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Abstract

An automdic system to weld multipleayersusing Tungsten Arc (TIG) weldingas in the process of

being developed by Todlec Wel di ng | nc, rpcentlmankrugtoy ant suksequemtmp a ny
closure. @e of thep r 0] e c tobcens masthenhermal expansioexperienced byhe partto be

welded.To avoid having to install expensive sensors, it is hecessary to predict the temperature and

the dilatation of thenouldduring the welding process.

The mould to be welded is preheatedpt@ventexcessive stress due to extreteenperature
differences in the materials well, it is necessary to maintaihe temperature of the mouttliring

theweldingprocessn orde to avoiddistortions or changes in silargerthan 1 mm.

Two models have been developed to predict the size of the preheat temperature of the mould and
prevent mould size changes. One model uses the results of several simulations made with finite
elemant analysis (FEA), while the other one takes advantage of Tlemkxpert knowledge using the

Fuzzy Logic method.

Validation of both theories was done at the University of Waterloo, asTemohad at that point
closed down. For the experiment, an MIG (®eArc Welding) robot was used, together with a

mediumsizedmouldand an infrared camera.

Using an IR camera is preferable to using sensors because a camera gives the whole temperature of
the mould while the sensors provide information only about sorétp, and these may not
necessarily be representative ones. However, an IR camera can record hundreds of pictures in a single
experiment and analyzing them one by one to sort the useful from the useless is tedious work.
Therefore, an automatic selectiohtbe useful pictures and recognition of tieuld was the best

way to review the data.

In the end, successful results were obtained since it was possible to maintain the preheat
temperature of thenould within the required limits in order to avoid chasga size larger than
0.05mm. Nevertheless, future tests should involve larger and smallddsin order to tune the

models presented in this thesis.



Acknowledgements

I would like to thank my supervisor, Dr. J.P. Huissoon, for his guidance and consopedrt
through the duration of this research. His suggestions and encouragements were key parts to the

fulfillment of this thesis project.

| wish to thank Tool Tec Welding Inc. for their innovative project which helped me to develop my
own research. As &l as my readers Dr. HJ Kwon and Dr. Behrad Khamesee. Moreover, Shesha

Jayaram for borrow me the IR camera | used to do my experiments.

Vlad and Steven were very nice with me, they help me in my firts days in Canada and | want to

thank them because of tha



Dedication

To Julieta

who help ed me at all times

and

to my parents

who have always be en with me.



Table of Contents

AUTHOR'S DECLARATION. ...ctttiieiiieiiiitttitt s s eeetee e e e e e e s atateaeeeeeesaamteaeeeasssssssaeeeeaaeessmmmeeeeesannns i
Y 011 T i
y ol g [0V [=To [ [=T g1 o £ SREPRR iy
D= [ o= 11T o PSP PRRPPPTTR 1%
TaDIE Of CONLENIS. ...ttt rmme ettt e e e e e e s ammme e s s e bbb b e e e eeeeeeeenanne Vi
IS Ao o U =T Viii
LISt Of TADIES. ...t e e e e e e e enent bt e et e e e e e e e e bbb e e e ennr e e e s X
(O g =T o (=1 1 ¥ 0o [T 1o o 1SR 1
I = T Tl (o o 11 o o R 1
1.2 Description of the Problem.............oeeiiiiiiiiiie e eeeeeeeeeeeeeevvneennennemnne e e e el
IR @ o] [=Tox 1)Y= 7
Y 1 8 o (U = OO SUPPPPPRTTPN: 8
Chapter ZPreheaMouldsand Thermal Modeling...........ccuuvviiiiiiiiiircc e 10
2.1 Thernal Expansion, Thermodynamics and Heat Transfer............cccccovvieeeeee e, 11
2.1.1 Thermal EXPaANSIONL.........uuuiiiiiiiieeii ittt e e e e e s s rmmme e r e e e e e e e s s smmne e e e anne 11
2.1.2 First Law Of ThermOOdYNaIMICS........cuuiiiiiaiiiiiiiineeriiiiie et e e e s sisrenas e e e e e e e e e 14
N G [T A = g ] =Y 14

2.2 ATC WEIHING ...ttt eeeb e e e e e e e e e e e s eees e e e e e e e e e e e nnnbenee s 21
2.2.1Gas Tungsten Arc Welding(G) .....coooooiiiiiiiiee e 22
2.2.2 Metal Inert Gas (MIG) WeldiNG............uuuiiiiiiiiiiiee e rmmee e 25
2.2.3 Comparison between TIG and MIG..............oooiiiiiiccmmme e 28

2.3 Finite Element Analysid=EA) MOdEliNgG..........coooiiiiiiiii e 30
2.3.1 Finite Element Analysis (FEA).........coooi i mrne e 30
2.3.2 ANSYS 12.1 WOIrKDENCR.....eeiiiiieiiiiiiiii et nens e e e e e e e e e nnee e 35
2.3.3 . Numerical Proposed MOEL............oooiiiiiii e 38
Chapter Fuzzy Modeling and EBlated Moulds.................oooiiiiiieeeicccecc e 56
3.1 LItErature REVIEW......ccei e e et e et et e e e e e e e e et e e e e e amee e e e e e ns 56
3.2 Fundamentals Of FUZZY 10QIC..........cooeiiiii e e e e eeeeaas 57
3.2.1 FUZZY LOQIC OPEIALOLS. ... e i i e ieieeee ettt mmme e e e e e e e aaeeaaaaaaaaeeeeeeaaesnnes 57
I A o V7.4 o 11 o PSPPI 58
GG I B L= U474 | 1= £ o N UPRRRSRR 59



3.2.4 FUZZY LOQIC EXAMPIE.....uiiiiiiiiiiiiiiiieeme e reee e 59

3.3 Fuzzy Logic Proposed MOGEL...........uuuuuuiiiimmie e eeee e 62
3.4 Comparison between Fuzzy Logic and Analysis of FEA Modeling Results.................! 66
Chapter ZEXperimental TESHNG........coviiiiiiiee et eeeer e s et rreraeeeas 69
R 0 T=T 1 4T o =T o Y PP PPPPPPPPPPPPPPP 70
g O R I (T = LB B LAV 70
2 - Vo[- U1 o] o 71
4.1.3 Components Of an IRABIEIAL. ..........oiiiiiiiiiiii et 73
4.1.4 MEASUIEIMENES.....ceviitiie e e eeeettiimceeettt e e e e e e eetba s s e e e e e e e eeasanas s e e eesamnneseseeesssnnnnnes d D

4.2 EXPEIMENT SEUUDL......utttiiieieeeeeesieeees sttt e e e e e s s s e e e bbb e e e e e e e e e s s s mnmassbbereeeaeeeeaas 7
4.2.1 AB WeldiNg RODQL........ciiiiiiiiiii e e e rmmee e 79
A 41 =V =10 I OF= 1o 1= VSRR 81

4.3 Experimental Re#S and DISCUSSION..........ccuuuviiiiiiiie et smme e 84
4.3.1 Automatic Recognition Program to Get RESULILS...........vvvviiiiiiiinee e 84
4.3.2 Analysis and Discussion Of RESUIS.............cuviiiiiiice e, 92
Chapter 8CoNnclusion and FULUIE WOIK..........uuiiiiiii it eees s e e e a e 97
ST A @0 o3 011 o £ PP PPRRPRP 97
5.2 FULUIE WOTK. ..ttt ettt e e e e e e e e et e e enns e e e e e e e e e e e nnnbreee s 98
PN o] o L=] Lo o Y3 PP UPPPPPRN 99
Appendix A Shielding gases tablas.............oovviiiiiiieei e ———— 99
Appendix B Coefficient of CONVECHION. ........cciiiiii e 101
Appendix C Example of IMage XXX ....uuiiiiiiiiiiiiiiiimrne e e e e e e e eeee e 103
BiBIOGIraPNY....cce e e nnne s 106

Vii



List of Figures

Figure 1 : Exampl e of .a..cl.as.s..fiAod..s.ur.fac.e......... 1
Figure 12: Preheat tables for welding SYStem.............oooviiiiiiirce e 2
Figurel-3: Example ofnouldreproduced with CAD data in Solid Works.................................. 4
(T[0T S VYLt (o [T g To TS = o o 5
Figure 15: Welding Station: a CloSer [00K..............oooiiiiiii e e eeeaen) 6.
Figure 16: This robot could be used in higlhlume production............cccooeeiiiiiiiiccceeiieeeeeeeeeee, 7
Figure 17: StruCture Of tNESIS.....uuuuiiiicccime e e eeaes 8
Figure 21: a) Thermal expansion problem with early train rails b) Resolving the problem paved the
way for larger construCtion ProjECLS........coooiiiiiiiii e 11
Figure 22: Thermal expansion for different initial lengths...........cccocviie 13

Figure 23: The energy of the pot is equal to the net heat transfer, assuming absence of work in the

A1 (<] 0 R PP PRSPPI 14
Figure 24: Thin hot plate in different POSItIONS.............ccuviiiiiiieerie e 16
Figure 25: BaSiC WeldiNG CIFCUIL..........uuuiiiiiiieeeeesecme e srmmee e e e e e ne e 21
Figure 26: Essental Equipment for the TIG process, taken from.i.........ccccceveeiiiiccceiiiiiiiiene, 25
Figure 27: Five types of MIG welding: a) Axial Spray; b) Globular transfest@rt circuit; d) Pulse

current; and e) Surface Tension TranSter..........ccuvvviiiiiieeniiee e 27
Figure 28: MIG WIr€d fEEUET.........ueeiiiiiee e ee e e e e e e e s 28
Figure 29: Plane wall with differential equation valid at all points in the upper side, and Finite

different Equation valid only for nodes in the down level...........cccccceeiiicneeennnnnn. 33
Figure 210: Most common finite EIEMENLS.............uviiiiiiiiiii e, 34
Figure 211: ANSYS 12.1 Workbench TOOoIDQX...........uuuviiiiiiiiiimn e 36
Figure 212 ANSYS 12.1 Workbench Project Schematic................coo oo cecces 37
FIgure 213: ANSYS MESN.. ..ottt ettt e rer e e e s e eeaaeeas 38
Figure 214: Mould used in SIMUIALION. ..........uuuiiiiimr e rrer e 38

Figure 215: Temperature ofmouldswhile welding. At the end of each line, you will see the size of

themould followed by its final temperature in CelSius.........cccccceeeieiiiiicccneeeeenn 41
Figure 216: Heat in different VOIUMES......... e it 42
Figure 217: Heat in SXIIMm® MOulQ...........oovoviiiieie e et 43
Figure 218: Heat in IX10mm® moulds..........ccoovoveviievieciceeeeeceeeeeeee e A3
Figure 219: Heat in 7X18MM MOUIGL...........c.coovieeeeeececeeecee et 43



Figure 220: Heat in 8.5XITNMT MOUIG..........coi et ceeee e eeees e A

Figure 221: Heat and volume divided by time...............ccoo i irreeericecccses e A
FIQUIE 222: WVIE VS HI.oeeeiiei ettt e e et s e e e e e e e e e e e e e e e e e e e e e e e ememsesaassaensrnennnes 50
Figure 223: Summary of proposed MOdeL..............oooiiiiccierrr e 54

Figure 31: Differences between crisp logic and fuzzy logic (upper diagram) and complement of a
fuzzy Set (IOWEr IAgIaIM).......cuviiiiiiiiiiii e ieee et e e eeer e e e e e e e 57

Figure 32: Graphic representation of a union and an intersection between two fuzzy.sets...58

Figure 33: Graphic representation of fuzzy logic process where R1, R2, R3, R4 and R5 are the fuzzy
logic rules, T (temperature), M (mass) and P (pressure) are states, and F (fuel) is the
Lo =T o ] o] T 4= To [ SRR 60

Figure 34: The gray area is the union of each F result and the red line is the centforzifieation.

............................................................................................................................... 61
Figure 35: Graphic presentation Of Size fUNCLIONS...........ccooiiiiiiimmmriie e 63
Figure 36: Second condition Of R2.........coooi i rree e e e e e anees 65
Figure 37: Consequences of R1, R2 and.R3............ooi i ccmree e 66
Figure 38: Example ofmouldusing CAD information..................cooo i ieeeiiicc e 68
Figure 41: Incident radiation on a body...............ooooiiiiiiireei e, 72
Figure 42: 1D SCANNING SYSIEMIS.......ciiiiiiiiiiiiieeeeeeeeie e e e e e e e e e e e e e e e e e e s eeeeeeeaaeesseeereereaerarrrnneeeeeas 74
Figure 43: Process of display Unit 0N @ CAMEBIA........ccccceieiiii i eree e 75
Figure 44: Steel block with two layers of Welding............covveeiiiiiiice e, 78
Figure 45: FLIR Thermacam SCBHOD...........uuiuiiiiiiiiiiiiire e e e e e e e e eee e e e e e e e e e e e eeeetassreeeseeerereeanennnena——- 79
Figure 46: Robot, canera and block ready for @Xperiment...........ccccvvvviiiimeeeeeeeeeeeeeeeeeeeeee e 82
Figure 47: Manual recognition of the MOuld...............oociiiiiiieeeiii e 84
Figure 48: Adjusting contrast of images: a) equation 33, b) equation 34, c) equation 35.......87
Figure 49: Histograms Of gray SCale PICTUIES. .........cooiiuiiiiiiieeeiiie et e e 89
Figure4-10: Binary image of frame 500..........c.uuuiiiiiiiiiiiee e 920
Figure 411: Temperature and gray [eVel QVErage...........cuuvviiiiiieeeiiie e 91
Figure 412: Temperature limits to avoid excessive thermal expansion................cccvueeeevvvnnee. 92
Figure 413: Temperature ghould, CIOSEr VIEW.............cooiiiiiiiii e mmme e 93
Figure4-14: Pictures taken with infrared camera at 0.341, 0.344, 0.35 and 0.352 .hauts......94
Figure 415: Temperature afould, ZOOM iN........cciiiiiiiiiiiiiiii e 95
Figure 416: COOlINGUOWN PIrOCESS. .. .ciieiieeeeeeee e e ettt meme e e e e eaeaaeaeeaaaeeaeeeeeaneees 96


file:///C:/Users/Miralcielo/Documents/thesis/Temperature%20Mould%20Maintenance%20during%20Automatic%20Welding.docx%23_Toc293413476

List of Tables

Table I: Coefficient of thermal expansion fO2B StEEl.............ooiiiiiiiiiiieee e 13
Table II: Thermal conductivity Of20 SteeL..........ooeiiiiiiiiiiiee e 15
Table IlI: Tungsten electrode reqUIFEMENTS..........uuuiiriiiiiiieere e eeeeeee e e e e e e e e e e e e e ereee s 23
Table IV: Comparison between TIG and MIG PrOoCESSES........cccvvviiiiiiiieeei e 28
Table V:Weight and size of designed mOUIdS................ooiiirrr e 39
Table VI: Coefficient of expansion for proposed model usineg2@ Bteemould.......................... 45
Table VII: Density 0f P20 StEEL..........vviiiiiiiiiiiieiee e A8
Table VIII: Values of a and b for different initial VOIUMES............c.ovvviiiiiieeee e 50
Table IX: Variables of proposed mMOdel.............cooo e 54
Table X: Results for differdmethods. . .........coooiiiiiiiiiiiiee e 66
Table XI: Parameters used in @XPEHMENL..........uuiriiiiiiiirre e eeeeeeeeeeeeeeeeeeeeeeeeseerrrerrnranran—aa—.. 79
Table XII: Differences between ideal and experimental ProCeSSES...........cvvvveiiiacceeeerriiiinenn. 80
Table XlII: Shielding gases fOr MIG...........uuiiiiiiii e eees 99
Table XIV: Typical applications for common shielding gases for MIG welding.................... 100



Chapter 1

l ntroducti on

The introductory chapter provides an overview of the entire project on which this thesis is based,
followed, in the second section, by the specific reseamtbpkr e m i nvestigated in thi
third section outlines the objectives of this thesis, while the fourth and final part of this chapter explains
the structure of this thesis in order to help the reader understand this proposal.

1.1 Background

Tod-Tec Welding Inc.,the OMEGA group and the University of Waterlatevelopedan automated

robotic system to weld multipfeungsten Arc WeldingTIG) layersto builda® Cl ass O6Ad6 sur f
contour shape using a sixis robot.TIG welding is usedto@ahi eve a ¢l ass fAAO0 surf
welding is a clean process that does not have metal across the arc and does not spatter if the process is free
of contaminantsigure1-1 shows an example of the kind of work this sgstan perform.

