points extracted from the thermal images. Both average
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and thermal points will have their use and importance better explained throughout this
section.

All SMRs received and mirrored a laser from the laser tracker device, which could
measure the distance from the equipment to the target. All data was sent to a database
in the format of 3D coordinates and time. The laser tracker performed a measurement
routine from SMR 1 to 8 in ascending order repeatedly, in an infinite loop. Since the
laser tracker is able to provide measurements with an accuracy of 0.7um/m, it allows
future calculations of material expansion using the acquired distances.

For the laser tracker to work properly, it needs to be previously configured. In this
step, the laser is manually pointed to every SMR and their coordinates are transmitted
to the database. Also, to make the equipment perform the correct routine, a script is
sent to its system, allowing it to read every SMR position in the wanted order.

After the laser tracker is set up properly, the thermal and RGB cameras needed
to be positioned. For this, a tripod was placed in front of the turbine housing, targeting
the center of the outside surface. The setup of the camera was chosen to get the most
surface area possible with both cameras. The actual position is presented in Figure 30.
Fixed on the tripod is a 3D model holder, displayed in Figure 31, that allows both thermal
and RGB cameras (cell phone) to be attached side by side, resulting in a similar viewing
area for the pair of lenses. Both viewing areas can be compared in Figure 32, making
the difference in the image size and angle clear. The presented thermal image is from
the moment when the turbine housing reached its highest temperature to facilitate the
visualization of the object.

Figure 30 — Thermal camera position

) T R 7

Source: Author.

Although it was only necessary for one RGB image, which could be shot man-
ually, it needed multiple thermal images, requiring an automatic shooter. Besides that,
the thermal camera does not have any buttons, so it demands a code activation for any
activity. Both situations are settled by using a python code that communicates with the
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Figure 31 — Cameras holder

Source: Author.

Figure 32 — Viewing area of thermal and RGB camera

(a) Thermal

R

(b) RGB
Source: Author.
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camera software and triggers a new photo every 5 minutes during the whole experiment.
For this reason, a computer must be connected to the camera at all times. All pictures
are saved locally in the computer with numpy format.

With all measurement equipment correctly configured and positioned, that is, the
temperature is measured by sensors and the thermal camera, and the deformation of
the object by the laser tracker, the experiment itself can start. For this, the first step is
turning on the 9 heat pads to heat up the turbine housing. All heat pads are connected
to an ESP32 and each of them is turned on individually by sending a signal using
the Arduino software. Their power is not configurable. The heating process started at
9:38 a.m. on October 07, 2022, and was turned off at 12:38 p.m. on the same day.
Even though there was no more heating, the measurement equipment remained on,
monitoring the turbine housing until 00:43 a.m. the next day.

4.5 DATA TREATMENT

After acquiring all data from the heating and cooling process of the turbine
housing, all information needs to be processed with different techniques. The first step
is to take care of the cameras and images, which means that is necessary to perform a
camera calibration in order to get internal information from both equipment and use it
to reduce the lens distortion in the images. Then, the images with less distortion can
be used to allow automatic detection of the sensors by neural network processing.

After that, the temperature captured in the thermal images must be converted
from the camera signal value to Celsius. With this information, it is possible to compare
the images with temperature sensor data, looking for a possible difference between the
results of the different types of temperature measurement used. If it exists, it may be
fixed by creating an equation for the difference. Lastly, the temperature data can go
through interpolation, following a connection of temperature to the nodes of the turbine
housing a 3D virtual model. All steps are important to finally perform the simulation
of the experiment using the software. The simulation results can then be used for the
comparative analysis between the real and virtual worlds.

The camera calibration requires a group of thermal and RGB images containing
a metal chessboard. Examples of a pair of images are shown in Figure 33. The chess-
board is important due to the methodology applied by the calibration routine, which
detects the size of each square and performs further calculations using it. A better
explanation of the camera calibration tool is in the author’s mandatory internship re-
port, a work prior to this one. As a result, the tool presents the focal length, principal
point, skew, distortion, and pixel error from both cameras, together with the rotation and
translation vector between them. Data from the thermal camera is presented in Table 5,
from the RGB camera is in Table 6 and the extrinsic parameters from both cameras is
in Table 7.
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Figure 33 — Images for camera calibration

(a) Thermal (b) RGB
Source: Author.

