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ABSTRACT

Welding is widely used in manufacturing industriesassemble various products.
It is well known that welding process relies oniatensely localized heat input, which
tends to generate undesireesidual stresses and deformations in welded structures.
Residual stresses are stresses that remain agte@rithinal cause of the stresses such as
heat gradient during welding process. They remdonca a cross section of the
component even without external cause. This studyldeen conducted with objectives
to develop finite element model of welding and cateptemperature distribution and
deformation of welded plate. In this study, fineéement analysis (FEA) based on
numerical method will be applied. FEA is used tadgtthe thermal effect of heat input
on residual stresses of corner joint plate andigrdte stress field and its gradient
around the fusion zone of welded plates. ANSYS Hifan software will be used by
implementing birth and death element for the analgé welding problems using FEA.
The prediction of welding residual stresses usiigtef element method can be
simplified by uncoupling the thermal and mechan&spects of the problem. Thermal
and mechanical analyses will be solved sequenti&lgsult shows that, maximum
temperature on the plate is 1768which beyond melting temperature of carbon steel,
1500°C. Residual stress is significantly high with ageraf 103MPa. These results are
with an agreement with published data from Dragin&nkovic in journal of “Finite

Element Analysis of Residual Stress in Butt Weldliwgp Similar Plates”.
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CHAPTER 1
INTRODUCTION

1.1 Project Background

Welding is widely used in manufacturing industriesassemble various products.
In spite of the vast application of welding jointsthe industry, still they have been
considered as a weak point in the mechanical eagirge design. This is due to the
shortcomings of welding technology and mismatchhef mechanical properties at the
joints. Besides, it is well known that, welding pess relies on an intensely localized
heat input, which tends to generate undesired uakidtresses and deformations in
welded structures.

Therefore, estimating the magnitude of welding defttions and characterizing
the effects of the welding conditions are deememksgary. Many techniques have been
used for measuring residual stresses in metal dnaustress relaxation techniques,
diffraction techniques, cracking techniques anchégues by use of stress sensitive
properties. However, the application of these teghas in practice is usually expensive,
destructive and limited by accuracy. Thereforeeaegal trend to study these stresses is
by using finite element analysis (FEA).

The FEA method is the conventional means of calieigaesidual stresses. With
modern computing facilities, FEA technique has Ipeeoan effective method for
prediction and assessment of welding residual sgeesind distortions. However, the
welding deformations are various with productioniatons such as dimension, welding
materials and welding process parameters. Therefapadly and accurately predicting

welding induced distortion for real engineering lagggions is more challenging.



1.2 Problem Statement

Residual stresses are stresses that remain adteritinal cause of the stresses has
been removed such as heat gradient during weldioceps. They remain along a cross
section of the component even without external eaiesidual stresses occur for a
variety of reasons, including inelastic deformatiand heat treatment. Heat from

welding may cause localized expansion, which istiakp during welding.

Since the heat generated during a welding procesdigsipated through
convection, conduction and radiation, a severe &atpre gradient would exist around
the welding point. This gradient, together with tfapid quenching and the phase

transformation of the melted filler will cause ttesidual stresses along the joint.

These stresses not only cause unwanted deforméatibralso reduce the fatigue
and creep lifetime of the weld plate. Because efitinerent complexities of the welding
process, factors including process related and ge&gndependent affect the final

residual stresses.

Fatigue behavior of welded plate is complicated umany factors such as stress
concentration, environment and residual stressesidRal stresses that arise in welded
plate by heating and cooling cycles during weldangcess are an important factor in
fatigue failure. Besides, tensile residual stresseselded plate can be as high as the

yield stress and can have detrimental effect oriatigue life of welded structures.
1.3 Objectives
This project has been conducted with objectives to:
a) Develop a finite element model of a welding process

b) Study the temperature and residual stresses pthfiiag welding process.



1.4 Scopeof Study

This study will concentrate on simple welding cguafiation which is corner joint.
Corner joint is joining edges of two plates perpeuldr to each other. Figure 1 shows a
schematic representation of corner joint weldingfiguration. On the other hand, type
of welding will be applied in this study is Shietti®etal Arc Welding (SMAW)pecause
of the versatility of the process and the simplici its equipment and operation. Carbon steel is
used as both, workpiece and filler metal. Tablédws their temperature dependent properties.
In order to get temperature distribution and deftion, ANSYS 9 will be used with utilizing
birth and death element.