~

Figure 1-1: Example of a class fAAO0 surface

The idea for the system arose due to alifsakcenario. Toollec usedo build up layers of welding
material to modify moulds of plastic injectidrequentlyused in the automive industry. Thus, ifa part
needed to behange, the mouldwould nothave to be throw out but couldoe modifed by welding.
Modifications hado beperformedmanually, which can beery exhaushg for the person doing ghwork

and mayalsolast several days.

The process consists of the following steps:

C

C



1. Preheat the mouldThe mould to be welded is preheated to avoid excessive stress due to
extreme differences in temperature in the materia. preheat temperature can rarfigpm 200
to 400 degrees Celsius. If the mould is not large, it can be preheated in a preheat table where
the welding also takes place. Two preheat tables are showiguie 1-2. These tables have
burners that can be turned ogparately depending on the size of the mould. If the mould is
very large (e.g., a bumper mould), it has to be preheated in an industrial oven and then moved
by a bridgecrane as the mould has to be at least 300 degrees C and could weigh more than 1

ton.

Figure 1-2: Preheat tables for welding system

2. Maintain the preheat temperaturl the mould has been preheated on a preheat table, it has to
be covered with thermal cloths until the temperature of the moedehes a uniform
temperature. If the mould has been preheated in an industrial oven, it also has to be covered in

order to maintain the preheat temperature after it is moved to the welding place.

2



3. Correct the sizeOne of themain concerns during thpreheatprocess is thermal expansion.

This dilatation depends on the materialaterial temperatureggmbient temperature, size and
shape of the mould’he robot then must detect a key point of the mould (called tooling balls)

to determine the new size of th@uhd as well as its orientation.

Welding work Finally, the welding process starts and, to obtain the best results, the robot
should already know the path it has to follow, the new size of the ntbel@rientation of the

mould the welding parameters, asd on. However, as any of these parameters can change, the
temperature of the mould must remain at the preheat temperature at all times. Therefore, it is

necessary to knowhe temperature of the mould during tvelding processn order to avoid
distortions or changes in sizargerthan 1 mm.
5. Rectify quality of mouldQuality verification has to be done in order to return the mould within

the customer6s specifications.
The automatic system is dividadtwo parts: an Engineering Statiand a Welding Stain.
The Engineering Station is composed of:
Engineering PC & Software
0 High-End PC with
V Access to network/internet
V 8GB Ram min
V High-End Video card
V High-End Processers (duo)
0 Software
V Tool-Tec Software
V SolidWorks
VvV  PowerMill
V Robot Studio
The PC description ithe minimum required to support the Tdac softwarevhich interacts with

SolidcWorks to extract the CAD data of the moub be modified. An example of a mould that is

3



reproduced with CAD data in Solid Works is presenteHBigure 1-3. This software also acts together

with PowerMill to create layers and paths that the rolit follow. Robot Studio performs the weld

simulationto validate the path®rcethe simulation is donenformationaboutthe paths and layeis

sent tathe Welding Station viathe network or internet.

Figure 1-3: Example of mould reproduced with CAD data in Solid Works

The welding station is composed of:

d Robotic Welding Station

\Y

Vv

< < <

\Y,

ABB Robot/Controller (spefic robot based on need)
Liburdi Welding Controller/Wire Feeder

Tool-Tec Welding Torch

Tool-Tec Heating Table with Heat Controller/Monitors
Welding Cage and Safety Controls

Air, Gas and Electrical Hoeklps

0 Weld Station PC & Software

\Y

\Y

\Y

Mid+ Range PQvith acess to network/internet
Tool-Tec, and supporting Software (ABB)

Tool-TecFlex-pendant Controller



Figure 1-4 and Figure 1-5 show the welding station built by Tedkc, following all safety
requirements,n order to develop a complete automatic system. These figures are labelled to identify
some of the components of the welding station. Note that even though a TIG welding process normally
does not have a wire feeder, the Foekt process does. Tebkc degjned its own torch in order to make
an automatic wire feed. Moreover, the T-d@c table is very important since it helps maintain the preheat
temperature of the mould. The computer here does not have to be as powerful as the one in the
engineering statiorbecause this computer receives the instruction to weld, creates and adjusts weld
parameters, controls and monitors welding operations, and could easily validate the welding through
simulation. It does not work with CAD data.

3 -%‘_!lt\
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Figure 1-4: Welding Station



Tool-Tec
Heating
Table

Tool-Tec
Welding Torch

Figure 1-5: Welding Station: a closer look

The first purpose of this system was to modify automotive plastic madtsever, the automotive
industry is no the only one that can use this technology; it can be used for any tigéeaequires
welding. Figure 1-6 demonstrates an example of a potential higlume production that can be done
according to the system described above.



Figure 1-6: This robot could be used in highvolume production

1.2 Description of the Problem

In generalmetalstendto expand or contractue tothe energy in them. Thmeans that if a steel object is
modified by adding energy and mais®e molecules will react and the size of this pdlt change. Ths,

if P-20" steel mould is prehead and weleéd, some distortions can be expectdthis process can be
divided into two partsthe first part is the initial taperature of the mouldind the second part is the

temperature of the mould when mass and enargyadded

When a piece of the steel is preheatédis a steadystate problenfrom the thermal point of view
because there is no change in tintecan thus be said that the element has uniform temperature

especially if it was preheated in an oven.

However, the accumulation of mass and energy while weldingmedepenént, since it is a
continuous process. Moreover, the temperature of the malildoMonger be uniform asthe energy is
concentrated ira single point in order to melt the material already in the mosldvall asthe added
material which is going to be part of the element.

1.3 Objectives

The purpose of this thesis is to present a simple eaptanfor the preheated thermal expansion problem

and provide two alternative solutions to predict the temperature of the mould while the mould is being

! In this report, P20 steel means AISI-20, DIN 1.2330, ASTM A681 or UNS T51620, which accords with the
various systems and designations of this steel.
7



welded to avoid the use of expensive sensors. The experimental data confirms the efficiency of these

resolutions.

1.4 Structure

Figure1-7 shows schematically the body of this thesis. There are five blocks, each representing a group
of sections with the same purpose. The Opening provides information about the project that todk place a
Tool-Tec Welding Inc. It also gives details of the research problem, the main purpose of this thesis, and
the structure of this writing. The next block presents four sections that desarimtie systentor
welding multiple TIG layerstobuilda-B Cl ass 6 A6 surface osixadsrabai.nt our
Included in this section are two temperature problems that may affect the quality of the final shape after
the welding process. This section also details the objective of this study, which énkielping to solve

the heat problems.

ol.1 Background

u1.2 Description of Problem
ul.3 Purpose of Thesis
od.4 Structure

OPENIN

2.1 Thermal expansion, thermodynamics and Heat transfer
2.2 Arc Welding

2.3 FEA analysis

02.3.3 Numerical Propose method

8.1 Literature Review
l FUZZY MODELI u8.2 Fuzzy Logic model

08.3 Numerical model
8.4 Comparison between Fuzzy Logic and FEA method

.1 Thermography
oi.2 Experimental Setup
.3 Experimental results and discussion

VALIDATIO

CLOSING

i

ub.1 Conclusions
ub.2 Future work

Figure 1-7: Structure of thesis



Chapter 2andChapter Iontain explanations of both models suggested kare.of the models applies
fuzzy logic and the other numerical method. The finite element analysis model is explained at the end of
the second chapter, in secti@B.3, while section2.1 to 2.3.2 provide information concerning the
principles followed to develop this model. This theory gives an overvietharimal expansion, arc
welding, thermodynamics and heat transfer, and numerical methods, providing sufficienaiiciorfor
the reader to understand the foundations on which the two resolutioosnateucted. For example, the
arc welding (AW) subject does not describe all processes that use AW but only Tungsten Arc Welding
(TIG) and Metal Arc Welding (MIG). This ibecausélool-Tec uses TIG welding in its system and the
experimental validation uses MIG process. Describing other processes would be beyond the scope of this
research.

The third block explains the fuzzy logic method, starting with a literature reviewvofHuzzy Logic
has been used to solve welding automatic problems, and continuing with the fundamentals of this method.
This is followed by a presentation of the proposed model to solve the dynamic temperature problem this
thesis is addressing. The blocknctudes with a comparison between the proposed methods, the FEA

model and the Fuzzy Logic model.

The validation part consists of three sections: Thermography, Experimental Set Up and Experimental
Results and Discussion. The first part of this block isuihetl because the test was performed with an

infrared camera that uses thermography principals.

Chapter 5Sprovides concluding remarks and proposes future work to continue investigations into this
important research field.



Chapter 2
Prlreeatoul @amsd Ther mal Model i ng

In order to change the shape afauldusing TIG Welding, Toelfec Welding Inc. used to preheat the
working piece at a temperatures range from 200 to 400 degrees Celsius (depending on the size of the
mould) to prevent cracs due to temperature shocks. This preheating process can be done in an oven (if
the mould is very large) or by using burners (if the mould is small). During this practice, the mould
undergoes thermal expansion, which changes its size, sometimes siggificars is the steady state
process that the mould experiences, which is explained in s@ctidn

The second part of the process is continuously changing. From the time the work piece is taken out of
the oven it starts cdiag down, but once the arc welding process starts, a continuous rate of heat mass is
added to the mould to transform the its shape. From a thermal point of view, the piece of steel loses heat
on one side while gaining heat and mass on the other. Theprelth this scenario is that it is necessary
to determine the temperature of the mould in order to know its size. Thus, it is important to understand
how convection (sectioB.1.3.9 and conduction heat transfer (sectiht.3.) as well as the first law of

thermodynamics (sectidh1.2 work together in a complex and dynamic situation.

As mentioned previously, Todlec wused TI G wel ding t o ecer,asahee a c |
company shut down before experimental validation of the models were made, tests were done using a
Metal Arc Welding (MIG) welding robot instead of a TIG robot. (For an explanation of TIG and MIG

welding, see sectioRh.2.3

The purpose of this research is to determine the temperature of the work piece during the welding
process and to make the necessary changes. These changes include turning on the burners to compensate
for heat loss, pausing the procedure in ordadissipate excessive heat, and maintaining the temperature
of the mould as close as possible to the preheat temperature to avoid thermal expansion of the mould.
Thus far, the physics fundamentals of the problem have been presented. Now, a simulatibmitsing
Element Analysis (FEA) tools such as ANSYS Workbench will be used to put in place all the parameters
at the same time and analyse the results with th
temperature. Sectidl 3 offers an overview of FEA, explains how ANSYS works, and proposes a model

that uses ANSYSS results to solve the thesis problem.

10



2.1 Thermal Expansion, Thermodynamics and Heat Transfer

2.1.1 Thermal Expansion

The goal in the first part of ¢hprocess is tdetermine theize of the mouldvhen it is already preheated

so that the robot cdpe programmed witthe correct information. To do that is necessary to know the
behaviour of the materiathen heat is added to it. Thermal expansion is the physiedt effi any metal

when it is heated up. In this section, the dilatation effect is explained as well as the specific reaction for P

20 steel, which is used in the automatic welding system of Teolnc.

Thermal expansion occurs when the regular separdiietaveen atoms increase At ambient
temperature, solid atoms have a separation of roughklmi@nd move at a rate of Az. If more heat is
applied to a solid, its atoms move at increased amplitudes and the object ekjgumeé-1 a) shows a
typical example of dilatation in metals, which is what happened when the first train rails were built.
Nowadays, civil engineers know that thermal expansion is a very important consideration in construction,

and plan accordinglyrigure2-1 b) presents the solution for this problem.

Figure 2-1: a) Thermal expansion problem with early train rails b) Resolving the problem paved the

way for larger construction projects

Thermal expansion can be quantified with the following formula:
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Equation 2-1

eL = Li-Tp, e * (Tf
where:
&L = difference in | ength (mm)

Li = initial length (mm)

e = coefftient of thermal expansion (¢
Tf = final Temperature (C)

Ti = initial Temperature (C)

From Equation 2-1, we can see that the diflsice in length is proportional to the difference in
temperaturgand if the original size ikrge the gradient of the final dimensiondkso largelf a mould is
small,the difference in length in all directions will be insignificamat if a mould ishuge the difference
in measurement will likewise be hugks well, the final size depends on the e constant, whicliffisrent
for each materiallt is important to mentioherethat the value of e is constant only if the gradient of the
temperature isat large and that thermal expansion is proportional in all directions of an object, including

holes. Thus, the volume of an object will change uniformly as it expands.

2.1.1.1 Preheat thermal expansion for P-20 steel

The Table below shaws the coefficient of thermal expansion foR2@ steel at different temperatures
taking as a referencemperatur@0 degree<C.

Coefficient of Thermal Expansion €& Temperature (
1.27e005 200

1.36e005 400

12



Coefficient of Thermal Expansion &

Temperature (

1.37e005

540

Reference Temperature

20

Table |: Coefficient of thermal expansion for R20 steel

For TIG welding it is necessary tpreheathe material to be welddd avoidcold cracking in thédAZ
(heat affeted zone). In the case Bf20 steelthe temperature ohé objectmust be between 200 an@®}

degreesC, depending on the size of the part to be wdldThe chartbelow presentst h e

differences in length. It can be seen that if the size of the mould is less than 250 mm in total tieagth,
width andheightof the dilataion will not be more than 1 mm whéhe difference in temperature is 300

degrees C. On the other hand, if the difference in temperature is 200 degrees C, the initial dimension of

the mould can be 400 mm and linear expansion will no¢ectl

mm.

7.00E+00

Thermal expantion for different initial length

6.00E+00

e

5.00E+00 /
4.00E+00

-

3.00E+00 //
2.00E+00

difference in length (mm)

1.00E+00 //

0- OOE+00 T T T T T T

Initial length (mm)

0 200 400 600 800 1000 1200 1400 1600

——K ¢ T H
—k¢Tlo

Figure 2-2: Thermal expansion for different initial lengths
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2.1.2 First Law of Thermodynamics

Thermodynamics is a science that studies transformation, power generation, refrigeration and
relationshipdbetween energy and matter. During the welding process, energy is used to melt a fraction of
material in seconds, an action, however small, that will affect the entire object. In order to understand the
welding process, we have to understand the firstaathermodynamics, as all bodies in nature are in a

constant state of flux, obeying thermodynamics laws.

Thef i r st l aw of thermodynamics concerns the cons
created or destroyed, enargyynsideaaysteni is equattd the diffErencet h e r |,

between the energy input and the energy output. The formula for this is:
Equation 2-2
O © yo
where E is energyFigure 23 gives an example of this law. In the picture, the total energy of the pot is

equal to the difference between the energy gained and the heat lost. Energy can also be transformed into
work. For example, the heat inside a mould is converted into work thieemal expansion occurs.

' Qou't"=. 3

AE%Qnet =12kl
Qin=15klJ

Figure 2-3: The energy of the pot is equal to the net heat transfer, assuming absence of work in the

system

2.1.3 Heat Transfer
When there is a difference in temperature between twdleboor systems, the object with a higher
temperature will transfer some of its energy to the object with a lower temperature. This transfer can be

done by conduction, convection, radiation or a combination of these.
14



Conduction happens when the particldsaosubstance are in contact with the particles of another

substance and they have more or less energy. These substances can be solid, liquid or gases.

Convection arises when a solid is in contact with a gas or liquid in motion. The faster the motion, the
larger the heat transfer rate, as the solid is in contact with new particles with the same temperature at all

times.

Radiation is the transmission of energy by any kind of matter which is above absolute zero in a form of
electromagnetic waves of photoso(fnore information about thermal radiation, see seetitr?of this
thesis.)

2131Fourierb6s Law of heat conducti on

The rate of heat conduction is proportional to the difference in temperature between two systems. It also
dependn the materials in contact, that is, not all materials will have the same conduction at the same

temperature gradient, as some el ements have bette
Equation 2-3
0 WYY

where Q is the local heat fluxhich can be given in W/ink is the materidél sonductivity(W/m.C),and
P T(C) is the emperature gradient.

The thermal conductivity for 20 steel is given in Table Il below. The conductivity is given in mm,
sine the analysis of the problem of this thesis is in mm. Note that conductivity depends on the
temperature of the object (i.e., a higher temperature leads to faster conductivity).