Table 5 — Thermal camera calibration.

Thermal

Focal Length [493.21037 496.85938]+/-[158.42428 162.28782]

Principal point [257.74073 103.22597]+/-[20.46013 38.12089]

Skew [0.00000]+/-[0.00000]

Distortion [-0.93317 0.61146 0.08137 -0.00598 0.00000]+/-[0.57939 0.83140
0.05881 0.02395 0.00000]

Pixel error [0.43557 0.59589]

Table 6 — RGB camera calibration.

RGB

Focal Length [1541.03689 1565.00908]+/-[233.03823 243.07797]

Principal point [1066.09774 850.73989]+/-[170.77724 91.98969]

Skew [0.00000]+/-[0.00000]

Distortion [-0.01709 -0.06727 -0.01350 0.06479 0.00000]+/-[0.10412 0.16820
0.02218 0.02739 0.00000]

Pixel error [0.95167 1.17985]

By getting this data, the images can go through a process to reduce the defor-
mation caused by the camera’s lenses, correcting curved lines to straight ones. The
result of this process is presented in Figure 34. The resultant images, together with the
extrinsic parameters from both cameras, can be further explored to find a mathematical
conversion of a pixel from one image to another that represents the same point in

Table 7 — Extrinsic parameters.

Position of right camera with respect to left camera

Rotation vector [0.08453 0.11371 -0.02286]
Translation vector [-192.38015 40.23090 144.21075]
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reality. Beyond that, the rectified images are a better fit to be analyzed by the RCNN
neural network (a technique explored in the author’'s mandatory internship report), in an
attempt to detect the positions of the sensors in the thermal images when the thermal
contrast does not make them perceptible. In this particular experiment, the sensors
were clearly visible, so the use of the neural network was not necessary.

Figure 34 — Result of reduction of deformation

(a) Thermal original (b) Thermal after

(c) RGB original (d) RGB after
Source: Author.

After treating the images’ distortion, the thermal images still need more pro-
cessing. Initially, they are saved in numpy format, with a different camera signal value
composing each pixel. As explained in Section 4.2.2, the camera signal is a result of
temperature and radiation as the emissivity of the object. In future analyzes, it is better
to use temperature in Celsius, instead of the camera signal, as a working value. For this
reason, using the previously explained equations, the signal can be transformed into
a temperature value by processing all images with a python script. An example of this
transformation is presented in Table 8. The table contains the first 3 rows and columns
of pixels from an image for both signal and temperature values. With this transformation,
the images are properly treated and ready to be analyzed.
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Table 8 — Camera signal and temperature values from the thermal image.

Column 1 Column 2 Column 3

Line 1 Temperature 20.38564 20.33389 20.20438
Signal 3141 3139 3134

Line 2 Temperature 20.35977 20.33389 20.30800
Signal 3140 3139 3138

Line 3 Temperature 20.17845 20.48908 20.35977
Signal 3133 3145 3140

In future analysis, it is important to have well-calibrated thermal images that
contain temperature values as close as possible to reality. A significant point that must
be highlighted is that thermal cameras can more truthful measure points that are po-
sitioned at 90° from the camera, vertically and horizontally, so that points located at
the edges of the image are less reliable. Considering that thermography technology,
such as the thermal camera, can be a source of error, a comparison between the tem-
perature values acquired with thermography and the temperature sensor regarding the
turbine housing is essential. Thus, if a significant difference really exists, the images
can be calibrated so that the next steps are not influenced by this error.

In order to make this comparison, pixels from the thermal images were manually
chosen next to the sensors to represent the most similar thermal point. Their positions
are related to sensors 2, 3, and 5, located at the middle top, right top, and center part
of the turbine housing, respectively. For better visualization, the chosen thermal points
were marked with a red dot in the thermal image presented in Figure 35. For this test,
all thermal images were processed.

Figure 35 — Thermal points related to sensors 2, 3 and 5.

Source: Author.

The results of the comparison for all 3 sensors are presented in Figure 36. While
the points close to sensors 2 and 3 only varied about 2.5°C during the whole exper-
iment, the sensor 5 region had a variation of about 20°C, according to the sensor’s
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measurements. In contrast, thermography shows a variation of 25°C for sensor 5, point-
ing to a big difference between both pieces of equipment. The difference in temperature
variation between the sensors can be explained by their positions. Sensor 2 is near the
top of the object, suffering influence from the air above. Sensor 3 is located at the right
corner of the object, being influenced not only by the air above but also from the side.
Sensor 5, however, is in the center of the turbine, having less contact with the air, and
also much closer to the heaters.