With ANSYS, the study will be focusing to determine
a) Temperature distribution along the welded plate
b) Stress distribution along welded plate

c) Deformation on the plate after heat has been remove

Figure 1: Corner joint configuration



CHAPTER 2
LITERATURE REVIEW

In fusion welding, two edges or surfaces to begdimre heated to the melting
point and, where necessary, molten filler matasiadded to fill the joint gap. By using
a heat source with sufficient power it is possifoiduse through a complete section of
very thick plate. The weld pool produced is difficto control and the heat affected
zone (HAZ) of such welds has a relatively coarsaingr adversely affecting the

mechanical properties of the steel as reportedFblyancastef1].

The heat input supplied by the welding arc produm@plex thermal cycles in the
weldment and these, in turn cause changes in toeostiucture of the heat-affected
zone. The high heat concentration is necessaryubecametallic materials diffuse the
heat and cause transient, inhomogeneous thermedssand metal movement. The
transient temperature field causes thermal expanstress and strain that usually
plastically deforms in the weld neighborhood ansutein residual stresses and strain
that remains when the weldment cools and the streids distorted from its original
shape based ¢h Barsouni2].

An understanding of the nature of heat transferessential for the proper
appreciation of the heat effect of fusion weldikigat transfer theory can indicate the
minimum heat input rate to form a weld of any giweidth, and the essential variables
which govern the heating rate and cooling ratehim tteat affected zone and the weld
metal. Heat affected zone (HAZ) is the area of basstal which has had its

microstructure and properties altered.



Figure 2 below shows the cross-section of a weldnad joint, with the darkest
gray representing the weld or fusion zone, the omadgray the heat affected zone

(HAZ), and the lightest gray the base material.

L

Figure 2: Cross section area of a welded joint

The electric arc heat source is known as a sudaaece, which applies heat over
a small area on the metal surface. In most fusieldliwg a continuous moving source is
used. The continuous moving source has a specahcteristic where once steady
condition has been achieved, the temperature luision relative to the heat source is
stationary based oN.R Mandal[19]. This condition is known as the quasi-stadign
state and in most cases it is convenient in deuslppquation regarding the source as
stationary and the heat flow medium as moving.

Welding distortion due to a weld in a plate arisenarily because the strip of
material which has been melted contracts on coofiogh melting point to room
temperature. Welding distortion can be classifietb isix main types which are
longitudinal shrinkage, transverse shrinkage, argdistortion, bowing and dishing,
buckling, and twisting.

During the rapid heating cycle of a fusion weldprgcess, material in the vicinity
of the weld heats, expands in all directions andompressed by the constraints of the
much larger and cooler surrounding structure. Téeddd volume has a lower yield point
than the cooler surrounding structure and is meaglity upset to a smaller dimension,
the heated volume yields in compression.
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The contraction of weld metal as it cools after a#fon causes shrinkage that
takes place simultaneously in all directions, aheréfore it causes several types of
distortion as shown in Figure 3. The level of wedidistortions depends on many

variables, such as heat input, material thicknelegtrode speed, material type and etc.

Figure 3: Welded plate distortion

Based orMichaleris[20], if the contraction of the weld was contingtuhappen,
the longitudinal contraction of the weld would bgual toaTy, wherea is the thermal
expansion andl,, the melting temperature. Assuming only elasticodeation the
corresponding stress would BeT,, whereE is the young modulus of the material. The
value ofEaTy, is greater than the elastic limit, so that plasiéormation of the weld

takes place during cooling and the residual sirese weld exceeds the elastic limit.

11



Residual stresses have a significant influencehenfatigue strength of welded
structures, and it is well known that high tensisidual stresses have a detrimental
effect on fatigue life and compressive residuatsstes could have a favorable effect on
fatigue life. The combination of welding residudiesses with operating stresses to
which engineering structures and components argeciedl can promote failure by
fatigue as reported ¥. Barsouni3].

Residual stress distribution is very complex arnf@iadilt to predict because it is
strongly affected with many parameter, such as gtgnof the plate, thickness, joint
type, mechanical and physical properties, arc ptseand also the electrode travel
speed. Stress distribution for a complex weldedcsire is usually not known, and
conservative assumptions are made of the resithesises distribution when fatigue life

predictions are assessed basedarntinssonandFinch D.[4, 5].