Table Il : Thermal conductivity of P-20 steel

Thermal
Conductivity Temperature
[W/mm.C] [C]
2.90E-02 20
2.95E-02 200
3.10E-02 400
2.1.3.2Ne wt d.awdoscooling
The rate of heat transfer due to convection is go

15



Equation 2-4

0 ® Y Y
where h is the convection heat transfer coefficiantV/n?, As is the surface area through which the

convection heat transfer takes pleinemz, Ts is the surface temperatureC, a n d isTti2 ambient

temperature in C.

The wefficient of convection is not an easy value. It depends on the temperature of the fluid among the
hot material, the shape of the surface, the velocity of the fluid, etc. In most cases, this value is
experimentally found, but there are some formulasdaatbe used to find this number. If we consider a
thin plate, insulated on one side and in contact with gas on the other, its rate of heat transfer will be
different if the position of the plate changes.

Insulated
face

—jConvection
From plate

g

- ol T

b}Horizontal plate with c)Horizontal plate with
convection facing up convection facing down

—
VIRRiIsiasrsivississeissiii

a) Vertical plate

Figure 2-4: Thin hot plate in different positions

Figure2-4 a) shows a plate with the convective face in a vertical position. We can find the value of the

coefficient of convective heat transfer with the following formula:

Equation 2-5
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where k is the thermal conductivity in W/m.K, L is the length of the plate, and Nu is the Nusseltfaumber
This number represents the improvement of heat transfer through a fluid layer as a result of convection
relative to conduction acroske same fluid layer. The larger the Nusselt number, the more effective the

convection. Thus:

Equation 2-6
o N Y B
00 — —= ==
r] TE%_Y Q
i)

This brings us to a dilemma: weeatrying to find the value of h, but it depends on the Nu number, and
the Nusselt number also depends on the coefficient of convection. However, there are other ways to find
the value of Nu. Some formulas have been developed in relation to the geonaetigt slurface. So, for a

plane vertical plate:

Equation 2-7

™ WY
0 8 Wy

00O

06 8tyYqu

x

where Pr is the Prandtl number of the fluid. This number is dimensionless and is equal to the ratio of
momentum diffusivity or kinematic viscosity to thermal diffusivity. For ldjaietals such as mercury, the
kinematic viscosity is very low in comparison with the heat diffusion. The value of Pr for mercury is less
than 0.01. On the other hand, the value of Pr for heavy oil can be more thdn vifi®esery low
diffusivity. For air,Pr is nearly 1, but this value changes depending on pressure and ambient temperature.
Thus,

Equation 2-8
R B 0 Qi RB'BQQOII (KIEﬁ;)_
| Wi aHRQQGE i(¥0EQQ
where:
1 3:kinematic viscosity 3  =Slunits/ n/g),  (

2 This is a dimensionless reection heat transfer coefficient that Wilhelm Nusselt found in the first half of the
twentieth century
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http://en.wikipedia.org/wiki/Viscosity#Kinematic_viscosity
http://en.wikipedia.org/wiki/SI

9 U:thermal diffusivity U = k / mystp), (S| wunits
1 ¢ : dynamic viscosity(SI units: Pa s = (N s)/f)
1 k:thermal conductivity(SI units: W/(m K) )
1 cp: specific heat(Sl units: J/(kg K) )
1} :density (Sl units: kg/n?).
Pr is considered a property of a fluid and can be found in thermal property tables.

The other variable that appearsEguation2-7 is theRaylegh numberwhich is also a dimensionless

number. Its formula for a vertical flat face is:

Equation 2-9

DY YD L

Y® O i
0

where:
1 Pr=Prandtl number
1 g = acceleration due to gravity
1 Ts = Surface temperature
1 T B ambient temperature
1 3 Kinematic viscosity
1 U Thermal diffusivity
T b I£f(K)
1 Tf = film temperature = (T D)/2

We can now find the value of h foestical faces using Equatiof&juation2-5 to Equation2-9. To find
the value of h for a horizontal area facing upwards, we can &aplgtion2-10 to Equation2-13. We

then have:
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Equation 2-10

0

Q,
—0UO
0]

Note that this formula is very similar Equation2-5. The only difference is that L (length of surface) is
Lc, which is the ratio between the surface area and the perimeter of the area. Its formula cad ine foun
Equation2-13.

The Nusselt number for this position of the surface also changes. However, here we need only the Ra

number, as in the following equation:
Equation 2-11
66 mryYd

The formula for Ra is:

Equation 2-12

.\gZT "Y uY 0 Y
———U |
v

Y @

Note that L is now Lc, and the last variable is:

Equation 2-13

where, if we are referring to a square surface,
1 As = Surface area =°L
1 P= perimeter of area= 4L

Finally, for a horizontal surface with the hot face down, we carEgsmation2-10. Here, thevalue of

Nu will be:

Equation 2-14
56 ™
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Note that the value of Nu for the hot plate facing upwards is almost twice the value of Nu with the hot
plate facing downwards, correspondingathigher convection heat transfer rate. This is because, if the hot

surface is facing down, the hot air will be trapped under the hot object.

Therefore, the amount of energy and the resultant temperature of the solid body are determined by the
type of naterial, the temperature and kind of fluid among the object, the shape or area which is in contact
with the fluid, and the difference in temperature between the solid and the fluid.

Appendix Bshows a table with the value ofifra hot surface were a square of 1 by 1 at 1 atmosphere
of pressure for different film temperatures. These calculated values will be used for the finite element
analysis explained in secti@?3 of this thesis.
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2.2 Arc Welding

The maor difference between Arc Welding (AW) and conventional welding is the way in which heat is
generated. AW is powered by electricityile conventional welding uses a flame. In this thesidy two
formsof AW are explainedTIG and MIG), asthe devebped robotic system uses Tungsten Arc Welding
and the experiments are done with MIG robot. Explaining more forms of AW would therefore be

irrelevant.The experiment chapterovides details ahe MIG experiment.

The basic concept for any kind of arcldiag is the generation of heat when an electric current is not
permitted to freely continue its walfigure 2-5 presents a simple arc welding circuit. In this picture, the
power source is a battery, which means there is a ditgotnt, and the electrons go from negative to
positive. The current then goes from the torch to the base metal. However, the torch and the base metal
are not connected with anything but air or inert gas, which are very good resistors. In fact, thesncan ev
be insulators if the positive and negative sides are distant enough. For instance, the distance between the
two poles could range from 2 to 5mm, and the speed as well as the pressure of the current could boost
electrons to pass from the torch to the deel metal. At the same time, the high resistance produces
sufficient heat to reach the melting point of the metal being welded. The heat produced is so high that it
reaches visible waves and it is possible to see a light arc. Now we know why it is callédeing.

Also, from the above explanation, we can assert that the amount of heat the arc produces will depend on
the current, voltage, surrounding gas and distance between the torch and the welded metal.

> _

o Current (Amperes)
Battery o Resistance
(Voltage)---eeemmmeeeeev (Arc)
S — Welded
........... metal
. v

S

Figure 2-5: Basic welding circuit
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Direct current is much powerful than alternating current, which is why the first welding machine used
batteries and a dynamo to produce an electric current. This machine was inventdgielpafdos and S.

Olszewskiin Great Britair.

2.2.1 Gas Tungsten Arc Welding ( TIG)

At the time of its demisélod-TecInc. was working on a robot thases TIG weldingwhich is a type of
arc weldingprocess. The following section will explain the process of TIG welding and describe the

equipment used in this method.

2.2.1.1 Process

In Gas Tungsten Arc Welding, the arc is located between a&mmsumable tungsten electrode and the

part to be welded. While this arc is working, an inert gas produces a shell which covers the arc, the heat
affected zoneand the part of the metal that is being welded. This gas protects the weld from the
surrounding air, as an inert gas does not react with other gases. Another advantage about this type of gas
is that it does not have an odour and is transparent, whicldpsogood visibility of the arc.

There are three kinds of currents in TIG welding: direct current electrode negative (DCEN), direct
current electrode positive (DCEP), and alternating current. The DCEN is the most commonly used current
and works for all meta. With DCEN, 70% of the heat goes into the work piece, allowing a high
penetration. During the DCEP mode, the electrode contains the majority of the heat generated, which is
why the electrode most be sufficiently large to avoid electrode melting. Hoveesvdire penetration is not
that good, it can be a bad choice, but this sort of polarity is nevertheless very useful for aluminum or

magnesium.

For an AC current, it is necessary to make a rectification of the current before the process starts, as the
cumrent is not accurate enough for welding purposes. The rectification can have more positive time, more
negative time, or equal times for negative and positive. Each option can get the best of each part. For
example, if there is more negative than positthe, result is good penetration, less need for shield gas,

and less current need. On the other hand, if the current is more positive, the result is a maximum cleaning.

2.2.1.2 Equipment

V Torch. Because most of the heat is concentrated close to the torch, itméedsooled down,

either with water or air. Water is recommended for long periods of welding. The torch has
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everything connected: the coolant, the electrode, gas tubes, energy cable and the cup that protects
the torch.

V Shielding gas helps to reduce potpsh the weld bead. Argon and Helium are most commonly
used for TIG welding, but Hydrogen and Nitrogen can also be used. To be effective, these gases
must be 99.995% pure. As Argon is denser than air, it goes directly to the bottom of the arc while
Helium tends to go up. That is why, to obtain the best results, it is recommended to mix gases.
The ionization point (i.e., the voltage required to electrically charge the gas to conduct electricity)
is very important to select an inert gas because that wélméte the minimum amount of volts
during the welding process. For example, the ionization point for Argon is 15.7 volts.

V The power source is the engine of the process; without the electricity, there is no arc welding.
Some machines can be AC or DC andytlean even be used for MIG or TIG. The machine
chosen will depend on the process to be covered.

V Electrode. The main characteristic of a TIG electrode is that ittisamsumable and is madé
Tungsten. There are specifications and standards for thesmeéés regulated by the American

Welding Society @ well ashe American Society for Testing and Materials.

V Tablelll contains the classification of the electrodes. In the first colwmrcan see the namef
the electrodg sarting with the lettersREWO wstainas for Electrode Tungsten (W is the
chemical symbol for Tungsten). These letters are followeddpyinstancea P, which stands for
pure or Ce (Cerium), La (Lanthanum), Th (Thorium), Zr (Zirconium) or G (othemallj the
number means the percentage of the alloy which is used in the electrode. In the catweof G
manufacturehas to write the name of the alloy instead of the letter d. The second column has the
numbering system of metals and alloys. The thiddroa specifies the minimum percentage of
Tungsten. The'4 5", 6"and 7' columrs contain the rages of the alloy in the electrodavhile
the last columrshowsthe weight percentage of Oxides and other elements that can have EW.

Table Ill : Tungsten electrode requirement$

% This table was taken from Edwaridsook, p. 32.
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Chemical Composition Requirements for Electrodes?

Weight Percent
AWS UNS W Min. Other Oxides or
Classification ~ Numberb  (difference)® CeO, La,0O4 ThO, Zr0,  Elements Total
EWP R07900 99,5 = = = = 05
EWCe-2 R07932 97.3 18-22 = = = 05
EWLa-1 R07941 98.3 = 08-12 = = 05
EWLa-1.5 R97942 97.8 — 1.3-17 — — 05
EWLa-2 R07943 97.3 = 1.8-22 = = 05
EWTh-1 R07911 98.3 = = 08-12 = 05
EWTh-2 R07912 97.3 = = 7=2z = 05
EWZr-1 R07920 991 = = = 0.15-0.40 05
EwWGd = 94.5 — NOT SPECIFIED ——— 05

Notes:

a. The electrode shall be analyzed for the specific oxides for which values are shown in this table. If the presence of other elements or
oxides is indicated, in the course of the work, the amount of those elements or oxides shall be determined to ensure that their total
does not exceed the limit specified for “Other Oxides or Elements, Total” in the last column of the table.

b. SAE/ASTM Unified Numbering System for Metals and Alloys.

c¢. Tungsten content shall be determined by subtracting the total of all specified oxides and other oxides and elements from 100%.

d. Classification EWG must contain some compound or element additive and the manufacturer must identify the type and minimal
content of the additive on the packaging.

V Filler. There are several kinds of fillers. These are selected based on the material of the work

piece to be welded.

V Protection. In the case of automatic welding, the whole cell in the automatic system must be
covered with a filter to reduce the lightness of the arc. Cylinders need to be checked for safety

reasons and everything must be free of lick due to high voltage work.

Figure2-6: shows the basic equipment for a TIG process. Mdhat there is no need for a filler.
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Regulator/ Gas
Flowmeter Valve Power Source

Coolant System

Shielding Power Cord

Gas

Remote Control

Coolant Out

Block

Coolant System

Figure 2-6: Essential Equipment for the TIG process, taken fromi
2.2.2 Metal Inert Gas (MIG) Welding

2.2.2.1 Process

This process is also called Ga=tdl Arc Welding (GMAW) because it not only uses inert gases but also
active gases for shielding purposes. It was first commercially available in 1948. The main characteristic of
this process is the automatic feeding of a consumable electrode. This prasassde to be faster than

the TIG welding; in fact, by itself, it is a semiutomatic process which only needs travel speed, guidance
and position from the operator. It is important to note that the arc is situated between the work piece and

the consumadk electrode.
There are five types of transfer modes:

a) Axial Spray works with at least 3.2mm of material thickn€sgure2-7 a) shows this process,
in which the sizes of the droplets are no bigger than the size of the eled@toaehieve this
effect, it is necessary to have at least 80% of Argon for the shielding gas, resulting in high

current levels.
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b)

c)

d)

e)

In addition to Axial Spray, Globular works with a minimum of 3.2mm of material thickness.
The globular transfer uses €@ Helium to reduce spatter. As you can se€igure2-7 b), the
resultant bead is more random than other types of MIG welding. However, there is greater

penetration depth.

In Short Circuit, the transfer occurs only when the electrode sontact with the molten
puddle. InFigure2-7 c), we can see that in F, G and H states, there is no current. This transfer
is very useful for thin work pieces since the penetration as well as the energy used is low.

Pulse spmais made for material thicker than 3.2mm. This kind of transfer has the advantage of
Axial Spray and short circuit. It can work at high energy and has current céiignaie 2-7 d)
displays the variation of current that goesiirpeak levels to background levels at a frequency
of 40 kHz. This results in a stable arc and greater control of metal transfer.

Surface Tension Transfer also works with a small thicknedsigure 2-7 €), we can see how
currentand Voltage are stopped between T1 and T2 in order to minimize spatter. STT controls

the current in a logical way, making it more efficient than short circuit transfer.
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Note: DCEP means Direct Current Electrode Positive.
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— Volt-ampere curve for pulsed current.

5[ ﬂe A
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— Oscillograms and sketches of short circuiting arc metal
transfer.

Figure 2-7: Five types of MIG welding: a) Axial Spray; b) Globular transfer; c) short circuit; d)

Pulse current and e) Surface Tension Transfer

2.2.2.2 Equipment
V The welding gun and cable assembly contains the shield gas tube, the consumable electrode and

the electrical power.

V  Shielding gases. Aendix B has two tablésTableXIll andTableXIV . The first table presents
the typical application for the different gases that can be used in TIG welding. As can be seen,
Argon, Helium and Nitrogen cape mixed with themselves or with other gases such as oxygen
from CQ. The second table contains examples of metals and combinations of gases that can be
used for those specific metals, in addition to listing some advantages that occur when those
arrangemets are chosen. For instance, shielding gases can affect cleaning action, arc

characteristics, penetration, and speed of welding.

* This picture is taken from the Pennsylvania State Univeiisityok.
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V The power source for GMAW welding is direct current with a positive polarity, and they can have

transformeirectifier and inerters as well.

V An electrode can also be a filler metal for the MIG process. The wired feed motor is thus essential
to control the speed and amount of the metal to be deposited on the work pligerd2-8, a

wire ready to beised is illustrated.

Figure 2-8: MIG wired feeder

2.2.3 Comparison between TIG and MIG

TablelV compares TIG and MIG welding. One of the major differences between these processes is the
heat generated by the arc. MIG requires less energy than TIG, but it travels with more noise and spatter at
high speeds. Moreover, TIG generates more light than MIG when used for longer periods. As it is
possible to generate and control a current in aetyaidf ways, TIG controls the current while MIG
controls Voltage. Both kinds of arc welding are used in the industry for different reasons. In order to
choose the most suitable method, a welder must know the type of material to be worked on and the

amountof money involved in terms of energy, working hours and quality needed.