A more focused analysis of the results from point 5, due to its large temperature
variation, shows that for temperatures around 40°C the error is close to 5°C, while for
lower temperatures the error decreases to nearly 2°C, indicating that the error between
the thermography and the sensor varies with temperature, and not with time as it may
seem. In order to use these results to calibrate all thermal images it is relevant to
investigate if the error has a linear behavior regarding the temperature variation.

The linear regression for all 3 points was calculated using Python, specifically the
scipy library and the linregress function. The results from each point can be visualized
in Figure 37. The used function returns important information about the regression,
such as the slope and intercept values that compose the resulting line, as well as the
coefficient of determination (R?) and p — value. For point 2 the linear equation is given
by

e =0.6239439142537991T —12.44152011832755, (21)

where eis the error and T is the temperature in Celsius, with R = 0.29422571072 and
p— value = 1.49. Point 3 has a linear equation of

e =0.2843974138420933T — 4.714539754583876, (22)
with R2 = 0.29403843094 and p — value = 1.88. Lastly, point 5 is given by

e =0.19646070797247955T — 2.548382030841874, (23)

with R? = 0.93392695037 and p — value = 0.0.

Analyzing the distribution of error for points 2 and 3 it is possible to notice that
the error is too spread through the range of temperature. In addition, point 2 shows a
different standard deviation for most error data, which may be a sign that the data used
cannot be trusted for the analysis in the discussion. The non-usability of this data is
confirmed for the p — value of both points, which pass 1, meaning that the data does
not have a reliable correlation between error and temperature. Although these are not
the expected result, they can be explained by the small range of variation from the
temperature during the experiment. Such small ranges do not allow adequate analysis
of the error behavior.
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Figure 36 — Temperature comparison between sensor and thermography.
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In contrast, point 5 provided a more reliable result. The p — value equal to 0
indicates an existent correlation between error and temperature. This is confirmed by
the coefficient of determination, which shows that the error can be predicted in 93% of
cases. Since point 5 is located in the middle of the image and the turbine housing, is
prone to have fewer errors related to thermal camera capture, and resulted in a usable
linear regression with a great coefficient of determination, its resultant equation from
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Figure 37 — Linear regression for temperature comparison error.
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the regression (Equation (23)) is going to be used to calibrate all temperature errors
from the thermal images.

To do so a python script was created to read the image’s pixel value and calculate
their specific error one by one. A piece of the code is presented in sequence. Variable
img_array represents the original image and x and y represent the pixel coordinates.
Each pixel value is used to calculate its corresponding error and then the error is
subtracted from the pixel itself, resulting in an image fully calibrated without temperature
error in a customized manner.

slope = 0.19646070797247955
intercept = -2.548382030841874

new_image_array = np.zeros([512, 640])
for i in range(len(img_list)):
img_array = np.load(img_path + img_list[i])
for x in range(len(img_array)):
for y in range(len(img_array[0])):

error = (slope * img_array[x][y]) + intercept
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new_image_array[x] [y] = img_array([x][y] - error

The ability to create a connection between the 3D virtual model of a turbine
housing and the temperature values from a thermal image allows the creation of a
realistic virtual representation of the real turbine housing. This is made possible through
the use of well-calibrated images with temperature data from the whole object. Such a
virtual representation is important for use in future simulations. It allows for the analysis
and prediction of the behavior and performance of the turbine housing under various
conditions. By using the processed images, it is now possible to establish the necessary
connection between the temperature values shown in the thermal image and the nodes
in the 3D virtual model of the turbine housing.

To perform this connection, the image is attached to the virtual object using
the UV-mapping tool from the Blender software. This process, known as UV mapping,
involves projecting the texture of the image onto the 3D model of the virtual object. By
aligning the image with the correct areas of the model, it appears as if the texture is
actually applied to the surface of the object. As this experiment only contains front-view
thermal images from the turbine housing, the virtual model was UV-mapped based only
on its front view, so the turbine was mapped as 1 single piece, instead of 6 as presented
before. The UV-map and its resulting effect can be seen in Figure 38.