Several experimental destructive and non-destreictechniques for directly
measuring residual stresses have been developeske Tiechniques include X-ray
diffraction method, neutron diffraction method, éayemoval method, sectioning
method, ultrasonic and magnetic methods, and holengd methods. However, the
application of these methods in practice is usuaiijted by either cost or accuracy as
reported byE. Armentani et aJ6].

Numerical simulation based on finite element methadf residual stresses
calculation in corner joints have been developeary@ago and most of these studies
were conducted based on either axisymmetric or diweensional plane assumption
based orlJeda Y, Rybicki E.andWilkening W.[7, 8, 9]. In the other hand, it is also
demonstrated that the residual stresses in weldidsjare not always symmetric,
Karlsson and Dong P. [10, 11]. High tensile and compressive residuaksses
concentrations have been observed at welding estdrtpoint based oishack and
Josefsorj12, 13].

12



Different parameters determine the amount of th&idual stresses and its
distribution pattern in welded joints. Those parteredescribe bieggatt R.H14] are:

* The geometry of the parts being jointed.

* The material properties of the weld and parent ras$e including composition,

microstructure, thermal properties and mechanicaperties.
* Residual stresses which exist in the parts befelding

Fatigue failures in welded structures usually @téi at the stress concentration
point based oiXiangyang et al[15]. Hence, a two-dimensional simplified modehiat
always simulate the fatigue failure of welded jeiaccurately. Therefore, it is essential
to conduct a detailed three-dimensional analysisoider to simulate the fatigue

responses of welded joints.

Accurate and reliable residual stresses predictames essential for structural
integrity and fatigue assessment of componentsagung residual stresses. However,
finite element simulation of residual stressesngetconsuming due to welding involves
in many phenomena such as non-linear temperatygendent material behavior, three-
dimensional nature of the weld pool and the weldangcesses and microstructural
phase transformation. Despite the simplificationdxgluding various effects, welding
simulation are still time consuming and complex.efdfore, simplified welding
simulation procedures are required in order to cedhe complexity and thus maintain
the accuracy of residual stresses prediction. Eigushows the simulation scheme and

coupling fields in welding analysis proposedAyBarsouni2].

Heat Flow: Mechanics:
Heat source Temperature field, HAZ, »| Residual stress field and
and Fusion Zone Distortion
t i
Thermal Mechanical
Material Material
Properties Properties

Figure 4: Simulation scheme in welding analysis
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The numerical method for predicting residual sesssf welded joint consists of
two parts, heat transfer and residual stresseysesahbs reported byiangyang et al.
[15]. The prediction of welding residual stressasing finite element method can be
simplified by uncoupling the thermal and mechanespects of the problem. Figure 5
shows the individual process of thermal and medahmhodel. To simulate the moving
heat source, it is necessary to model the heatsaluring each time increment. Based
on Stamenkovic et a[l16], the moving heat source is simplified by assg that the
welding arc stayed at an element with constantiBpemlume heat flux and then,

moved to the next element at the end of the logl ¢ the welding was finished.

Based orMartinsson[4], a parametric model is adopted in single-psser joint
in order to simulate the weld filler variation wittme. The effect of thermal properties
and weld efficiency on transient temperatures dunvelding was studied and the
residual stresses after welding were determinethbyfinite element method. A fully
coupled thermal-mechanical two-dimensional analysias performed with the
commercial software program ANSYS 9 and heat floaswvaluated by a non-linear

transient analysis.

In this study, the technique of element “birth afehth” will be adopted. This
technique can be used to simulate the procesfiesfriietal addition. All elements must
be created, including those weld fillers to be borrdater stages of the analysis. To
achieve the “element death” effect the elementsnateactually removed. These are
deactivated by multiplying their stiffness by a eevreduction factor. Likewise, when
elements are “born”, they are not actually addetheomodel, but simply reactivated.
When an element is reactivated, its stiffness, melesnent loads and other properties

return to their full original values.

14



Governing Equation| | Boundary Condition

2 2

Finite Element Model

Temperature Field

Equilibrium Compatibility Thermo Elastic/
Equation Equation Plastic Equatior

1 3 131

Finite Element Model

2

Stress Field

Figure 5: Thermal and Mechanical Model
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CHAPTER 3
METHODOLOGY

3.1 Research and Data Gathering

To carry out this project, it is important to fullywderstand about residual stresses
and technique that plan to be applied which is FERerefore, reviewed on books,
journals, papers and other technical documentdecklavith FEA residual stresses
analysis have been thoroughly done. This stage eskarch and data gathering

beneficially by giving insight and basic knowledgfgout project conducted.