Table IV: Comparison between TIG and MIG processes

19,426C 4,150C
No consumable Consumable
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2.3 Finite Element Analysis (FEA) Modeling

2.3.1 Finite Element Analysis (FEA)

Numerical methods transform differential equations into algebraic equations. This is commonly done by
converting derivatives into differences, thereby making the infinite finite. However, to have a good

approach, it is necessary to use a large amount of differences, and it is only worthwhile if:
V We have complex geometries.

V We need to change parameters in order to study different possibilities, which is expensive to do in

real life.
V The analytical resultare complex.

V We have a higlspeed computer and appropriate software.

2.3.1.1 Taylor series expansion

| f we have a function f t hat depends on x, t he fi

tends to be 0. Then we have:

Equation 2-15

Q" Jég_‘QjEpw ® QO
Qw Yo Yo VYo o Y&

This means that:
Equation 2-16

QD . QO Yo Qo
Qo = Yo

This equation malgan approximation of the first derivative using differences. It can be also written as

the Taylor series expansion:

Equation 2-17

e Vo "0 y"Q"Qo py‘QQw &
W Yw W WO— =Y —=
Qw ¢ Qw
We should keep in mind that this is an approxi ma

than 0 and not tending to O (which mearike smaller the gradient, the smaller the error).
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2.3.1.2 One-dimensional steady heat conduction

If we want to know th@éemperature of the surfaces of a wall using a numerical equation, we have to
divide the wall into several equsized parts. The intersections between the parts are called nodes and are
at a distance of @x=L/ M, wh elara Mls the sumleigotinodes along t h e
the wall. We then have M number of nodes. At that point, we can calculate the temperature of each

node with the following formula:
Equation 2-18

Yo E X o YOETM wo

wEEQoOW EWE € Q0 WRNE EYOEQ MO oy oy et
& %% ; Fy £ MO E Qi QW

v
2
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AQWE QQQQ | IO E QQQQ 0 GORKTDO A Q& OF o ‘*’&2;09‘?28 ‘
5 OMO A QAN i £ V& QA QY O oRRIa A 2le 0

0 0 0 T
where Q is the heat conduction, E is the energy generation, and the change into the element is equal to
zero due to the fact that we are talking about a steady state condition where there is no change in time.
The equations for Q and E are:
Equation 2-19 Equation 2-20

. LYY "o
0 'QET 0 QodYw
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where k is the coefficient of the heat conductionthaf wall, A is the area in which the conduction took
pl ace, T is the temperature change across the wa

W/m2. At this point, we can write the steady heat conduction formula as:

Equation 2-21

oy Yooy Yo
Q0———— Q6——=—— QoYw Tt
Yw Yw

where m is the humber of the node in which we want to know the temperature. Fhis,tihe node on

the lefthand side and m+1 is thedwon the righhand side. Simplifying, we get:

Equation 2-22

Y <Y Y Q
e o "
with the differential equation:
Equation 2-23
QY Q
Qo 0

Both equations above are graphically explaineigure 2-9, where we can see the thickness of the

wall, and the surface of the wall is in a plane perpendicular to the paper.
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Plane Wall

Differential equation
d?T N é .
dx?  k

Valid at every point

................. VAA -

Finite difference
equation:

Tm-1— 2T + Tinyq
Ax?
€m
+—=0
k
Valid at discrete points

Lo

Figure 2-9: Plane wall with differential equation valid at all points in the upper side, and Finite

different Equation valid only for nodes in the down level

However, not all nodes are among the wall. Instead, sditiem are in contact with air or are
insulated and it is therefore necessary to add convection, radiation and/or insulation. All these variations

as well as geometric variations such as triangular fins are explained by'‘Cengel

2.3.1.3 Two-dimensional steady heat conduction

The concept for the twdimensional steady state heat conduction is the same as for dimensional analysis.
However, the object to be analysed has a temperature change not only across the horizontal plane but also
in the vertical plane. We cahén divide the object into squares, though they can also be triangles to fit

into the shape of the body. Assuming that a node is among other conduction nodes, we have:
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Equation 2-24
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Following the sam method, it is possible to extend the formula titi@eensionally. Also, squares and
bricks are not the only shape a segment can Eaggare 2-10 shows some common finite elements.

1-D | 2D 3D
[
: |
g s i *_\
3 :
® '
-

Z-node | 2-node 3-node 4-node 2-node 4-node S-node
i { i i ar quadrilateral line tetrahedral hexahedral

> 9 »
= : { f
] | i |
o R \
s o .
3-node 3-node G-node 8-node J-node 10-node 20-node
ling ' line iriangular Quadrilateral line tetrahedral hexahedral

Figure 2-10": Most common finite elements

2.3.1.4 Transient heat conduction

In a transient study, we not only know the temperature of all discrete points in an object but also the
change in temperature during and after a certain time. Hence, we can diviilméhato small intervals
and make an iteration for each one. This means that the change of energy content into the element is no

|l onger zero but @E of the el ement. Note that

Equation 2-25

YO aayYyY " @YY

34



where | is the density, M si st htehespwalidme dfeat he
temperature, and m is the mass of the temperature. Finally, we have:

Equation 2-26
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where EQ is the sum of t he heat ti,ﬁiantnestérrmeratuferofom al |

node m at t i"me s thei (ppempanature of node m at t i me

to the total time to examirdivided by the number of steps to reach the total time.

2.3.2 ANSYS 12.1 Workbench

ANSYS workbench is software that uses FEA to make simulations. This interface is arranged in two
areas:

i Toolbox, which presents the kind of data to be selected depending orojbet.pfhe next
figure contains options to choose from. Once the type of project most suitable to the desired

analysis has been determined, the next step is to add information to that system.
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i

B Analysis Systems

() Electric (ANSYS)

I Explicit Dynamics (AMSYS)
{5 Fluid Flow (CFX)

{89 Fluid Flow (FLUENT)

(849 Harmonic Response (AMSYS)
Linear Buckling [ANSYS)
Magnetostatic (ANSYS)
Modal (ANSYS)

Random Vibration {ANSYS)
Response Spectrum (ANSYS)
Shape Optimization (ANSYS)
Static Structural (ANSYS)

¥ steady-state Thermal (ANSYS)
B Thermal-Electric (ANSYS)
E=d Transient Structural (AMSYS)
Ezd Transient Structural (MBD)
™ Transient Thermal (ANSYS)

ODEEEEE

Figure 2-11: ANSYS 12.1 Workbench Toolbox

Project schematic gives a visual representation of the project being worked on. As can be seen
in Figure 212, two or more different simulations can be done to the same geometry. Also, it is
possible to take the solution fromeand use it as a setup for the next simulation. This is very
useful, as sometimes one project can have several different analyses. For example, the analysis
of a moul ddés preheat -dtateesystern, whiletkepneldirg iprocess ofs a

themould is a transient thermal process that can be done after the steady state practise.
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8 = Fluid Flow (FLUENT) = Static Structural (AMNSYS)

2 @ Geometry ?, 2 & Engineering Data v

3 § Mesh F \I 3 @ Geometry i

4 @ Setup = 4 @ Model g0

5 Solution F ,——5 @ Setp F

6 @ Resllts ?, g Solution F
Fluid Flow (FLUENT) 7 @ Resuts 7

Static Structural {ANSYS)

Figure 2-122 ANSYS 12.1 Workbench Project Schematic

As can be seen in the project schematic figure, it is necessamyetodata to get results in a single

analysis. The data required is:

1. Type of AnalysisBefore starting any project, it is necessary to know both the problem to be
analyzed and the type of analysis necessary for that specific problem.

2. Engineering DataFor some kinds of analyses, the material to be used and its properties are

very important, as changes in any property will change the results.

3. Geometrylt is possible to import the geometry from a GPS file, which is the universal file for
engineering drawingdt is also possible to use another format or draw a model using ANSYS.

4. Mesh. Mesh can be custouhesigned or a default. However, it is always a good idea to check
the mesh because it can also change the results. An ANSYS mesh is skayand-13.

5. Setuplncomes for simulation (such as force, heat, or fixed part) are called setup in ANSYS.
6. Solution The solutionis the final number after the numerical analysis.

7. ResultsResults can be presented in video format or on a gragdetavhat would happen if the
project setup were real. For a thermal simulation, one could theoretically obtain graphic results

of thermal expansion or even a final temperature.
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Figure 2-13: ANSYS mesh

2.3.3 . Numerical P ropose d Model
To find a relationship between mass and temperature, moulds with different sbtgbe same mass are
designed. The figures are blocks and pyramids in a variety of sizes. In addition, the weld area & placed

the centre in a caer.Some of he virtual parts are presentedHigure2-14.

—_— i 3 . —

c) pyramid, corner weld d}pyramid, centre weld

Figure 2-14: Mould used in simulation

The volumes and welding aretisit were used for the simulation are in the feliw table
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Table V: Weight and size of designed moulds

Volume Weld Area % Area Weld

V/layer

X,¥,Z [mm]

= 60,30,60 1.08x160  9x10 5400
L 120,60,120 864x160  3.6x10 21600 0.03 240
ol 240,120,240  6.91x16  1.44x1d 86400  0.01 960
¢ 600,300,600  1.08x16  9xid 6.25x10° 5.4x16  5x10° 6000
K

1000,500,1000 5x1¢ 2.5x10 1.5x10  3x10° 16700
=1 6060,90 1.08x10  9x1C 5400 0.05 60
'~ 120,120,180 8.64x10  3.6x10 21600 0.03 240
S0 240,240,360  6.91x16  1.44x1d 86400  0.01 960
. | 600,600,900 1.08x1d  o9xid 6.01x10° 5.4x16  5x10° 6000
M
' 1000,1000,1500 5x10’ 2.5x16 1.5x16  3x10° 16700
D

As can be seen from the above talihe, weld volime is the samir boththe block and the pyramid
as isthe total volume. Also, the area covered by the weld layers is the same for each size of pyramids and
blocks. These calculations were matte find a relationship between the volume of the mould ttwed
welded volumeirrespective othemo u | stiapes

In order torecreatehe model in a dynamic way, the steps followed to find the final temperature of the
mould after each layer in the ANSYS simulateme

1. Set up the initial temperature of the mauld
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2. Determine the first layer atn@n deth, 3mm keight and 5mm widevith a melting
temperature of 43€C.
3. Run the ANSYS program with tHellowing loads:
a. 20degree< of ambient temperature.
b.  Convective heat transfer onlfo find a more accurate heat tramstbe values
for vertical and horizontal surfaces are placed in the ANSYS formulas. These values are
calculated with formulas from secti@il.3.2and presented iAppendix B
c. The duration of thg@rocess is the same as the time per |agsthatis the time
thewelding robotiorchtakes to weld that area at a speed of 5m/s
4.  Extract the resulting temperatures of the mould and the layer to do a new simulation with
the last data
5. Repeat step 3.

6. Then,repeat step 4 until reaicty four layers of weld material.

The next figure contains the resultaamperatures of different moulds aftewr layers of welding
whenthe initial temperature for each mould is 3fgree<C. The temperature after each laigeshown
behind the linewhich corresponds to each mould modeled. At the end of everyHmsizeof the part
appears(the format of the dimension is XxYxZ and is in mm), foleavby a conma and its last
temperaturen Celsius degreed he letter C3 next to the size that means that the welding work is in the
centre of the face of the paiftnot, the welding job istthe corner of the object. Th, for instancgf you
want to know the temperature of the pyramid afterttiirdlayer (whosesize 5 60x60x90 mmand the

welding isatthe center, you will find that the temperature is 47Hé8ee< in the ANSYS model.
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Figure 2-15. Temperature of moulds while welding. At the end of each line, you wiilsee the size of

the mould, followed by its final temperature in Celsius.

Thetemperature grows linearly smallmoulds and decreases linearlyjangemoulds because the heat

gain is less than the heat loss. Furthermore, the difference in shapelaffgatsiouldslessthan smaller

ones. It is important to netherethat the part with a volume of 6.91@¥1@m’ remains almostonstant

throughoutthe whole processndicaing equilibrium betweerenergyloss aml energy gain which is

preciselywhat this reearch is looking for.

During thewelding pocessthere is an addition of mass and energy at the same Tinus, b have

everything in terms of internal energhe resultant temperature in the previous section is converted into

m-Joules.

To canvert tenperature into energy, the following formutaused:
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Equation 2-27
"zZ@zZOTEY O

where:

" =density [kg/mm]

6= volume [mn]

0 rF specific heat [mJ/Kg.C]

"Y Temperature [C]

"O= thermal energy [mJ]

andthe specific heafor P-20 steelis taken ast.8x10 mJ/Kg.C. Using this formulat is possible to

convert thano u | temperature into thermal energy.

After the convesionof the temperature into energy inside the mould using the heat capacity e2@he P
steel, a chart ofhree axes vas madeto determine these findingsf different shapes are takento
considerationthe difference in heatilwnot be as significanas withchanges where different volumes are

consideredThis can be seean the charg below.

10

5 ] > o
5 8 3
%10 timea(s) Volume(mrn)

Figure 2-16: Heat in different volumes
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Figure 2-17: Heat in 5x1¢mm? mould
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Figure 2-18: Heat in 1x10° mm?® moulds

In theFigure 219, we can seg¢here is a poinatwhich the mould loses more heat thiagairs, perhaps
due tothe mass already gained.

Heat{m.J)
-]
[mn}

7l

4non” B9 T
¥

i 500 1000 15000 20000 2500 =000 3500

“olurne(mim
time(s)

Figure 2-19: Heat in 7x10mm? mould

For small mallds,there is an increase internal heagtas shown below:
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Figure 2-20: Heat in 8.5x1Gmm?® mould

In this simulation, the rate of energy and mass per unit time added to each mould is tHeosdnse
reson, the volume and energy are divided by time. The resulting chart is presented below.

Parallel lines are found as a relationship between heat and volume.

7

w10

3 T T = =l e
L i ” 1l

F i
1+ : |

Bk i
o 28 3
¢ 10°

Figure 2-21: Heat and volume divided by time
Fromthis information a process was created, as presented in FigR8e Phis process has six steps
1. Find the maximum expansion
2. Find the temperatutd@mit.
3. Find the energy in the mould
4. Add heat and mass during the welding process
5. Verify temperature
6. Calcuate adition of heat or waiting time

The first two steps can be used in btk fuzzy logic and numerical methsdwhile the resof the
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steps are operations that are made instedltediuzzy rules and fugzoperationsThe following sections
will explain each step of the method. Note that this process is formulated in such a way that a programmer
can easily define all variables before the formula appearances, since this model was garenGuan

the Software Engineer of Tedlec Welding Inc., to @ate a code and add it to the Fdelc system.

2.3.3.1 Determine longest size after preheat process

1. Longest EdgéLE). In this step, it is necessary to enter the size of the longest edge of the mould,
as it is the size that will change first due to thermal expand¥fiould size should be given in

millimetres.

2. The initial temperature will be 28egreesC using CAD draws (Ti)lt is assumed that the CAD

information is given for room temperature, which is 20 degrees C, and that is the value of Ti.

3. Decide the final teperature (the temperature which theould will have during welding (Tp).
The next variable is Tp, which is the preheat temperature ahthiéd Every mould has to be
preheated to avoid crashes in the Heat Affected Zone. This temperature dependszenofhibesi
mould as well as the kind of work to be performed on the mould. For this reason, the client
decides the preheat temperature. However, typically, smaller moulds need a preheat temperature
of 300 degrees C and larger ones 400 degrees C.

4. Select cofficient of expansion value (epue to the fact that the coefficient of expansion varies
depending on the final temperatuigbleVI shows three different coefficients of expansion for
P-20 steel. If the preheat temperatureQ 8egrees C, then the value of e will be 12Z&.

Table VI: Coefficient of expansion for proposed model using a-P0 steeimould

Coefficient of Thermal ExpansidnC”-1]| Tp[C]

1.27¢° 200-399
1.36¢° 400539
1.37¢° 540-1,427
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Ti [C]

20

5. TotalexpansionTo obtain the total expansion that the mould will experietieeformula is:
Equation 2-28
YO 0@0Qz "Yi "YQ
where TE is the Total expansion, LE is the Longest Edge (given in mm), e is the coefficient of expansion

(given in mm/mm C) Tf is the final temperature in C, and Ti is the initial temperature in C. All variables

are already explaed above.

6. Final Length The maximum expansion of the mould occurs in the largest edge. The formula to

determine the final size of the longest edge after the preheat process is:
Equation 2-29
0 Q00O "o
where Lf is the final size of the largest edge after the preheat process (in mm), LE is the longest edge (in

mm) and TE is the Total expansion (in mm). All variables are already explained above.