Figure 38 — Real experiment UV-map.

(a) UV-map (b) Result
Source: Author.

Although the UV-mapping technique produces a visually appealing result, the
mapping of the lateral parts of the object has some errors. This is because the process
involves flattening the object, which can result in the center region being more reliable in
terms of temperature than the lateral regions. As a result of this issue and the fact that
the turbine has a symmetrical temperature distribution, only a few nodes of the turbine
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will be used in the simulations. These points will serve as the input for an interpolation
process to calculate the temperatures at all of the remaining nodes.

The 10 chosen nodes are represented by the orange triangles in Figure 39.
Their positions are also introduced as thermal points in Figure 29. To actually obtain the
respective temperature values from these nodes, a ply file containing all the connections
between temperature and node must be exported from Blender and processed using a
Python script, as explained at the end of Section 4.2.2.

Figure 39 — Selected points.

Source: Author.

In order to run simulations for various time steps of the experiment, it was nec-
essary to repeat the procedure for obtaining temperature data from the object nodes
using multiple images. A total of 10 images were utilized, with each one representing
a time step with an interval of 1 hour, beginning at 9:38h and ending at 18:38h. In
addition to the data obtained from the images, it was also necessary to collect the
temperature measurements from the sensors, which were taken at the same time steps.
As the internal surface of the turbine housing had its temperature measured by only
four sensors that were located near the lateral edges, two points were selected in the
horizontal center of the turbine, vertically aligned with the sensors. These points are
depicted as yellow dots in Figure 29. The temperature of these points was determined
by the average temperature of their respective aligned sensors.

The coordinates and temperatures from all 10 thermal points, 13 temperature
sensors, and 2 additional points, a total of 25 different regions of the turbine housing,
can be used as input for interpolating temperature values for all remaining nodes of
the virtual object. The distance from each node was first calculated using Dijkstra’s
algorithm, and then the interpolation was carried out using the ordinary kriging algo-
rithm. Both algorithms were implemented in the Python programming language. Once
again the procedure was conducted for all time steps and their results can be seen in
Figure 40, where the temperature distribution is identified by colors, with blue as cold
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and yellow as hot.

Figure 40 — Interpolation results for 10 time steps

]

Following completion of the outlined steps, each node in the virtual turbine hous-
ing has been assigned a different temperature value for all time steps. This data can
now be used as input for simulating the heating and cooling process of the turbine hous-
ing. The goal of the simulation is to get data regarding the deformation of the turbine
housing material caused by the heterogeneous change of temperature. To do so, the
virtual object, along with its physical characteristics and constraints, must be imported
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into a finite element method (FEM) simulation software. Later on this result is going to
be compared with the real experiment data, which still needs to be processed.

After setting the material’s mechanical and thermal properties, and the physical
constraint to prevent the object from expanding downward, since it is resting on the
ground, the temperature of each node is passed to the configuration file using a python
script, as explained in Section 4.2.5.1. Then, the simulation is performed using the
Calculix tool, resulting in a calculation of the deformation and stress suffered by the
object due to the temperature.

4.6 DEFORMATION ANALYZES AND RESULTS

With the simulation already performed, the resulting data can be analyzed for
a better understanding of the object’'s deformation at each time step. Furthermore,
the real experiment data from the distance measurement of the SMRs by the laser
tracker should also be analyzed for different time steps. Finally, data concerning the
deformations suffered by the object, acquired from the real measurements and from
the simulations, can be compared.

Starting with the simulation, the FreeCAD results from each time step needs to
be exported as VTK files, which are then processed by a Python script that reorganize
the file in columns of data containing the coordinates, displacement and temperature
from each node. This data can be processed to calculate the distance between 2 points,
resulting in the deformation suffered by the object regarding the chosen points. For this
project, 4 measurement lines were set up: an horizontal top line, which represents the
distance and deformation of SMRs 0 and 2; an horizontal middle line, for SMRs 3 and
5; a vertical left line, for SMRs 0 and 5; and a vertical right line, for SMRs 2 and 3.

Coordinates from specific nodes that are correlated to the SMRs position 0, 2, 3
and 5, were processed, and the distance between each pair of SMRs were estimated
using the euclidean norm. The deformation was calculated by subtracting the original
distance between the points in the neutral object from the distance value after the
simulation with a higher temperature.