Besides, those documents are very good referenaogetimods and techniques that
had been develop before such as X-ray diffracti@hod, neutron diffraction method
and numerical method which is FEA. Results of tmalygsis provided by those
documents are compared to determine the best tpehnor method in analyzing
residual stresses on corner joint. Based on thétyéshas been proved that FEA is best
method to analyze residual stresses. Gantt chapraect planning and milestone are

shown in Appendix A and Appendix B respectively.

16



3.2 Material Selection

Different material has different properties. Instistudy, carbon steel (ASTM 36)

will be used as the workpiece and filler metal. ifbemperature dependent properties of

carbon steel are shown in Table 1.

Table 1: Material Properties of Carboteel (ASTM 36

. Young's . Thermal . op
Temperature | Density Poisson’s Expansion Conductivity Specific Heat
(°C) (kg/m?) M%dpulus Ratio Coefficient (W/m°C) (J/kg°C)
(GPa) (10-5/ °Q)
100 7880 200 0.3 1.20 50 500
200 7800 200 0.3 1.30 45 520
400 7760 170 0.3 1.42 38 650
600 7660 80 0.3 1.45 30 750
800 7520 35 0.3 1.45 25 1000
1000 7390 20 0.3 1.45 26 1200
1200 7300 15 0.3 1.45 28 1400
1400 7250 10 0.3 1.45 37 1600
1550 7180 10 0.3 1.45 37 1700

17




3.3 Geometry Modeling

Welding plate and filler for this study is modelttvicombination of three volumes
consist of two symmetric workpiece plate and oflerfiThe geometry structure of the

plate and weld filler is shown in Figure 6.

Heat
Source

a=50mm, b =150mm, ¢ = 4mm

Figure 6: Geometry modeling

18



34 Welding parameter

Welding arc is usually maintained between an edeletrand work piece. Such an
arc is constricted at the rod and spreads out tsudwe plate. The column temperature is
highest near the electrode. Having a clear undetstg of the temperature and heat flux
distribution is very important for the load apptica in weld modelling. An accurate
representation of the thermal flux in the finiteraent method (FEM) software package
will help with more accurate and reliable resuiquation below used to model the heat
input during welding by the equivalent heat inputietr includes body heat flux as

follow:
_ Ul
Q=n,

Wherep is the efficiencyV is the travel speed of electrod¢,andl are the arc

voltage and current while m is electrode diameter. SMAW, », V, Uand| parameter

commonly used are 0.85, 5Smm/s, 24V and 90A respdgtiwhile electrode diameter

used is4/2mn. Therefore, heat input will be:

Q=nL = ogs VPR _ g5y mnt = 65eew /1
Vm 5mm/ sx 4/2mm

19



3.5 Assumptions

Welding process is a very complex process of theayees. Therefore, in order
to conduct these analyses, several assumptions bbesare made to simplified welding
simulation procedures by reducing the complexitythwiacceptable accuracy.

Assumptions taken are as followed:

* Heat loss due to convection, conduction and rahatby arc efficiency
coefficientna in calculation of heat input. In this studys. taken as 0.85 as

reported in [15]
» Filler is a triangular volume
* Moving heat source at constant speed, 5mm/s astegipoy Xiangyang [15]
» Displacement of plate during welding do not effischperature distribution
* Apply temperature dependent material propertiesdas [15, 17]
» Metal used for filler is carbon steel ASTM36
« Electrode diameter ig/2mrr

* Not taking into consideration of plastic deformatio

3.3 Boundary Conditions

To simulate this project, a few boundary condititvas’e been considered which

are as followed:
« Initial temperature of plate and electrode is raemperature, 2C
« Estimated convection heat transfer coefficiérfor carbon steel is 15w/@{K)

* Four selected node will be restricted to defornmatthue to clamping during

welding.
20



3.7 Geometry Meshing

Meshing basically is a preprocessing step to brepkip physical domain or 3D
model into simpler subdomains or so called elemdrits study wills utilize hexahedra

shape of meshing with bias along filler joint. Theshed models are shown Figure 10.
3.8 Thermal and Mechanical M odel Simulation

This study will apply transient analysis where tengpure distributioT of welded
plate is a function of timeand coordinate, y, zand the balance relation of heat flow of

a volume bounded by an arbitrary surf&ie given by following equation:

ma_T:i(K a_Tj+i K a_T +£[K a_Tj+(.:]
ot ox\ “ox) oyl *oy) 9z\ ‘oz

where p, C, and x; are the density, specific heat capacity and thercoalductivity

respectively in direction of the plate material and they dependinghe temperature,

whereasqis the rate of internal heat generation.