2.3.3.2 Find the temperature limits

The main purpose of this modslto maintain the preheat expansion size and avoid changes larger than
+0.5mm caused by the thermal expansion effect. This step is divided into two parts. The first part is to

find the maximum temperature limit, and the second is to find the minimunetatape limit.

1. Maximum temperature to avoid more than 0.5mm of expansionfind the maximum

temperature, the formula is:

Equation 2-30

YO O Q——
Qiz Q
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where Tmax is the maximum temperature in C, 0.5 corresponds to the maximum expansion allow to
maintain the quality of the mould and it is given in mm; Fs is the final size, which is given in mm, e is the

coefficient of expansigrand the Tf is the final temperature which is the preheat temperature in C.

2. Minimum temperature to avoid more than 0.5mm contracfianfind the minimum temperature

and avoid a contraction larger than 0.5 mm, the formula is:

Equation 2-31

Ya Q¢

Wy
"0iz Q d

where Tmin is the minimum temperature in C (with the minus sign corresponding to the 0.5 mm of

contraction, which is in the opposite way of expansion), Fs is the final size (given in mm), e is the

coefficient of expansion anté Tf is the final temperature, which is the preheat temperature in C.

2.3.3.3 Find the energy in the mould

This step is the last step that defines the initial state of the mould before the welding process begins. It is
divided into two parts: the first part givéise formula, and the second part gives specific values for the

new variables that are introduced in the process.

1. Thermal energy inside thmaould The formula intends to find the specific heat of aeuld or, in
other words, the amount of energy insidertfouldafter the preheat process. The formula is:

Equation 2-32
O "YrF O rFwz”

where Tp comes from step 1 point 3 and is given in C, Cp is the specific heat in J/Kg.C, V is volume in

mn?, |} i sity in Kggmmdamchisis heat in milldules. Note that three variables are introduced at

this point and that the values of Cp and J} are un

The values for R0 steel are Cp= 4.8enJ/Kg.C; for thedensity TableVIl shows thevalues for
at 20, 200 and 400 degrees Celsius. Because the preheat temperatunecofidivéll not be less
than 200 degrees C and not more than 400 degrees C, the densityAdiB&eKg/mnt. Thus:

Equation 2-33
O YiFTHQ Z 0z x§ @
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Table VII : Density of P20 steel

Density [kg mm?] Temperature [C]
7.80E-06 20
7.75E-06 200
7.70E-06 400

2.3.3.4 Heat and mass added during the welding process

This step starts with a dynamic analysistlué process. The heat and mass added to the mould by the

welding torch is calculated for a specific period of time.

1. Calculation of Volume added during a period of tifhae approximated amount of material that
is added during a specific time period canch&ulated if the size of the welding bead and the
welding speed are known. Thus, we have:

Equation 2-34
WOQOFW™YOZOU w'Yuvzoze
where Vad is the added Volume in mm, tw is the welding time in seconds, Ws is the welding speed in
mm/s, Bh= high of bead in mm and Bw= bead wide in mm.
2. New volumeHere, we have to know the total volume after the welgirocess.
Equation 2-35
where Vn is the new volume in, V is the original volume, and Vad is the added Volume, alf.in mm

3. Heat added Now we continue with the calculation of heat in the saray we do for the
calculation of volume. As we have quantified the added volume, we can assume that the pool
behind the bead and the bead have the same size. As well, we can assume that the highest
temperature of the welding bead will be the melting poiwhich is necessary to reach in any

welding process. Thus, we can say that:
Equation 2-36

'0HRAG iF" 2¢O 86
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where Cp is the specific heat of the material,

1,427 C is the melting point of theZ® steel.

4. New heatWe already have H froEquation2-32 and Hadd from Equation-26. These values

are needed to obtain the new value of heat (Hn). which is:
Equation 2-37

2+ 3 "™

5. Calculate the ratio of H/t after convectioli we takeFigure2-21: Heat and volume divided by
time) and extend each line, the resultant graph will be the oRmgyime2-22. This graph presents
the relationship between the new volume afmauld divided by the duwation of the welding
process versus the amount of heat insidentbald at the same time divided by the time of the
welding process, calculated using the information of the ANSYS simulation. There are five lines
in the chart that correspond to five diffeténitial volumes of the moulds. To determine the initial
volume of the mould with the purple line, look at the name of the line that states 6.91E+6, which

means that the initial volume of the mould was 6°@ie:.
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VIt Vs H/t

3.00E+07

2.50E+07 //
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2.00E+07
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0.00E+00%
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0.00E+005.00E+031.00E+041.50E+042.00E+042.50E+043.00E+04
V/t [mm~3/s]

8.64E+05 6.91E+06 1.08E+08 5.00E+08

e 1.08E+05

Figure 2-22: V/t Vs Hit

Here, all lines have the form df & @ ¢ and the values of a and b for each initial volume can
be found inTableVIIlI. As the values of b are very similar to each other, the value of b for all

lines equal to the average value was taken.

Table VIII : Values of a and b for different initial volumes

6.33E+05 1.13E+03
2.71E+05 1.12E+03
-7.61E+02 1.12E+03
-1.52E+06 1.10E+03
-4.08E+06 1.08E+03
1.11E+03
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We can now determe the ratio of H and t, taking into account the convection heat transfer

during the welding process. The formula is:

Equation 2-38

DO &@Z(bé .
—_— -
0 P (0]

where Hftac is the ratio of heat and time at the end of the process, Vn/t is the ratio of the new volume and
the time, and a can be taken frdmbleVIIl . If the volume of themouldis not equato the any of the

values in the table, a can be interpolated. Furthermore, 1.11e3 corresponds to the average value taken
from TableVIII .

6. Heat after convectiarNow that we know H/tac, we can easily multiply that value by thetidara
of the process in seconds to know the actual heat insidmtléd at the end of the welding
process (Hac). So, we now have:

Equation 2-39

IR ©
OCww——z290
0O wWww

2.3.3.5 Verify temperature

1. New temperature of thmould The new temperature (Tn) of theould can thus be calculated
using the actual heat inside the mould in order to determine if it is outside the limits. Here, we
should keep in mind thakhis temperature will be the temperature of the mould if nothing is done

to maintain it at the preheat temperature.
Equation 2-40

00
WEzo Ip”

2.3.3.6 Addition of heat or waiting time

The objective ofthis model is to prevent temperature changes during the welding process in order to
achieve the highest quality welding job. This final step determines if it is necessary to wait for the heat to
dissipate or if it is necessary to add heat. Heat can lgadcing the mould on a table with burners and
turning them on if necessary.
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1. Desired ratio First of all, we have to know what we want, which is to maintain the same initial
ratio of heat and volume along the welding process. The desired ratio is:
Equation 2-41
YQ —(—
0

2. Required timeTo maintain the temperature of the mould, it is necessary to keep the value of Rd
the same at all times. In the dynamic analysis, the new value of H is Hac andvtialue of V
is Vn. To maintain the value of Rd, it is necessary to calculate the new value of t, which is tr.
Then,.

Equation 2-42

00D &
Y'Q

0

3. Waiting time. The difference between tr and t wile the wait time required to maintain the
temperature of thenould at the preheat temperature. Note that this number will not always be
positive. It can be equal to zero, which means that no wait time is needed, or it can be negative,
which means that wieave to add heat instead of wait time. Thus:

Equation 2-43
WO QNG 1 o
4. Required heat. In a similar way to what we do with tr, we will find the required heat (Hr) not the
actual heat of the process. The result of this is:
Equation 2-44
O YQweo
5. Adding heat.Now we find the difference between Hr and Hac and, if the result is positive, we

need to add some heat to tmeuld If not, the value of tr will be positive. Remember that the

values of Hr and Hac are in mJ.
Equation 2-45
0 QQTEADOOI 0O ®
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2.3.3.7 Summary of model

To summarize the proposed model made with the analysis of the simulation results, Z8yreegents
the five steps with their corresponding formuld@able IX shows the meaning of each variable in
chronological order. The value of a in step 4 iFableVIll, and you can use interpolation to obtain the
value for any volume. Also, a detailed explanation of each istggrovided in subsectionError!

Reference source not foundo 2.3.3.6
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oTE = LE » e » (Tp — Ti)
slf= LE+TE

.H = Tp * .Cp * V * p
oH =Tf+4.8e5+V = 7.75e"°

*Vadd = tw = WS = Bh  Bw
on =V + Vadd
eHadd = Cp = p » 2Vadd = 1.43e3C

*Hn = H+ Hadd

Hac 2 Vn
'T =1.11e° = T + a

Hac
sHac = T +

cRd:ﬂ

_H a.r:.ff Vn

Rd
eWaiting time =tr — t
*Hr =Rd+Vn=xt
*Adding heat = Hr — Hac

P t.r

Figure 2-23. Summary of proposed model

IX: Variables of proposed model

Table

Nomenclature Meaning Units
TE total expansion mm
LE longest edge mm
e coefficient of thermal expansion 1/C
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Nomenclature

Meaning Units
Tp preheat temperature C
Ti initial temperature C
Lf final length mm
Tmax maximum temperature limit C
Tmin minimum temperature limit C
H thermal energy mJ
Cp specific heat of material mJ/kg.C
\Y volume of mould mm?
‘ density of mould kg/mm?
Vadd volume added mm?
tw welding time S
WS welding speed mm/s
Bh beadhigh mm
Bw beadwide mm
vn new volume mm?®
Hadd added heat mJ
Hn new heat mJ
Hac Actual heat mJ
a variable for linear relation mJ/s
Tn new temperature C
Rd desired ratio mJ/mnt.s
tr required time S
Hr required heat mJ
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Chapter 3
Fuzzy Modeling and Heated Moul

In Chapter 2, the construction of a model based on physics knowledge and FEA analysis was described in
detail. The intent of the project was toadhte and determine how a piece being worked on could remain

at an average tempéuege at all times. In this chapter, another model is presented that is based on the
expert knowledge and experience of the Tbet welders, who used arc welding on a da#gis and

were therefore intimately acquainted with its abilities and limitations. flikey logic method will be

applied here as a tool, iszzylogic is widely used to automate processes utilizing human knowledge and
expertise.

This chapter explains theizzy logic method describesthe basic fuzzy logic operators, introduces
concepts like fuzzification and dazzification, and provides a simplistic example of how to apply fuzzy
logic. SectiorB.3illustrates in detail an acal model to be used to determine the correct amount of heat or
time to be added to the process to avoid changes in the average temperature on the work piece during the
automatic welding process. The chapter ends with a comparison between the resuétsnafdel

generated using FEA analysis and the model using the fuzzy logic method.

3.1 Literature Review

In the pastresearchers have used numerical and fuzzy logic technigues to solve temperature and welding
problems. For example, Gao Xiangdbdgsigned a fzzy logic controller for an arc welding robot using

a vision sensor. However, the sixis robot for this projectid not use vision sensors. Zatfarsedfuzzy

logic to control the torch pafon during arc welding, buthe position of the torch is not @sue in this

project. Akird" considered the pool phenomeremdHartmarf" also worked withpool geometry by
regulatingheat input during the welding process. Li*Degulated the weld geometry by using neural
networks therebyeliminaing the need focorsultans andAustin® showedthatthevery complex process

of welding can benefit significantly fornthe use of fazy logic controls.From the above research,is
reasonabldo assumehat fuzzy logic systems andeural networks have been successfullyedsn past

welding processs.
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3.2 Fundamentals of Fuzzy logic

3.2.1 Fuzzy Logic Operators

V NOT is the complement or negation of a fuzzy $&is equation is represented as follows:
Equation 3-1

®w p " wREd ®

where A is a fuzzy set i n the uni haeerasgaphiX and

represention at the bottom ofigure3-1, where cool is the fuzzy set A and not ktisaits complement.
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Figure 3-1: Differencesbetween crisp logic and fuzzy logi¢upper diagram) and complement of a

fuzzy set(lower diagram).

V ORis the union or disjunction of two fuzzy sets. Its funci®given by:

Equation 3-2

o [TAZ of o lof @
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whereA and B are fuzzy sets in the sanm@verse X and the operationdsnotel b y : The oper
uses the termfima xb@causdhe element x belong® one of theses, which means that the larger
membership grade will be the outconfiégure 3-2 (right-hand sideshows graphically the union of

two fuzzy sets.

V AND is the intersection or conjunction of two fuzzy sets and contains all elements that are
common to both sets ik characterized by

Equation 3-3

o [ ET o & lof @

where A and B are two fuzzy sets in tHee, heame un
operator i s r epr e tistimg thareshltywill Genttie midimumevaleetiveea bith
sets A and BFigure3-2 presents this idea in a chart.

AND OR

min [&,B) max (A B

Figure 3-2: Graphic representation of a union and an intersection between two fuzzy sets

3.2.2 Fuzzification

With the operatorabove we can go back to the set of rulébe operator between states is an intersection
and the operator between rules is the union operatds.iglthe typical waythat states and rules are
related.

The consequence of each rulehisnunified with the othess to reacha final decison. It is important to
note here that, prior testarting the operationsghe ruleshave to be fuzzified andfter the fuzzy logic
processthe resuls must be dduzzified.
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Fuzzification isa procedureby which data is obiaed. If we consider the general problem of
approximate reasoningvhere knowledge base D is represented in an approximate Yeenmhave:
FD=FP(D). For example, the bottom graph of Figureh@ws that 60 degrees Fahrenheit is a cool
temperature anthatthe number 1 representdghemperature in a fuzzy logic systerowever,cool has
its own representative function &dlot grades to any value differetitan60. In ths way, every value can
have a fuzzy representatiomhich can assunferms such as Triagular, Gaussian or Trapezoidal.

3.2.3 De-Fuzzification

De-fuzzification is the transformation of the fuzzy regqik., a resultant foction) into a crisp value.
There are many ways performingthis conversion (se&for a description of these methods). Hoee

this thesis will explain only the centroid methddhis techniquevill be usedbecausét takes the center of
gravity of the union of the resultant actions during the fuzzy logic praresshusepresents the overall

result. The function of the canid is expressed as

Equation 3-4

where0 is the defuzzified control action which is the centroid infererfaesuminghat the membership
function of a control inference is @, a part of whichis"Y 6§ & T1). For example, if the

function is
0 6 1T O¢mm 0 v
(i.e., if it is a horizontal line with a value of 44 from 0 to 55), then uEiqgation3-4, the centroid will

be:

R 5
Qw ¢° oo
T

TD
TG ) cTgm

)

3.2.4 Fuzzy Logic Example

We can see an example of a set of rules which are interconnected by the operatdfigdire 3-3.
This example is a problem taken frdfakhreddind6 s  bregarding a metallurgical process in which
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the rate of fuel supply depends on the temperature of the material (T), the mass of the material (M) and
the process termination time (P). T can be low (LW) or high (HG); M can be small (SM) or large (LG); P
can befar (FR) or near (IN); and F can be reduced (RD), maintained (MN) or increased (IN). Inevitability,
each fuzzy state has its own membership function and each rule has to be applied at every instance to
determine the final resolutiofrigure 3-4 showsthe fuzzy result and its crisp valéer a given instant,

which is the singleton in red found via the centroid pracess

] W = P=FR g F=IN
S e SN Rulel | 1fA1 | Andp1| TPeM
0 3 0 3 o = Cl ar

8 100200304a00500600 0 05 1 15 2 5 50 100 150
T=HG F=RD
] Then
2 05 — 52 Rule2 IfA2

o S C3 or

0 100200300400500600 oo Hge e
Then
B it if A I | Rule3 | IfA3 | AndB2 | .