For the real experiment, where the points positions were measured by the laser
tracker, the procedure is similar. The data from the experiment was sent to a database
containing the exact time of measurement and coordinates from the SMRs. Since the
laser tracker measured all 8 SMRs in a loop, their data were mixed in a single file. By
using the SMRs original coordinates, it was possible to filter the data from the four
chosen SMRs and calculate the distance and deformation from the SMRs pairs using
the same methodology as used for the simulation results.

Deformation values from simulation and real experiment are presented in Fig-
ure 41. It is noticeable a measurement error by the laser tracker for the vertical right
line, which must not be considered in future analyzes. Analyzing the measurements
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maximum values, the horizontal top line has a simulation error of 45%, the horizontal
middle an error of 26.3%, the vertical left an error of 25.7% and the vertical right an
error of 16.4%, resulting in an average error of 28.35%.

Figure 41 — Measurement lines deformation comparison with CTE=11.1mm/mm/K
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Source: Author.

With a coefficient of thermal expansion of 11.1mm/mm/K, the linear thermal
expansion (LTE) can be calculated for the different temperatures of the turbine points
in the experiment. The LTE for all 4 measurement lines is presented in Figure 42. It is
important to consider that the LTE was calculated based on the temperature from the
closest temperatures sensors from each SMRs, resulting in 2 sensors per line and a
focus on the region temperature.

In the presented figure is possible to notice that the LTE for the horizontal top,
a region where the temperature increases very little during the experiment, is close
to 50um, which is a small value if compared with the real measurement. This can be
explained by the influence that the deformation of the horizontal middle line has on the
horizontal top line in reality, since once the middle of the turbine expands, the top also
inherits some of this expansion. This behavior is not considered in LTE calculations.
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Figure 42 — LTE of the measurement lines with CTE=11.1mm/mm/K
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On the other hand, examining the LTE for the other lines, it shows a value
closer to the real measurement, but still, there is an error of 27.4%, 25.5% and 36.2%
for the vertical left, vertical right and horizontal middle lines, respectively, over the
real measurement. Considering that the theoretical and simulated deformation are
always smaller than the one measured by the laser tracker, a possible source of error
is the used coefficient of thermal (CTE) expansion. Because of this indication, and the
empirical nature of that value, new deformations were calculated using a CTE 30%
bigger than the original, with a value of 14.4mm/mm/K.

After running new simulations with the increased CTE, the deformations were
processed and the new results are presented in Figure 43. Now, the errors between real
and simulated data are smaller. The horizontal top line still presents the greater error
from all 4 measurement lines with a value of 31%, which is expected since it suffers with
influence from the whole object expansion, becoming the most difficult one to predict.
Even so, it had an improvement of 31.11% over the error seen in the previous analysis.

The other 3 lines have a even better result. The horizontal middle, vertical left
and vertical right lines have an error of 11.33%, 0.13% and 13.9%, respectively. When
compared with the previous data, it means a improvement of 56.92%, 99.49% and
15.24%. Besides, all theoretical linear thermal expansions increased. Their results are
presented in Figure 44. The LTE error over the real measurement is 17.24%, 5.99%
and 2.97% for the horizontal middle, vertical left and vertical right measurement lines,
showing a great improvement over the previous data. The average error relative to the
linear temperature expansion theoretical values is 8.73%.

Although the increase in the value of the used CTE resulted in improvements,
there are still significant errors that need to be addressed. The deformation measure-
ments play a significant role in the research field, but they are relatively insignificant
on a global scale. As a result, these measurements can be susceptible to a variety
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Figure 43 — Measurement lines deformation comparison with CTE=14.4mm/mm/K
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Figure 44 — LTE of the measurement lines with CTE=14.4mm/mm/K
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of factors that can lead to errors in measurement and prediction. The main possible
source of errors are presented in Figure 45.
Trying to quantify a possible influence from the interpolation over the results,
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Figure 45 — Possible sources of error prediction
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an analyze of the overwritten temperature value was performed. Table 9 shows the
temperature error for the main sensors used in this experiment, such as 10, 11, 12 and
13, correspondent to top left, top right, middle left and middle right positions, respectively.
It is possible to observe that the interpolation procedure is underestimating the values
for middle region when the turbine is heating (time step 2, 3 and 4), which are the
warmest region. The average error of 0.96°C causes a difference in thermal expansion
of 14.92um for a CTE of 11.1mm/mm/K and 19.35um for a CTE of 14.4mm/mm/K.