Thermal and mechanical analyses will be done se@lignFirst, the temperature
and phase evolution are determined as a functiotineé in the thermal analysis.
Element type of SOLID70 will be applied during timal analysis of stainless steel
plate. SOLID70 element type has capability of 3aBrinal conduction with eight nodes
and one single degree of freedom, in this casedeatyre. This element is applicable to
a 3-D steady state or transient thermal analysis. Specific heats are evaluated at each
integration point to allow for abrupt changes. Fegw shows the thermal analysis

procedure.

After finished with thermal analysis and obtainule$or temperature distribution,
the study proceeds with structure analysis. Elergrg of SOLID45 with eight nodes
and three degree of freedom is applied. This elénye has capabilities to analyze
plasticity, creep, swelling, stress, stiffening,gia deflection and large strain. Figure 8

shows the thermal analysis procedure.

21
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CHAPTER 4
RESULT AND DISSCUSION

4.1 Geometry Modeling

Two plates of the joint are 4mm thick, 150mm loatp(g the welding direction)
and 50mm width has been modeled using ANSYS. Tament type SOLID70, which
has a single degree of freedom, was used for theamalysis. For the structural
analysis, the element type SOLID45 with three tietienal degrees of freedom at each

node was used. Figure 9 shows the geometry moddlinghe analysis.

1
UOLIME S

TYPFE MM

Figure 9: Geometry model in ANSYS
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4.2 Meshed Mode

To increase the accuracy of analysis, bias masagdéen applied along the filler-
workpiece contact because deformation and stressriical at that area. Meshed model

is shown in Figure 1Below.

ELEMENTS AN

ELEMENTZ

AN

Figure 10: Isometric view of corner joint weldeafas



4.3 Thermal Analysis

Thermal analysis for this project has been condutdecompute the temperature
distribution along the workpiece. Time taken focledoadstep is assign to be 1s since
the welding speed is 5mm/s. For this project, tlaeee30 loadsteps which mean time for
the whole analysis is 30s. Figure 11a), 11b), He) 11d) below show temperature
distribution at 1s, 10s, 20s and 30s respectively.

WODAL FOLUT 10N AN

STEP=1
TUE =10
TIME=1
TEME
EIYS
S
ey

27 410,185 733,37 ‘ 1560
z18.593 601.778 984963 1368 1751

Figure 11a): Temperature distribution of the pktte=1s
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HODAL SOLUT I0H AN

STEF=10
SUE =10
T IME=10
TEMF z

£7.013 411987 79635 w 1567
z13. 458 £04. 468 989, 435 1374 1753

Figure 11b): Temperature distribution at t=10s

AN

HODAL SOLUTION

3TEF=2Z0
3UE =10
T IME=210
TEMF 2

— |
3z.21 418.0l4 803818 “ 1575
725,11z £10.918 am5. 713 1383 1768

Figure 11c): Temperature distribution at t=20s
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WODAL FOLUT 10N AN

STEF=20
SUE =10
T IME=30
TEMF °
EIYS
MK
ey

135.41%8 EO01.E7E SE63.131
3EOD_ 346 [=1=Fdufc 1044

w 1587
1408 1768

Figure 11d): Temperature distribution at t=30s

From the result, maximum temperature is I@8which beyond melting
temperature of carbon steel, 1800For workpiece, temperature has been increase fro
room temperature, 2C to 139.418C due to conduction from welded metal. There is

also heat loss through surface of the workpiecetdwenvection.
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4.4 TemperatureProfile

Every node on the workpiece material experiencaghan temperature from the
beginning of the welding process until it finishédcrease/decrease in temperature at
any node is due to conduction and convection of. liégure 12 show two chosen nodes
while Figure 13a) and 13b) show temperature prddiidirst node and second node
respectively. Figure 13c) shows temperature prdfien filler to distance away from

weld line.

2" Node

1°' Node

Figure 12: Three chosen nodes for temperaturelenuifbt
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Temperature vs. Distance away from weld line
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Figure 13c): Temperature vs. Distance away frondwek

At Node 1, highest temperature achieve at timeQs4iecause essentially, Node 1
is part of 18' element. From time, t=1s until t=10s, the tempewatkeep increase
because the welding torch approaching Node 1 amd time, t=11s until end of the
process at time, t=30s, temperature decreasing $irecwelding torch move away from
Node 1.