509 {000 0 05 1 15 2 0 50 100 150

P=FR

- f \g [ Ruled | 1fA4 | Angp3 | TPen
C4or

0 05 1 15 2 o 50 100 150

P=NR F=RD

o e 1 \;5 Then
R5 08 05 | =
0 i ) Rules If A5 s

V] 05 1 A4S 2 ] 50 100 150

Figure 3-3: Graphic representation of fuzzy logic process whereR1l, R2, R3, R4 and R5 are the
fuzzy logic rules, T (temperature), M (mass) and P (pressure) are states, and F (fuel) is the decision
made
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1o F=TOTAL

1] 25 50 75 1@ 125 150 1V5 200

Figure 3-4: The gray area is the union of each F result and the rdihe is the centroid de

fuzzification.
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3.3 Fuzzy Logic P ropose d Model

After eight months of observation in Tebkc it was possible to say that if the mouldbig, the burners

are at the bottom of the mould stube at 100% of their capacity. Also, if the utibis small and the

amount of heat ikarge the mould will needdometime to dissipate the hedesides, an expert from Teol

Tec | nc. said that, i f the mould has a regul ar S i
enough time to redie the temperature. This means that it is not necessary to add heat or wait time for

some moulds

Analysing the paragraph above and following the fuzzy logic methasl possible to extract useful
rules and convert them into numbers. At this poir,have two variables:size and amount of heat added
to the mould The decision that has to be made is whether to add heat, impuasitirey time or just

continue welding. Hence, the resultant rules are:
R1. If the mould islarge, thenadd 100% of heat

R2. If the moud is small and the heat from the torch ligrge, then wait an appropriate

amount of time
R3. If the mould ismediumsized thencontinuewelding without changes.
The rext step is to find numbers ftarge small and mediursizedmoulds.

At Tool-Tec the larger moulds were bumpes. These kinds of moulds hadlumes with a range
between2.5x1F mn?® and3.12x16° mn?® and lengthdrom 1,300 mm to 2800 mnSize ranges such as
these are typical of large mould3onversely, a smathould would typically be3.8 kgwith a volume of
1.13x16 mm?®, and a mediursizedmould would have a volume of 7xfann?. Havinggiven all fuzzy
descriptors a crisp valué is thereforepossible to create a formula to describe thEigure 3-5contains

theseformulatiors.

62



Funtions of sizes

12
|

14

/ )

o \
06

/

o,

0.4 /

™

0.2 /
0 '

1.00E+08

\."n%

2.00E+08

..

0.00E+00
Volume [mmA3]

—4—Big —M—Medium =—&—Small
Function for Big size

12

1 > ¢
0.8 /
0.6 /

gt

0.4 /
0.2

0

0.00E+00

Figure 3-5: Graphic presentation of size functions

1.00E+08

T
2.00E+08

Volume [mmA3]

T 1
3.00E+08 4.00E+08

3.00E+08 4.00E+08

12

1
08
0.6
0.4

0.2

0

I~

Function for Medium size

g,

M

g

0.00E+00 1.00E+08 2.00E+08

1.2

1

0.8

0.6

0.4

0.2

0

Volume [mm~3]

3.00E+08

Function for Small size

4.00E+08

T T
0.00E+00 2.00E+06 4.00E+06

Volume [mmA3]

Based on thighe initial function for each fuzzy descriptor will be:

Equation 3-5

where B idarge sizeand V is Volume [mr. This functio is shown in Figure-3 c) above.

Equation 3-6
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s 0¢ (dQ

whereM is mediumsize and Ms Volume [mn], as seen iRigure3-5 b).

Equation 3-7
®w p OEm PP @
CQ w pp wgu OEPP R » XQ
Tt 0EXQ W

whereS is small size and ¥ Volume [mni]. The gaphic expression is shown in Figuré 3).

Regarding consequences, wibha bumpes are fullyopered,they produce293kw or 1,000,000
BTU/hr. Neverthelessnot all heat is injected directly to the mould; an efficiency of 6Mhich
corresponds td75.8KW) results in afuzzy numberof 100. Consequentythe decision membership

function will be:
Equation 3-8
'O 18t O Oenm O pmm
p "O¢ p TTTO
where F is théduzzy number and H refers to the herlbé addedFor the second ruj¢he heat thatomes
from the torch will be:
Equation 3-9
0 Qv "O¢lm U vy Q
p OtV Qv
where J means Joules per minute which are added by the welding torch and R is tketfokzlge rate
of heat.Figure3-6 presents this rule in a graph.
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Figure 3-6: Secondcondition of R2
The decision of this rule has the following membership function:
Equation 3-10
O p "OE0 prm
T8t p OéEilpnmO 1

wheret is the time to be waitednd F is the fuzzy numhemn this case-100 correspond to 27 seconds
that the robot has to wait aftevery 60 seconds of welding. In the same martherfuzzy number 0
would be equal to 0 waiting tim&inally, for the third rulethe decision function is:

Equation 3-11

O 7 "VE0O pnm

O p el pnm™O T
mt O p "Oénm O pmm
] "O¢ p im0

where F is the fuzzy number already expiainNegative numérs denote additianof time, whereas
positive numbersndicate additiors of heat. It is weathwhile to mentionherethat this function is the
complement of the other two decision funcipas the intent iso find moulds which do natequire an
accumulaion of time or energy. The graphic representation of the three decision fgristgilownin

Figure3-7.
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Figure 3-7: Consequences of R1, R2 and R3

The fuzzy formulas describeabovewere automatically changexdto Bell and Gaussian functioits Mat
lab in order toprovide better resultshowever,the same parameters and logsedin linear functions

were maintained

3.4 Comparison between Fuzzy Logic and Analysis of FEA Modeling Results

Thus far, there are two proposed models: the first one is explained in s28tidand the second one in
section3.3. TableX belowcontains the results of the fuzzy system as well as thesefiglt thesix-step

proces. In the table, s means the number of seconds that have to be waited for every two minutes of
welding,and kW stands for kilo Watts thatuesto be added by burners.

Table X: Results for different methods

Fuzzy logic _
_ Fuzzy logic _
Volume with Bell and o Numerical
. with linear
[mm 3] Gaussian _ method
_ functions
functions
1.08e4 19.84 s 9.52s 150.85 s
1.08e5 19.78 s 154s 18.12 s
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Volume

[mm 3]

8.64e5

6.91e6

1.08e8

5es8

The first column shows various volumes that a mould could have. In reviewing the table, it is useful to
remember that a mould can take any form and can be solid, holey, pocked or full of cavities. The two
proposed models presented in this chapter generalize the process, such that there is no need to know the
shape of the mould; the volume and the largest edge are the only data required. An example of a mould is
given inFigure3-8. The mould is irregularly shaped but, using CAD data, we can determine that it has a
volume of 1.138mm?® and that the largest size is 178.7 mm (which corresponds to the X direction or the
blue arrow, if we see the ANSYS orientation). This is considersthall mould since its size can be
placed between thé2and the % volume on the table above. Smaller values were adopted for possible

volumes in order to have a wider range of volumes and to keep the idea that the two proposed models are

universal.

Fuzzy logic
with Bell and
Gaussian

functions

18.82s

0.00254 s

128.861 kW

142.92 kW
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Fuzzy logic
with linear

functions

154 s

0.0728 s

30.24 kW

140.11 kW

Numerical

method

14.75 s

42.42W

4.18 kW

4.25 kW
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Figure 3-8: Example of mould using CAD information

The second column dfable X provides results for the fuzzy logic method that uses Gaussian and Bell
functions. The "8 column showsesults for the fuzzy logic method that uses Linear Functions, and the last
column shows results for the proposed numerical method. The column of the numerical solution is linear,
since the base of this method is a linear function that was found in tlysiamd the results after several
simulations using ANSYS Workbench. This linear functioidgiation2-38 (see subsection 7.3.4 of this
thesis). Here, the fuzzy logic methods are conservative in nature and generally closdrigbdhbt value,
which is why the results of these methods are very different. Nevertheless, we can see that when the size
of amouldis close to a medium, the values of all methods are close to 0, and thus the +sieddim
mouldis nearly the same for athethods.
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Chapter 4

Experi mental Testing

As explicated in Chapters 1, 2 and 3 of this thesis, two models to maintain the preheat temper&are of P
steel moulds during the welding process hidnes far been created and described. One of the models had

its genes in the expertise and hanrols experience of the welders at T-da@c Welding Inc., and the

other was made using established theories of heat transfer and thermodynamics. However, problems arose
when it came time to validate those models. Unfortunately,asnmentioned previously, Tedec Inc.

closed down before the theories could be put to the test. The University of Waterloo does have an arc
welding robot for experimental purposes and an IR camera which can be used to take the overall
temperature in onsingle shot, but there is only one mould that can be used for experiments and the robot
uses MIG welding instead of TIG welding. (For differences between MIG and TIG welding, see section
2.2.3)

Nevertheless, the aboweentiored circumstances were not sufficient to cancel the research
experiments of this study, as heat transfer properties for most steels are almost the same. Moreover, these
models work for any size and shape of piece to be worked on, and the differences bittveed TIG
welding can be compensated from a thermal point of view. Specifically, the highest temperature of the
welding bead will always be the melting point, and the final shape, for quality purposes, will be the same
for both MIG and TIG welding.

To make the requisite temperature measurements, an infrared (IR) camera was used. An IR camera
makes heat radiation visible by capturing IR waves and transforming them into images. To better explain
the technology, the first section of this chapter focuseth@mography and presents a literature review
of how IR cameras have been used in the past for welding and other IR applications. This first section also

explains what thermal radiation is and how an IR camera works.

Following the thermography section taiés about the experiment and its setup will be explained,

including the parameters of the welding robot and the IR camera arrangement.

During the experiment, measurements were taken witfL#R Thermacam SC508nd the data stored
in 521 frames. Thesedmes were arranged to extract the necessary information to be able to study the

results. How a mat lab program was created to do that job is described in the first section of this chapter,
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while the second part analyses and discusses the results givenrgttlab program and the experiment

overall.
4.1 Thermography

4.1.1 Literature Review

Despite the limitatiog of an IR camera in terms of resolution and noisean be more accurate than

other methods used nowadays. For example, Thomas E. Salem, Dimeji |bit@y@&ruce R. Geil
validated the FLIR Systems Thermacam SC500 (IR) camera system, showing that it has better results than
two different spray coatings to create a uniform surface emissivity. And a lot of research has been done to
determine temperature lging infrared thermography such as Y. Kiwamoto,a) H. Abe, Y. Tatematsu, T.
Saito, M. Kurata, K. Kajiwara, Y. Kikuchi, T. Takahashi, and T. Tarffansho determine the
temperature of gray objects in exotic environments and not in laboratories or T. C! ®htasry to

tackle the difficulties that presented IR cameras in 1977. And companies like Hathmore Thectologies
make External/Internal Infrared Thermography Inspection for Air Leakage Detection using infrared
cameras. IR cameras are very powerful whendhget object is difficult to reach, for example, John A.
Stevenson and Nick Varl&) monitored the temperature of fumaroles of the Vocan of Colima at a
distance of 6 km with an IR camera. However, all this work has been done in a level of Thermography

andnot in a Computer Vision level.

On the other hand, intelligent algorithms have been appeared to detect the temperature of the target
object automatically. For example, Shuaiyin Wang, Yajuan Wang and Yongtao *Zhasgd a
combination of Genetic Algorithrna Back Propagation Neural Network to determine the temperature of
a target object. Though, they still have some problems due to the large number of parameters to be

adjusted since they are using two different techniques.

4.1.1.1 Welding applications

Welding is anoperation which needs a lot of human effort not only in working time but also in terms of
knowledge. In fact it is almost an artistic work and most of times it has to be a perfect work for safety
reasons. That is why researchers had study the procesteinto able to automate it. One of the issues

during the welding process is the temperature which plays an important part to get abeadddiany
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people like S. Nagarajan, W. H. Chen, and B. A. &hiR. W. Ramse$j or J. P. Boillot* have used IR

camens to controlthbeadd s t emper at ur e.

Talking about arc welding Sundaram Nagarajan, Probal Banerjee, WeiHua Chen, and BryarfA. Chin
controlled bead width, penetration depth and tor
technique about sensimgly long wavelengths capture only the temperature of the welding part and not
the arc temperature. A really good paper which writes about automation of arc welding was done by D. V.
Nishar, J.L. Schiano, W. R. Perkins and R. A. W&Bén 1994 in which o of the goals is reduce cost
to install an optical system for measuring weld temperature and the controller algorithm.

However, al | those works only take care of the
look at the overall temperatucé the part that is been welding. And the temperature of the welding part
matters when the welding process could take several hours and the welding part cools down or warms up
so much that the welding part change size.

4.1.1.2 Almost IR applications

It is worth itto mention that a CCD camera can detect invisible waves for our eyes which are part of the
thermal radiation and it can be used for industrial inspections avoiding high commercial value of IR
cameras as J. Chen, P. Osbom, A. Paton and P*\tidl. It even can be used for pedagogic porpoises

as Zden.ek Bochn L.cBkdescribed very well in his paper.

4.1.2 Radiation

All bodies with a temperaturegreaterthan OK (absolute zero) emit thermal radiatidRadiation heat
transferoccursbetweentwo bodies separated byraedium colder than bothwhile thermal radiation is
part of electromagnetic radiah, which are waves that traved the speed of light iavacuum (c=2.9979
x 10° m/s). Electromagnetic waves haadrequency (v) which is the number of oscillations pecand
andawavel ength which is the | ength of the wave 1in

Depending on thevavelengththere are several types of radiation. Nevertheteégsone that concerns
us hereis thermal radiation emitted as a result of energy transitions of molecudess at electrons.
Temperature is a measurement of the strength of these activities. The wavelength of this radiation goes
from 0.1to 100 um and this range also covers infrared (IR), visiligh¢, 0.47 0.76 um) anda portion of
UV radiation.
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If an amoumt oftherm&d r adi ati on or heat f | upnotdlithg heataviilmehes t h
absor pesadmd Awi | | b © or tramdmittedC & Fégdre4{1 shows the effeayraphically)

Figure 4-1: Incident radiation on a body
There may also bsome coefficient of the bodgs in

Equation 4-1

o II—ﬁ'Y ||_ WE WY ll—
where A is the absorbance coeffiat, R isthe reflectance coefficientand TT isthe transmission
coefficient. The quantity of radiation emitted by the surface of a body demend®veral factors,
includingthe material of the bodyhe condition ofits surface and its temperatur®ifferent substancse
with different characteristics emit different amounts of radiateven when they are at the same
temperatureKnowing this,the introduction of an ideal body which can emit the maximum amount of
radiation becomes very useful. This idbady, calleda &l a c k batsa ab$orbs all incident radiation
such thafor a bla&body A=1, R=0 and TT=0.

It is worth mentioning thaho body can emit more energy than a blackbddlye emi ssi vity (|
surface is 06t he r dlyithe sudate at ahgiwen tempkiatare to thenradation eémitted
by a bl ackbody at t,ithe emdssivityeof atserface goesdronitd e 6. Thus
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4.1.3 Components of an IR Camera

The most important parts of an infrared (IR) camera are:

U Optical System The optical system will capture some wavelengths of the object to be visualized.
In this casespecial filteranust be usetb see infrared wavelengthHsurthermore, theet of filters
used in the IR camera depends on the range of wavelength that the causedetect. For
example, if the IR camera is sensible to a band that goes from 8 to,idgam require Silicon,
Germanium or ZincHowever,if the band is 30 5 um, the material may be Sapphire or KRS5.
Mirrors, coatings and protegt films for codings are also used in optical systems. Some coatings
for mirrors can be Mgk SiO or SiQ, but if the coating is made of Al or Adt will need a
protective film. Finally for special applications such #&sose required fomdustry or specific
purposesthe use of an IR window that is placed between the thermal imager and the IR camera
would be very useful to protect the camera or to give lightness to the target object.

U Detector. The detectoconvers radiation into electrical signals. There an® typesof detectors:
thermal detectorand photon detector$hermal detectorsense radiation using micadectrical
systems that consist of several misensors that together form the thermal imag®oton
detectors change their energy state when infagaatith photons. The energy of the photon is
given by'@¥_,where h§Pl anckds constant ,amcd is itshet el wav d

the photon The cutoff wavelength isthen given by _ "Qb-o, where Eg is the energy gap

corresponihg to the quantum level change. The signal response depends on the number of
photons that touch the detector. Generdhigse kind of detectors need to be cooladdhave a
combination of chencals, for example: Cadmium mercury telluride, Indium antimenor
Platinum silicide.