Table 9 — Interpolation error in Celsius.

Time step Top left Middle left Top right Middle right
1 -0.198886 -0.520336 -0.164353 -0.322214
2 0.0221402 -1.1691 0.00745291 -0.724156
3 0.0658477 -1.18892 0.0843719 -0.723558
4 0.0726119 -1.20331 0.0824525 -0.743671
5 -0.0870665 -0.615113 -0.041178 -0.424975
6 -0.139723 -0.555234 -0.0940854 -0.331331
7 -0.159153 -0.531206 -0.110312 -0.291542
8 -0.167375 -0.528605 -0.11855 -0.305493
9 -0.177499 -0.53452 -0.121504 -0.304865
10 -0.18066 -0.530627 -0.124129 -0.301096

In addition to the impact of interpolation on the results, there are potential
sources of error, as depicted in the diagram, that may influence the result. To fur-
ther investigate these sources of error, the institute conducted a parallel study on the
stability and precision of the laser tracking equipment. The laser tracking device was
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utilized to measure the turbine housing for a duration of 24 hours, with no heat applied.
The results of the experiment revealed a deformation of the object, indicating that it
contracted over time. Certain peaks of deformation observed in the data suggest a pos-
sible influence of temperature fluctuations on the factory floor during the day. However,
the data set also suggests that the laser tracker may lose its accuracy when used in a
loop, which may not be the case when used with a single stationary object.

The value of the average percentage error obtained is considered satisfactory,
not only because of the possible sources of error that should be explored, but mainly
because this project was the first work at the institute that pursued the development and
implementation of a framework for predicting the thermoelastic deformation of parts on
a large scale following the methodology presented.

It is important to note that there may be other sources of error that should
be explored in future studies. Further research is necessary to fully understand and
address these potential sources of error. This will enable more accurate and reliable
results to be obtained and may provide insight into how to improve the measurement
and analysis process. By exploring these other sources of error, we can ensure that
the results are as accurate and reliable as possible and that any potential issues are
identified and addressed.
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5 CONCLUSION

Errors in the production of large-scale parts can result in a decrease in product
quality and efficiency, as well as a threat to the product safety. Such errors are often
linked to temperature changes in the environment or in the object itself, which result in
expansion of the material due to its thermoelastic behavior. The increase in size, even
if in the order of micrometers, is considered high in a manufacturing process, as the
error tolerance is small for large parts, as regulated by ISO 2768. With this, there is an
urgency for a technology that can help in understanding the changes that occur in large
objects.

Considering the influence that a small change in temperature can have over
a large scale workpiece production, experiments were conducted in which a large
turbine housing was forced heated in order to acquire data concerning the temperature
and deformation of the object while the temperature was not stable or homogeneous.
The data was collected using multiple measurement equipment, such as temperature
sensors, a thermal camera and a laser tracker.

All data required treatment and processing so it could be used in FEM simula-
tions with the objective to predict the object deformation in a range of temperature. A
comparison between simulation results and real measurements from the experiment
was performed. Four lines of deformation were studied and the simulator was able to
reach a deformation value with an average error of 28.35% over the real measurements.

Analysis showed that the simulator provides a deformation outcome with a pat-
tern similar to the real behavior of the turbine considering the time line, but with a
significant error in value. Results closer to reality could be achieved by increasing the
value of the CTE, i.e. by empirically changing the physical properties of the object,
which improved the result in 31.11%. The result is considered suitable and sufficient
for the proposed and implemented methodology, specially considering the innovative
attempt to implement a prediction technology for the deformation of large workpieces
for the first time in WZL.

It was made clear that all the multiple steps required to reach the simulation
point, as well as the used equipment, are very susceptible to errors, and some of them
are so sensible that small changes in temperatures value results in great impact on
the object’s final deformation value. Since all those sources of error can accumulate,
different avenues for future work remain open. Topics such as interpolation parameters,
angle between camera lens and object, laser-tracker stability in routines, physical pa-
rameters of the object and the environment, accuracy of the temperature sensors and
environmental temperature stability remain as suggestions for further research.
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