From figure 13c), it shows that temperature atisege of node away from weld
pool is decreasing significantly. Besides, this genature is taken at time, t=1s where
the heat is not yet reach node at the end of tie pl
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45 Structural Analysis

After finished with thermal analysis, the simulati@ontinues with structural
analysis. The element type is change from SOLIDY@®OLID45 where the element
type is capable of three D.O.F. Load apply forctreal analysis is taken from previous
thermal analysis result and solve for current Isimgpb.

AN

DISFLACEMENT

Figure 14: Deformation of welded plate

Workpiece metals are subjected to constraint at @y points which represent
clamping during welding process. Figure 14 showes deformation that occurs after
270s the plate is being cold. The welded plate eapees a transverse contraction at the
x and y-direction. Solid line shows the deformedsh while dotted line represent
undeformed shape of the plate.
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During welding, the heats applied expand the wasgiin all direction, but due
to constraint of the cooler element on the worlcgithat far from the welding direction,
the workpiece undergoes a non-uniform expansiomgalp-direction. Then, during
cooling, the expended metal tends to contract tiormeto the initial volume, but due to
the non-uniform expansion of the metal, the dimamsh the x and y-direction shrink.
There is no deformation occur on the thicknessefglate due to constant heat applied
along the thickness of the work piece.

WODAL FOLUT 10N AN

3TEF=1

] _T4EE-04 .149E-02 . LEAEE-02
L312E-04 J11iE-02 .1&7E-02 LEE1E-02 .22EE-02

Figure 15: Displacement of workpiece at time, t=800

Figure 15 above shows displacement that take @adbe welded plate after 270s
being cold. Maximum displacement occurs along vpaldl which expands about 3mm.
Area where there is no displacement is due to diagnpf the workpiece assigned
before welding process start.
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Due to deformation of the welded plate, there isirag in stress which remains
inside the metal called residual stress. Figurddléw shows the stress concentration
that remain after welding process finished.
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Figure 16: Residual stress concentration

Maximum residual stress located at the clamping,dyecause contraction of the plate is
constraint at that point which leads to increasstiass concentration. Residual stress is
significantly high with average of 103MPa.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In the current research, finite element schemesifaulation of welding residual
stresses have been developed. Detailed thermalkaitlial stresses analyses for corner
joint are performed using ANSYS. The FEA methodais efficient technique in
analyzing residual stresses in welding process.h#eetdimensional finite element
welding simulation was carried out on corner joplate structure. The welding
simulation was considered as a sequential coupleani-mechanical analysis and the
element birth and death technique was employed mi@thod implemented in welding
simulation can be used for other analyses. It coaltsider different process parameters.
Moreover, various geometrical constraints and nmelteon-linearities can be included

in the analysis.

The conducted project has successfully simulatectrelde travelling with filler
and achieves expected result. Temperature disoibus representing by temperature
contour. The thermal result then is used as a foadtructural analysis in order to get
the stress distribution on the welded plate. Thaulteobtained from the structural
analysis is the residual stress distribution thetnhains on the welded plate. The

deformation of the plate also obtained from thialgsis.
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5.2 Recomendation

In order to get more accurate result, the heat ¢lx be treated as non-constant
value, which is different from this project. Theahanput can be model by using
Rosenthal equation. Besides, the filler materia ba treated to not having the same
material with the work piece. This project is coathd by assuming the metal is
undergo elastic deformation, therefore to modetebbetsimulation, plastic deformation
properties need to take into consideration.
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APPENDIX C

—— AN

z7 410,188 782,27 ‘ 1560
218.593 £01.778 984963 1388 1751

—— AN

z7 394878 762,755 ‘ 1439
210,933 £78.816 946,694 1218 1682

—— AN

z7 405. 217 784,626 ‘ 154z
216.408 £35.21% 974032 1353 1732

Temperature distribution from t=1s to t=6s

43

—— AN

s1ER

118 ‘ 1461
923397 1282 1841

3BE.EED
206.278

—— AN

s1ER

—
‘ lgz7
964.275 1335 1714

401,51 776,82
214.455 589365

—— AN

—
27 408,027 783,083 ‘ legl
217,513 59554 975567 1361 1742




NODAL SO0LUTION

sTEP=7
U5 =10
TIME=]
romp 2

409_525 752.08
218.263 600. 788

NODAL SO0LUTION

27.008 411386
219.196 603.577

NODAL SOLUTION

27.033 412.447
219.74

797. 862 ‘ 1569
990 569 1376 1781

Temperature distribution from t=7s to t=12s

44

NODEL 30LUTION

sTEP
SUE =10
TINE
TEMP
EI¥!