U Scanning mechanismAs its name implies, a scanningechanisnscans the thermal image and

moves it towards theletector. Some cameras do meguire this mechanism becaudbeir
detector is big enough to cover the file view b timager. The scanning system can be one
dimensioml (1D), two-dimensional2D), or evenin a polygonal mirror arrangeent,depending

on the number of mirrors the systeantains However,if the system is 1Pthere arahreekinds

of possiblearrangemerst object space scanner, image space scanner and afocal scanner. Figure 1
a) presents the object space scanimethis type of mechanisnthe scanner goes first in order to

catch only the aied-for object. Figure 1 b) shows the image space scanner wieposition of
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the lens can cause quality problems becausesd¢and to modiy the thermal image. On the
other handan afocal telescopeHgure 1 c)) has the advantagesagfpace scanner arramgent
andcan alsovary the spatial resolution by modifyinige afocal front end. Lastly, to increase the
resolution of the imagethe scanner can make half pixel movements to the right,ujefand

downand capture objects that can be smaller than a pixel.

a) detector

su2|

detector

scanner C)

b)  detector

lens

e

lens

scanner scanner

Figure 4-2: 1D scanning systems

U Electronic processor After the detection of the energy or photons, it is important to correctly

interpret the signals and take a reference temperature in order to proportionally calculate the rest
of the temperatures.

i Display unit. Some cameras have the display unit integratealthe rest of the camerahile
some have a computer with special softwHrat is able to display and generate some other
featuressuch agiraphs and parameters.

Figure4-3illustrateghe process.
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Figure 4-3: Process of display unit on a camera

4.1.4 Measurements

The first thingthat needs to bknown abouta body tobe measurd is its emissivity, andthis number
can be obtainedthrough experimeration While there are several possible ways ferform these
experiments,two options are chosen her&he first is to ompare the object with anotherwhose
emissivityis already known by putting both objects at the same temperature astinadibhe emissivity
until the IR camera detects the real temperature of the unknown emissivity object. The second way is to
use a contact thermometer and neothe parameters of the IR camef@g., ambient temperature,
humidity, distance from the objeat the camera and emissivityntil the same readingppears orthe
thermometeand on the IR camera
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Once the emissivity of the object is known, it is important to find out the noise equivalent temperature
difference, the field of view, and the instantang field of view of the camera that will be used to take
temperature measurements. These indicators need to be known in order to set up the camera and the hot
object in such a way that the camera can take the best measurements. All these conceptd aiamione
will be explained in the following paragraphs.

Noise Equivalent Temperature Difference (NETD).Mi ki nads (2009) dithé i ni ti o
difference between the temperature of an observed object and the ambient temperature that generates a

signal kevel equal to the noise leveb is diven by:

Equation 4-2

0 '0"YO ho

Y
Y'Y
~—y

where Ji s t he s mal | e sytisthe méreggnent of the deteajoe signatpB the
object temperature and, 15 the ambient temperatur€here is not only one formula to find this

parameter, but this one gives a better understanding of what NETD means.

U Field of view (FOV) is the area that can be detected by an IR camera. Mamidigatampanies

specify this in graded o find the resolution at different distance® usethe following formulas:

H=d. si nHe a,nwHere\H=idtheshorizowtal resolution of the area, V is the vertical
resolution of the area, d is the distance betw
angle given by the manufactoyandVe i s t he vert iccanme neamifzsituee gi ven
Forexamplet he FLI R Ther macam S CD5Wihthik iafsrmationwe@an o f 25
say thatto capture an object with a length of 2m anteightof 1.5 m the minimum distance d

must le:

Equation 4-3
© ca OO w P& ,
GE® Ofiv I XIPER FEF Ghiw P
This means that the minimum distance d for the IR camera to sense the entire object is 4.

Q

U Instantaneous Field of View (IFOV)is the resolution of a pixel. In the specification of an IR

Camerait is given in mill-radians and is based the following formulas:
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Equation 4-4

| D Ho  aoEl K I i@ GBI
p Wit p Wi
where U is the angle of f | ar ®in ahorizonta driverticad , N

arrangenent Hq, is the mhimum detected length in the horizontal plan@d Vi, is the
minimum detected length in the vertical plame.the example of the Thermacam SCh@te
special resolution is 2.7 mradsing the above formujave can say that |Nis almost 162 and \N
is alnost 123 while the IFOV for a d equal to 4.7m would be 0.0127 m or 1.27Adthough is
appeargshat, if an object has a size of 1.27 cnit2will be detected by the camethe truth is that
the object must be a square and has to be allied with one of dhene deteétss for that to
happen.

4.2 Experiment Setup

The process of the experiment is very simple. There are three steps, as follows:

1. Preheat the mould at 350 degrees Celsius using a blowtorch.
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2. Weld tworectangular layers using 20 beadO in theifst layer and 10 in the upper layéris
block is 406 mm in length, 204 mm wide, and has a height of 100 mm. The block after welding is

presented ifrigure4-4.

Figure 4-4: Steelblock with two layers of welding
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3. Take temperature measurements with an IR carfé@yare4-5 presents the IR camera used in the

experiment.

Figure 4-5: FLIR Thermacam SC500

4.2.1 AB Welding Robot

The robot used in the experiment is Fanuc Arc Mate 120. It isax@&xrobot with a mass of 370 kg,
and was specially made for MIG and TIG applications. The parameters used during the experiment are
shown inTableXI. The shielding gas is MIG Mix Gold, which is a mixture of more than 90% Argon with
less than 10% Carbon Dioxide; this mixture is expressly done for MIG welding anesttalirby the
Praxair Company.

Table XI: Parameters used in expriment

Wire Feed Speed 148.16 mm/s
Volts 29
Travel Speed 19.05 mm/s

TableXIl presents the important differences between ideal and the experimental process. As we can see
in the first column, the width of the bead is largeing MIG and results in fewer layers compared to the
TIG process. The experiment consists of two layers of 10 lines (beads) per layer. From information given
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in the table below, we know that if we run the experiment without pause, the welding time waié®e

seconds faster than the ideal experiment.

Table XII : Differences between ideal and experimental processes

TIG Robot (ideal) MIG Robot (experimental)
Bead width 5mm 6.5mm
Bead height 3mm 3mm
Bead length 195 mm 195 mm
Number of lines for one layer | 13 10
Seconds per line 65.17 10.26
Travel speed 5mm/s 19 mm/s
One-layer time 836.03 s 101.2s
Two-layer time 1672.06 s 2024s

Using the method presented in sectiB of this thesis, the resulsuggest that we either have to
provide a heat flux of 0.03 kW during the entire process or eliminate eight seconds from it. The second
optioni eliminating eight secondswould not make any sense in a normal situation. Nonetheless, here it
is the betteralternative, since the experimental process is using a faster robot than the ideal one. So,
instead of running the process for 1,469 seconds, it would be run for only 1,461 seconds, with a pause of

73.04 seconds between each line to maintain preheat tsonger

Applying the fuzzy logic method to the process, the fuzzy number is 0.19 for the linear functions and
2.81e15 for the bell functions. Both numbers are very close to zero, especially the bell fuzzy number.
Also, both values are positive, which meahat little additional heat is needed. These suggestions agree
with the FEA model. Furthermore, uponiezifying the results, the linear functions model gives a heat
flux of 0.33 kW that the mould needs during the welding process and the bell madeadieat flux 0.00
kw. However, these results do not provide a time decrease, as the FEA number does. For this reason, the

FEA suggestion was used during the experimental testing.
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4.2.2 Infrared Camera

The ambient temperature and general conditions of thedtavgrin which the experimemasdonewere
very similar to theconditionswherethe robotwas The labwasaninnerroom, heatedo 22 degree<C,

with no strong air currents atherextreme conditios

The target object is a block of steel 406mmengh, 204mm wideand100mm high with a volume of
8.28x106mm This block is placed on firproof bricks on a steel table.

The field of view (FOVJ" is the area that can be detected by an IR camera. The FLIR Thermacam
SC500 has a FE 0Osihg Bguatioh 8 et isyposdib®e ¢o find the minimum distance from the
IR camera to the hot object for the camera to detect the whole object.

Where H is he horizontal resolution of the area, V is the vertical resolution of the area, d is the distance
bet ween the I R camera and the object rabg Ve tlse tih
vertical angle given by the manufacturé/ith thisinformation we can say that to capture an object with a
length of 0.406m and heightof 0.1 m the minimum distance d must be:

( mnunei o 6 ™ i
O0R1) O&lv) ™9 AR & 0Biwd

™ T

This means that the minimum distamndt for the IR camera to sense the entire object is 0.Beencamera
is thenplaced at about 1.2 m from the target object in order to have a better vision of the. prigcess
4-6 demonstrates the position of the camera redativthe steel block.
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Camera

Figure 4-6: Robot, camera and block ready for experiment

The IR camera sty taking imagesvhenthe block is heatetb a temperature of 35@egrees C and
continues to take imagesitil the welding process finishes and the block sdolwn. The interval of time
between each frame is approximately 9.99+0.086a rate of five or sixaptures per minute. The start
timewas11 hours, 53 minutes, 1 second and 54 millisecaauts the lasframewas recorded at 14 hours,
35 minutes, 0 seconds and 999 milliseconds. However, Warefivepauses during the experiment. As a

result there are 521 pictures to be analyzed.

Each picture can be saved in Mat lab format. The FLIR program createsture for each recorded
frame that hafive matrices. The first matrix takes the name of the Mat lab fitkcamtains the absolute
temperature value of each pixel of the image Hoy& double precision float numbetbe size of the

matrix is 240x3R. The otherfour matricesgive data about the stored imageThe c a me r serd s
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manual™ provides an exampleith the image XXXX (seéppendix Q as well as an example frothe

first image of the actual experiment

In this way, all the necessary information stored iach picture is easily obtainableWith the

information given by the useas well asthe scaling that the user sets, the progcamcalculate the

temperature for each pixel. Therefore, the more accurate the watis#s arethe more accurate the

measuredemperaturavill be.

By choosing one of the frames randomly and normalizing it into a gray scale,im&g@ossible to

draw the perimeter of the target object manually and transform the original image inbtackeand

white object. The Mat lab code used to transform the image is:

0
0
0
0
0
0
0
0
0
0

clear

| = imread{Al.jpg);

J = rgb2gray(l);
figure(1), imshow(J);
BW = im2bw(J,0.8);
figure(4), imshow(BW)
bwl = imfill(BW,'holes);
figure(5), imshow(bw1l)
sl=sum(bwl)

s2=sum(sl)

inwhich the O6Al1l.)jpgbd fil e lyecognibed iniPamh Jhe figuleelbw h a s

showsvisually the conversion of the image.
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Gray scale image

Manual recognlition of mould

Binaryimage No holes Image

Figure 4-7: Manual recognition of the mould

In this cases2 is equal to the white pixéts value is 23,520 pixels/hich is 30.625% of thentire

image.
4.3 Experimental Results and Discussion

4.3.1 Automatic Recognition Program to Get R esults
The main purpose dherecognition program is to se&lethe useful imageom the 521 pictures taken
during the experimenand give the average temperature of theuld in the image. To do thighe

following the stepswere taken

1. Organize the data. Convert the 521 Mat lab files ik matrices intofive files with 521

matrices, one matrigerimage.
2. Convert the temperature values into gray scale values to work with the picture
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3. Select the useful images. During the experimesume problems occurrdd.g., people blocked
the cameraview). It is also impatant to remember thahis programselectsonly the pictures
where the target object is hot enough to be welded.

4. Automatic recognition of thenould
Get the average temperature of theuld
Show the main temperature of tm@uldat the time the picture as recorded.

4.3.1.1 Organize the data.

The idea in this steyasto organkzethe data by typé the absolute temperature valfes each image in
one structure, the date and time information in another struandeso on. After thathe temperature
and time guctureswereconverted into multdimensional arrays. Thuthe dimension of the temperature
array was 240x320x521and the dimension for the date and time amag 1x7x521.However, aghe
date and time arraywas not suitable (as onthe time wien the picture was recordedvas needed}the
hourwasconveredto minutes andhe seconds into hourd he totalof the resultsreateda more suitable
array of 1x521whichworked aghe x axisvaluefor thefinal plot.

4.3.1.2 Converting temperature values into gray scale values

The absolute temperature values of the matmneesied to be convertéato values that@uld be read by

Mat lab as image valup$or this reasonyalues fom 0 to 1were givento each temperaturavith the
lowest numbebeingequal to 0 andhe highest equal to However, the absolute data gave too much
information of the background, as can be seen in the resultant im&iguie 4-8 a). However, it was
possible to increase the contrast by changing the absoluteswval Celsius values before normalizing it to
gray scale, as shown Figure 4-8 b). Nevertheless, the concentration of one value of the pixels was
higher in 48 c), where a further 100 degrees were removed from the Celsius.values, to obtain the
gray level value for each pixel in the figurelow, section a), the formula is:

Equation 4-5
QAQ ™
I Agba ¢ | ETO4a ¢
C

"QAQ
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where g is the gray level value of the pixel, f is the absolute temperature value of the pixel, and F is the
matrix of the image.

In the same way, the formula to obtain the gray level valudonext figure, b) is:
Equation 4-6
. AQ p Wi v T
(A& & pwpu | ETOG & pwduy
The difference in this formula is that the absolute :emperatuu:e valnow 194.15 less, giving Celsius

QA0

degrees. Also, the nin F has been used to note that
Finally, the last image in Figure 2 has the following formula:
Equation 4-7
. OEQ ¢ wpu @ AQ ¢ wpuv T
| A@a ¢ cwguv | EIO& ¢ C WP L 0
In this case, 294.15 instead of 194.15 w;s taken to obtain more contras in the final image. Note that the

QEQ

numerator is represented by the letter M.
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Figure 4-8: Adjusting contrast of images: a) equation 33, b) equation 34, c) equation 35

4.3.1.3 Selecting the useful images

Not all photoswere asgood as the one abovAs mentioned previously, some did not contain the hot
mould, and the camera took pictures while the block was heating up with a torch. Some examples of the

frames created in the experiment can be sedétigure 4-9. In picture a) of the next figure, the block is
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almost at ambient tgperature; in pictures b), c), d) and f), the block does not have a uniform temperature;
in e), the block is not there; in picture g), the heat of a person prevented the block from being seen
completely. Finally, picture h) is the only correct frame. Logkat the histogram, we can see that the
main concentration of one gray level value is in the h) picture, with more than 5,000 pixels. This highest
value corresponds to the highest temperature in the picture (which is, at the same time, the block).

From theinformation above, the selection process consisted of finding the average gray level value for
the useful frames and taking only the value that corresponded to the images needed to be analyzed. Thus:

Equation 4-8

W
VWY 0 TR HPMEE E O RPE EDQI i
wherefis the average value of the gray level image and the useful images have a value between 0.18 and
0.27.
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o5

Figure 4-9: Histograms of gray scale pictures

4.3.1.4 Recognition of mould

Taking the matrix with the absolute tempans minus 294.15 and knowing that the brightest pixels
correspond to the pixels of the block (as in Figu® #)), it is possibleo convert the gray scale image

into a binary image, giving the value of one to all pixels larger than M (the value of M is given in
Equation 47) and zero to all pixels smaller than M.. Nalwe matrix is a binary image where the block is
white. The binay image in Figure 4 is an example of the result of this step. After that, to suppress small

islands from the binary image, the opening of the following morphological operation was performed:

Equation 4-9

AoB=(AcB)¢ B,
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where A is the set of the binary image, B is the structuring element that, in this case, is equal to 19,000 to
ensure that the only object in the image is the block, [ahdind [=ldenote erosion and dilation,
respectively.

Finally, a hole was filled in the e#s open image. This was done according to the image processing

toolbox manud&™: A A hole is a set of background pixels
background from the edge of the image. 0 dgirke resu
below.

Binary image Area open no holes

Figure 4-10: Binary image of frame 500

4.3.1.5 Average temperature of mould

Thetotpr oduct of the original mat r i bkies afhd origifaldmagen o h o |
that corresponded to the absolute temperature of the block. From these, an average of those values was

obtained.

4.3.1.6 Plot Temperature versus Time

To achieve the objective of this program, a graph was made that shows the behdwanaafld while it

was beingvelded and some minutes after the process was finished (without the noisy elements).

4.3.1.7 Resultant graph

The resultant graph of the program is presented in Figure 5. As can be seen, the x axis shows the hour of
the day in which thédrame was taken and the y axis has two meaning values. The red line indicates the
average temperature of the block in degrees Celsius, and the blue line indicates the average gray level of

the entire picture multiplied by 100.
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The selection part of the gytam successfully worked, with 0% error in the experiment. However, the

condition section oEquation4-8 should be adjusted, depending on the area thahthd covers in the

image.
Resultantgraph of program
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Figure 4-11: Temperature and gray level average

With reference to the accuracy of the object selected, a comparison was done with the manual
segmentation. The standard deviation for the area of each image was calculated, the average value
indicating that the average deviation was 2,320.14 pixels. This means that the average error of the
calculated area was 9.86% or the accuracy was 90.13%. Thus, it can be assumed that when the block is at

the highest temperature, the object area of the image is laagaude the items among the block are as

hot as the target piece.
91



4.3.2 Analysis and Discussion of R esults

Figure4-12 contains a chart with the values taken from the results of the Mat Lab program in blue; the red
line is the highest taperature that the steel block can have to avoid thermal expansion larger than 0.5mm.
The green mark is the lowest temperature it can have to avoid a contraction larger than 0.5mm. Further, as
all of the blue points are within the delimited range, we aanthat the mould did not experience a
significant change in shape.

The maximum and minimum temperature limits appear to be-msioging. In fact, the difference
between them is 193.15 degrees C, as the high limit is 446.58 degrees C and the low b@idds 2
degrees C. However, if we look Bigure 2-2: Thermal expansion for different initial lengthssection
2.1.1.1 we will see that, if the mould has a length of about 400 mm, it can have emtiffein
temperature of 200 degrees C before it changes more than one millimetre. As the length of the

experimental mould was 406 mm, the temperature limits to prevent size changes should not be surprising.

At this juncture in the discussion, one mightgest that if the limits are so large, there is little point in
making aneffort to keep the mould at a single temperature. However, for small moulds, this method can
be used to prevent cracks in the khaff¢cted zone as well as over the heat of the mould, because the
mould has to be cooled down at the end of the welding poces

Temperature of mould while welding

— 500
o 450 B 175758 &
3 400
E k0«  ~35444
(@]
o 300
>
& 250
8 200 25342
E 150

100 T T T T T 1

0 0.2 04 0.6 0.8 1 1.2
Real Time of Experiment [hours]
—¢—Seriesl —@i=—Hight Limit Low Limit

Figure 4-12 Temperature limits to avoid excessive thermal expansion
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Figure4-13 shows a closer view of the mould temperatdige point marked with a red circle does not
follow the temperature trend. That picture was taken 0.344 hours after the experiment stafagljrand
4-14 shows that picture together with another three pictures, for comparison purposes. The second picture
(from left to right) isthe picture at issue; we can see that someone is obstructing the file view of the
camera and so we cannot see the entire hot block of steel during the experiment. That picture is thus
eliminated from the data base manually. The picture taken 0.35 hoerdhef experiment started was
already eliminated with the Mat lab program, as explained in se¢tBh Finally, the other two images
are good photographs and can be included in the data base.

Temperature of Mould, Zoom Scale

355 0.29,354.98
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Temperature of Mould [C]

Figure 4-13. Temperature of mould, closer view
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0.341 hrs. 0.344 hrs. 0.35 hrs. 0.352 hrs.
l |

Good picture

|

Manually
eliminated

Eliminated with
Mat Lab program

Good picture

Figure 4-14: Pictures taken with infrared camera at 0.341, 0.344, 0.35 and 0.352 hours

After the manual elimination of thaeselessrame, Figure 4-15presents the temperature of the block
during the welding proces¥Ve can see frorfigure 4-13 that the process took less than an hour and a
half, which is why the decision was made to chamgetime scale into minutes. Three lines were also
added; the red and green lines indicate thaetbetrode had to be changed during the experinaat
that this change creatadpausef approximately twelveninutes The red line marks the beginningtbé
pause and the green line represents the end of the pause or the point at which the robot continued welding.
The purple line corresponds to the endpoint of the welding process and the start of the cooling down
process. From this, we know thhetduraton of the process was approximately 44 minuidth the peak
temperature occurring at 17.48inutes and measuringb4.89degreesC, and thelowest temperatug
occurring at 30.32 minutes and measuring 353.52 de@rees

Section4.2.1 of this thesis suggests waiting approximatelysé8onds before starg to weld a new
line, in order to maintain the preheat temperatti@vever, the electrode of the welding robot had to be
changed during the experiment. This weed from minute 17 to 29 of the experiment, resulting in a
waiting time of about 12 minutes, during which the temperature decreased from 354.74 to 353.65 degrees
C. If we view the entire process, we will find that the torch has to add approximately71k39i 1,663
seconds, which means a continuous average rate of 960.6 Jules per second. When 12 minutes (720
seconds) are added to the process, the heat rate reduces to 670.45 J/s. Hence, the average temperature of
the mould would be less that the inii@mperature until the required heat would be compensated. For this
reasonthe waiting time at the end of tlexperiment was eliminated even though the temperature of the

mould did not substantially increase.
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Temperature of Mould, Zoom In
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Figure 4-15: Temperature of mould, zoom in

After the completion of the welding process (Bégure4-16), the temperature of thraould decreased,
but twelve minutes later the temperature rose again. After that, there wasod B@pninutes (from
minute 64 to minute 114) and the process moved faster than at the beginning. To fill the gap, a trend line
was added to determine what could have happened during that time. The trend line suggests that the

temperature could not go highthan 356 degrees C before going down.
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Cooling Down Process
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Figure 4-16. Cooling-down process

The question remains: why does temperature rise if heat is added? The answer is: thermal conductivity.
The average temperaturetbe mouldat the end of the welding process was 353.86 degrees C. However,
the temperature of the recent welding was higher than that. Some of the heat was quickly dissipated via
convection, while some was absorbed by the rest ofmigld via conductivity Moreover, convection
was faster at the beginning, as the temperature of the welded portion of the block was very high.
Nonetheless, there was a point at which conductivity was faster and the average temperature of a block
rose, but once all parts of thdock achieved the same temperature, a faster cedtimgn process was

begun.
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Chapter 5

Conclusion and Future Work

In this final chapter of the thesis, some conclusions are drawn and recommendations made regarding
current and future investigations into automatystems used for building up multiple layers with TIG
welding technology.

5.1 Conclusions

The general hypothesis in this research study was that it is possible to maintain the temperature of a
mould if the volume of the work piece is known. As most typedeas| fhrave similar thermal properties,

the project was based on experiments made wizh Bteel; however, the validation testing used stainless
steel instead of 20 steel and it still maintained the preheat temperature inside the required limits simply

by knowing the volume of the mould.

Due to the fact that it is not necessary to conserve one precise temperature but is instead more useful to
maintain the mould within a certain temperature range, automation of the process without the use of

expensive sens®is possible.

Furthermore, as small moulds have a large range of temperature limits and will tend to gain
temperature, we can maintain the temperature of these moulds in order to achieve a stable process. On the
other hand, large moulds will have a sraaltange of temperature limits, and so it is necessary in cases
involving large moulds to maintain their temperature by using burners. Mesitagah moulds generally
require little addition of heat over time; however, if the volume added by welding isisntiy large
over a long duration, it may convert the medisimed mould into a large one at a certain point in the
process. For this reason, a dynamic calculation is necessary. In other words, if the welding process takes
three hours, the calculationsnche done in a simulation every 30 minutes to ensure that the changing

conditions (such as time, volume and heat) are taken into account.

During the experimentatesting the torch was found to be a good power source, but a technical stop
could cause hedbss. It is thus recommended that the user be prepared to turn on burners or cover the

working piece with thermal cloths in case of unplanned pauses during the welding process.

97



Finally, the fuzzy logic models and the FEA model suggest similar solutiottsetproblem. The
temperature of the mould was maintained at the preheat temperature, which means that the objective of

this thesis was successfully achieved.

5.2 Future Work

Evely fuzzy logic model has to be tuned, mainly because people who work with theatintegstem
discover more rules and better parameters as they gain more experience with it. After installation of the
fuzzy method, it will be necessary to make slight changes and refinements until the best fuzzy logic model

of the process is reached.

The major difference between the fuzzy and FEA methods is that the efficiency of the burners is
assumed to be 60% with the burners fully opened. However, it is possible that the efficiency is less than
that. To test this theory, further experiments using a Mielding robot would be recommended as
future work in order to adjust and validate the two methods presented in this thesis.
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Table XIII : Shielding gases for MIG

Appendices

Appendix A

Shielding gases tables

Shielding gas Chemical behavior Typical application

Argon Tnert Virtually all metals except steels

Helium T Alumimlm, IllaguesiLlnl, and copper alloys for greater heat input and to
minimize porosity

Ar-+20-80% He Inert Aluminum, magnesium, and copper alloys for greater heat input and to

minimize porosity (better arc action than 100% helium).

Nifrogen

Greater heat input on copper (Europe).

Ar+25-30% N,

Greater heat input on copper (Europe); better arc action than 100 percent
nitrogen

Ar+1-2% 0, Shightly oxidizing Stainless and alloy steels; some deoxidized copper alloys.
Ar+3-5% 0, Oxidizing Carbon and some low alloy steels.

Co, Oxidizing Carbon and some low alloy steels.

Ar+20-50% CO, Oxidizing Various steels, chiefly short circuifing mode.

Ar+ 10% CO. + .

59% Os Oxidizing Various steels (Europe).

CO, +20% O, Oxidizing Vartous steels (Japan).

90% He + 7.5%
Ar+2.5% CO

Slightly oxidizing

Stainless steels for good corrosion resistance, short circuiting mode.

60% to 70% He + 25 to
35% Ar + 4 to 5% CO:

Oxidizing

Low alloy steels for toughness, short circuiting mode.
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Table XIV : Typical applications for common shielding gases for MIG welding

Shielding gas Chemical behavior Typical application

Argon Inert Virtually all metals except steels.

Helium Inert Alunnmlm. magnesivim, and copper alloys for greater heat mput and to
minimize porosity

Ar+ 20-80% He Imert Aluminum, magnesium, and copper alloys for greater heat input and to

minimize porosity (better arc action than 100% helium).

Nitrogen

Greater heat input on copper (Europe).

Ar+25-30% N,

Greater heat input on copper (Europe); better arc action than 100 percent
nitrogen

Ar+1-2% 0, Slightly oxidizing Stainless and alloy steels; some deoxidized copper alloys.
Ar+3-5%0, Oxidizing Carbon and some low alloy steels.

Co, Oxidizing Carbon and some low alloy steels.

Ar+20-50% CO, Onadizing Various steels, chiefly short circuiting mode

Ar +10% CO: + i

595 O Oxidizing Various steels (Europe).

CO, +20% O, Oxidizing Various steels (Japan).

90% He + 7.5%
Ar+2.5% CO,

Shghtly oxidizing

Stainless steels for good corrosion resistance, short cireuiting mode.

60% to 70% He + 25 to
35% Ar + 4 to 5% CO,

Oxidizing

Low alloy steels for toughness, short circuiting mode.
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0.02514
0.02551
0.02588
0.02625
0.02662
0.02699
0.02735
0.02808
0.02881
0.02953
0.03024
0.03095
0.03235
0.03374
0.03511
0.03646
0.03779
0.04104
0.04418
0.04721
0.05015
0.05298
0.05572
0.06093
0.06581
0.07037
0.07465
0.07868

Appendix B

Coefficient of convection

0.7309
0.7296
0.7282
0.7268
0.7255
0.7241
0.7228
0.7202
0.7177
0.7154
0.7132
0.7111
0.7073
0.7041
0.7014
0.6992
0.6974
0.6946
0.6935
0.6937
0.6948
0.6965
0.6986
0.7037
0.7092
0.7149
0.7206
0.7260

1.52E05
1.56E05
1.61E05
1.66E05
1.7E05
1.75E05
1.8E05
1.9E05
2E05
2.1E05
2.2E05
2.31E05
2.52E05
2.75E05
2.98E05
3.21E05
3.46E05
4.09E05
4.77E05
5.48E05
6.22E05
7E05
7.81E05
9.52E05
1.13E04
1.33E04
1.53E04
1.74E04

0.003411
0.003354
0.003299
0.003245
0.003193
0.003143
0.003095
0.003002
0.002914
0.002832
0.002754
0.00268

0.002%14

0.00242

0.002309
0.002207
0.002113
0.001911
0.001745
0.001605
0.001486
0.001383
0.001261
0.00112

0.001007
0.000915
0.000838
0.000773

4.123739
4.338539
4.519349
4.674515
4.811611
4.932927
5.041207
5.230523
5.3924@

5.529809
5.648586
5.755311
5.934504
6.082941
6.206907

6.31194

6.402611
6.582347
6.714213
6.812864
6.889515
6.945577
6.943583
7.000135
7.026126
7.024343
7.005877
6.976103

2.06187
2.169269
2.259674
2.337257
2.40306
2.466463
2.520603
2.615261
2.696231
2.764905
2.824293
2.877656
2.967252

3.04147
3.103453

3.15597
3.201306
3.291173
3.357107
3.406432
3.444758
3.472789
3.471792
3.500067
3.513063
3.512171
3.502939
3.488052

3.91918154
4.159124144
4.359772803
4.530274626
4.679387662
4.809436416
4.924228617
5.120121772
5.282495856
5.41524651
5.525682267
5.621398258
5.772325168
5.887269039
5.974669446
6.041563149
6.093544841
6.177470762
6.218149728
6.232174551]
6.230840738
6.215481038
6.144150884
6.08758%129
6.018457089
5.936650244
5.850654646
5.763452174

® Coefficient of convection when the face is horizontal and facing up
® Coefficient of convection when the face is horizontal and facing down
" Coefficient of convection when the face is vertical
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0.09599 0.7478 2.92E04 0.000558 6.749583 3.374791 5.35000710
0.11113  0.7539 4.27E04 0.000436 6.545174 3.272587 5.03215324
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Appendix C
Example of image XXX

XXXX_DateTime(1,1): Year

XXXX_DateTime(1,2): Month

XXXX_DateTime(1,3) Day

XXXX_DateTime(1,4): Hour

XXXX_DateTime(1,5): Minute

XXXX_DateTime(1,6): Second

XXXX_DateTime(1,7): Millisecond
XXXX_ObjectParam(1,1): Emissivity
XXXX_ObjectParam(1,2): Object distance
XXXX_ObjectParam(1,3): Reflected Temperature
XXXX_ObjectParam(1,4)Atmospheric Temperature
XXXX_ObjectParam(1,5): Relative Humidity
XXXX_ObjectParam(1,6): Computed atm. transmission
XXXX_ObjectParam(1,7): Estimated atm. Transmission
XXXX_ObjectParam(1,8): Reference Temperature
XXXX_ObjectParam(1,9): External optics tparature
XXXX_ObjectParam(1,10): External optics transmission
XXXX_Scaling(1,1): Blackbody range min
XXXX_Scaling(1,2): Blackbody range max
XXXX_Scaling(1,3): Type of output

0 = temperature
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2 = difference temperature
4 = object signal
5 = difference objeddignal
XXXX_Scaling(1,4): Camera scale min
XXXX_Scaling(1,5): Camera scale max
XXXX_Scaling(1,6): Calculated scale min
XXXX_Scaling(1,7): Calculated scale max
XXXX_Scaling(1,8): Actual scale min
XXXX_Scaling(1,9): Actual scale max
XXXX_Framelnfo(1,1): Imge number
XXXX_Framelnfo(1,2): Trig count

Now the same example is shown, this time with the first image of the actual experiment:
Sample0001_DateTime(1,1): 2010
Sample0001__ DateTime(1,2): 12
Sample0001__ DateTime(1,3): 6
Sample0001_ DateTime(1,4): 12
Sanple0001__ DateTime(1,5): 2
Sample0001__ DateTime(1,6): 21
Sample0001_ DateTime(1,7): 13
Sample0001__ ObjectParam(1,1): 0.26300001144409
Sample0001__ ObjectParam(1,2): 1.20000004768372
Sample0001__ ObjectParam(1,3): 295.149993896484
Sample0001__ObjectParam(1,293.149993896484
Sample0001__ ObjectParam(1,5): 0.300000011920929
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Sample0001__ ObjectParam(1,6): 0.994584681311919
Sample0001__ ObjectParam(1,7): 0

Sample0001__ ObjectParam(1,8): 294.149993896484
Sample0001__ ObjectParam(1,9): 293.100000000000
Sample0001__ QéctParam(1,10): N/A
Sample0001__Scaling(1,1): 233.149993896484
Sample0001__Scaling(1,2): 393.149993896484
Sample0001__ Scaling(1,3): 0
Sample0001__Scaling(1,4): 296.850159504867
Sample0001__ Scaling(1,5): 554.073382784165
Sample0001__ Scaling(1,6): 300.382827006
Sample0001__ Scaling(1,7): 554.073382784165
Sample0001__Scaling(1,8): 296.850159504867
Sample0001__ Scaling(1,9): 554.073382784165
Sample0001__ Framelnfo(1,1): 1

Sample0001__ Framelnfo(1,2): O
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