27.001

410. 69
218.798

4 784,188 ‘ 1E61
602,391 985984 1370 1753

NODEL 30LUTION

AN

|_
27.013

411
219.498

B 796,35 ‘ 1567
604. 466 989, 435 1374 1759

WODAL FOLUTION

27.0%72

219.

95

az8 758584 ‘ 1570
£05. 706 981.462 1277 1762




NODAL S0LUTIOR

AN

WU 6 2010
05:a0:z1

STEP=13
SUE =10

27.146 412, 1

| —
62 799,179 ‘ 1571
220.154 606.171 992187 1378 1764

— AN

27.494 412,831 200. 163 ‘ 1573
220,663 607 993338 1z80 1786

A — AN

29,388 414.7392 201,195 ‘ 1574
221.59 607.993 994397 1381 1787

—— AN

413484 759.692
€0 2 93

157z
1379 1768

WODAL FOLUTION

414243 800654
3 £ 1 93

1380 1787

—— AN

z3.212 415. B30 a01.85 ‘ 1574
2z2.372 60889 995. 008 1381 1788

Temperature distribution from t=13s to t=18s
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— AN

30,434 416.564 202,693 ‘ 1578
223.499 609.628 995757 1382 1788

— AN

34,748 420,045 205. 346 ‘ 157¢
227.398 612.6395 997996 1383 1789

A — AN

43.181 4z6.718 210258 ‘ 1577
234.98 618.488 1002 1386 1789

WODAL FOLUTION

418.014 803,818
1z £10.916 98

718 1283

1788

WODAL FOLUTION

4zz. 861 807.425
3 €15.143 93

1384

1769

WODAL FOLUTION

oos 1387

431.923 814.051 15
a8 6z3.01 1

1789

Temperature distribution from t=19s to t=24s
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NODAL S0LUTIOR

STEP=25
SUE =10

£9.446 438,843 21924 ‘ 1580
248645 629.041 1008 1390 1770

NODAL S0LUTIOR

AN

83.472 459,454
271.463

S —
#35. 427 ‘ 1587
647_446 1023 1395 1778

NODAL SOLUTION

118.824 43
306.073

3.322

—
26782 1617
1 1055 1430 1804

E— AN

STE

447865 8z6.135 1583
3 637 1018 1294 1772

E— AN

100,037 474.274 846.411 ’ 1557
287.13 661.317 1036 1410 1784

—— AN

135418 E01.278 883,131 _ 1587
3z0.346 682203 1o4s 1208 1788

Temperature distribution from t=25s to t=30s
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APPENDIX D

ANSYS Command for heat flux load step.

Time,1

NSUBT,10,10,10
ESEL,S,ELEM,,1530
EALIVE,ALL
SFE,1530,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,1
SFEDELE,1530,3,HFLUX

Time,2

NSUBT,10,10,10
ESEL,S,ELEM,,1529
EALIVE,ALL
SFE,1529,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,2
SFEDELE,1529,3,HFLUX

Time,3

NSUBT,10,10,10
ESEL,S,ELEM,,1528
EALIVE,ALL
SFE,1528,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,3
SFEDELE,1528,3,HFLUX

Time,4

NSUBT,10,10,10
ESEL,S,ELEM,,1527
EALIVE,ALL
SFE,1527,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE 4
SFEDELE,1527,3,HFLUX

Time,5

NSUBT,10,10,10
ESEL,S,ELEM,,1526
EALIVE,ALL
SFE,1526,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,5
SFEDELE,1526,3,HFLUX

Time,6

NSUBT,10,10,10
ESEL,S,ELEM,,1525
EALIVE,ALL
SFE,1525,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,6
SFEDELE,1525,3,HFLUX

Time,7

NSUBT,10,10,10
ESEL,S,ELEM,,1524
EALIVE,ALL

SFE,1524,3, HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,7
SFEDELE,1524,3,HFLUX
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Time,8

NSUBT,10,10,10
ESEL,S,ELEM,,1523
EALIVE,ALL
SFE,1523,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,8
SFEDELE,1523,3,HFLUX

Time,9

NSUBT,10,10,10
ESEL,S,ELEM,,1522
EALIVE,ALL
SFE,1522,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,9
SFEDELE,1522,3,HFLUX

Time,10

NSUBT,10,10,10
ESEL,S,ELEM,,1521
EALIVE,ALL
SFE,1521,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,10
SFEDELE,1521,3,HFLUX

Time,11

NSUBT,10,10,10
ESEL,S,ELEM,,1520
EALIVE,ALL
SFE,1520,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,11
SFEDELE,1520,3,HFLUX

Time,12

NSUBT,10,10,10
ESEL,S,ELEM,,1519
EALIVE,ALL
SFE,1519,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,12
SFEDELE,1519,3,HFLUX

Time,13

NSUBT,10,10,10
ESEL,S,ELEM,,1518
EALIVE,ALL
SFE,1518,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,13
SFEDELE,1518,3,HFLUX

Time,14

NSUBT,10,10,10
ESEL,S,ELEM,,1517
EALIVE,ALL
SFE,1517,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,14
SFEDELE,1517,3,HFLUX

Time,15

NSUBT,10,10,10
ESEL,S,ELEM,,1516
EALIVE,ALL
SFE,1516,3,HFLUX, ,65€6, ,
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ESEL,ALL
LSWRITE,15
SFEDELE,1516,3,HFLUX

Time,16

NSUBT,10,10,10
ESEL,S,ELEM,,1515
EALIVE,ALL
SFE,1515,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,16
SFEDELE,1515,3,HFLUX

Time,17

NSUBT,10,10,10
ESEL,S,ELEM,,1514
EALIVE,ALL
SFE,1514,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,17
SFEDELE,1514,3,HFLUX

Time,18

NSUBT,10,10,10
ESEL,S,ELEM,,1513
EALIVE,ALL
SFE,1513,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,18
SFEDELE,1513,3,HFLUX

Time,19

NSUBT,10,10,10
ESEL,S,ELEM,,1512
EALIVE,ALL
SFE,1512,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,19
SFEDELE,1512,3,HFLUX

Time,20

NSUBT,10,10,10
ESEL,S,ELEM,,1511
EALIVE,ALL
SFE,1511,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,20
SFEDELE,1511,3,HFLUX

Time,21

NSUBT,10,10,10
ESEL,S,ELEM,,1510
EALIVE,ALL
SFE,1510,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,21
SFEDELE,1510,3,HFLUX

Time,22

NSUBT,10,10,10
ESEL,S,ELEM,,1509
EALIVE,ALL
SFE,1509,3,HFLUX, ,65€6, , ,
ESEL,ALL

LSWRITE,22
SFEDELE,1509,3,HFLUX

Time,23
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NSUBT,10,10,10
ESEL,S,ELEM,,1508
EALIVE,ALL
SFE,1508,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,23
SFEDELE,1508,3,HFLUX

Time,24

NSUBT,10,10,10
ESEL,S,ELEM,,1507
EALIVE,ALL
SFE,1507,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,24
SFEDELE,1507,3,HFLUX

Time,25

NSUBT,10,10,10
ESEL,S,ELEM,,1506
EALIVE,ALL
SFE,1506,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,25
SFEDELE,1506,3,HFLUX

Time,26

NSUBT,10,10,10
ESEL,S,ELEM,,1505
EALIVE,ALL
SFE,1505,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,26
SFEDELE,1505,3,HFLUX

Time,27

NSUBT,10,10,10
ESEL,S,ELEM,,1504
EALIVE,ALL
SFE,1504,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,27
SFEDELE,1504,3,HFLUX

Time,28

NSUBT,10,10,10
ESEL,S,ELEM,,1503
EALIVE,ALL
SFE,1503,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,28
SFEDELE,1503,3,HFLUX

Time,28

NSUBT,10,10,10
ESEL,S,ELEM,,1502
EALIVE,ALL
SFE,1502,3,HFLUX, ,65€6, ,
ESEL,ALL

LSWRITE,29
SFEDELE,1502,3,HFLUX

Time,30

NSUBT,10,10,10
ESEL,S,ELEM,,1501
EALIVE,ALL
SFE,1501,3,HFLUX, ,65€6, ,
ESEL,ALL
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LSWRITE,30
SFEDELE,1501,3,HFLUX

Time,300
NSUBT,10,10,10
ESEL,S,ELEM,,1501,1530
EALIVE,ALL

ESEL,ALL

LSWRITE,31

LSSOLVE,1,31,1

52



