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Abstract

The weld bead width and the penetration depth are major parameters that determine
the mechanical strength of the weld joint. The analytic models, such as the Gaussian
heat source model, may provide quite accurate estimations for the weld width and
penetration; however, the model does not account for the weld pool convection which
may significantly affect the weld shape. In “melt-in” mode, the principal driving
forces for weld pool convection are buoyancy, electromagnetic forces, surface tension
gradients and the arc pressure. The surface tension gradients on the melt surface
have been reported in the literature to have the strongest effect on the weld pool
convection. This effect is also known as the Marangoni effect. In case of a weld
pool, the flow can be directed either outwards or inwards depending on the presence
and the amount of surface active elements on the weld pool surface. In this work
only the outward convective flows are analyzed. It is proposed that the effect of the
Marangoni convection on the weld shape can be formulated in the form of correction
factors to the solution for the Gaussian heat source. These correction factors are the
objectives of this work. The scaling analysis of the Marangoni convection in weld
pools identified five asymptotic hydrodynamic regimes for melts with both high and
low Prandtl numbers. Scaling laws for the characteristic velocity of the convection
and the Peclet number for the five asymptotic regimes were obtained and calibrated
with the auxiliary numerical model and data from the literature. Correction factors
for the weld width and depth predicted by the Gaussian heat source were proposed

to account for the weld pool convection.

i



Preface

This thesis is an original work by Dmytro Havrylov. The material presented in it
comprises the author’s research project under supervision of Dr. Patricio F. Mendez.

No part of this thesis has been previously published except conference presentations.

il



To my parents, for their encouragement, love and endless support

v



Acknowledgements

First and foremost I would like to express my gratitude to Prof. Patricio F. Mendez.
Without his foresight, his guidance and patience this work would not have been
possible. It was an invaluable experience for me and I am very lucky to have had the
opportunity to work under his supervision that helped me develop my personality
and scientific skills.

I would like to express my appreciation and thanks to Prof. Carlos F. Lange for his
amazing course Introduction into computational fluid dynamics (CFD) for engineers
and for his continuous support on the CFD aspects of my work.

I am very grateful to my Doctoral Final Examining Committee members: Prof. Lei-
jun Li, Prof. Arman Hemmati, Prof. Carlos F. Lange and Prof. John Norrish from
the University of Wollongong, Australia for their valuable comments on my work and
the priceless conversation I had with them during my thesis defence.

I would like to thank Dr. Goetz Dapp for his support in all the administrative
sides of my program.

A special gratitude to Dr. Gentry Wood for commenting on my thesis from the
industrial point of view and for sharing his code for the Gaussian heat source model
calculations.

I would like to thank my friends, the current and former members of the Canadian
Centre for Welding and Joining: Vivek Sengupta, Syed Alam, Dr. Daniel Ramirez
Rebollo, Dr. Gentry Wood, Dr. Nairn Barnes, Mitchell Grams, Alejandro Hintze
Cesaro, Ying Wang, Yi “Louie” Lu, Cory McIntosh, Mackenzi Johnston, Steven Borle,

Ata Kamyabi Gol, Matt Bell, Curtis Bell and many others. Thanks to the members of



the CWBA, AWS, IIW communities, especially to Dan Tadic, Ken McKen, Douglas
Luciani and Dr. Eric Sjerve.

I would also like to express my special gratitude to Oleksii Semenov from The E.O.
Paton Electric Welding Institute, Ukraine and Masaya Shigeta from Osaka University,
Japan for their appreciation and support of my work.

I would like to gratefully acknowledge Cameron Serles, Xiris Automation and
MITACS for financial support at the final stage of my program.

My parents have been my greatest source of support, endless inspiration and love,

I would like to express my infinite gratitude to them.

vi



Table of Contents

1 Introduction and Literature Review

1.1 Marangoni convection in welding . . . . ... ... ... ... ...
1.1.1 Imtroduction . . . . . . .. .. ..o

1.1.2  Driving forces for convective flows in weld pools . . . . . . ..
1.1.3 Marangoni effect. Surface active elements. . . . . .. . .. ..
1.1.4 High-Prandtl-number materials. Polymers . . . . .. . . . ..
1.1.5 Experimental studies . . . . . .. . ... ... ... ...
1.1.6 Numerical modelling . . . . . .. .. ... ... ... .. ...
1.1.7 Scaling analysis . . . . . . . . ... ... ...

1.2 Problem statement . . . . .. ... ... ... L
1.2.1 Prediction of weld bead width and penetration depth from mov-

ing heat source models . . . . .. . ... ... ... ...

1.2.2  Asymptotic and intermediate regimes . . . . . . . .. ... ..
1.2.3  Problem analysis from Buckingham 7 theorem . . . . . . . ..
1.2.4 Main hypothesis . . . . . . .. ... Lo
1.2.5 Objectives . . . . . . . ..
1.2.6 Thesis outline . . . . . . . .. ..o

2 Scaling Analysis
2.1 Hydrodynamic regimes of thermocapillary flows in weld pools
2.2 Problem formulation for the scaling analysis . . . . . ... ... ...

23 Regimel . . . . . ..

vil

10
12
17
19

19
19
21
25
28
29



24 Regimell . . . . .. .. 40

25 Regimelll . . . . . . . . . o 45
2.6 RegimelIV . . . . .. . . 51
2.7 Regime V. . . . . . 95
2.8 Summary ... ... 58
Auxiliary numerical model set-up 59
3.1 Model description . . . . . . ... 59
3.2 Reasons of the model choice. Limitations . . . . . ... ... .. ... 61
3.3 Normalization scheme and boundary conditions . . . . . .. .. ... 62
3.4 Mesh . . . o o 64
3.5 Solver parameters . . . . . . . .. ... 66
3.6 Convergence and grid independence . . . . . . .. ... ... .. ... 67
Results 70
4.1 Gaussian heat source model . . . . . .. ... ..o 70
4.2 Data used for the analysis . . . . . . . ... ... .. ... ... 72

4.2.1 Numerical modeling results . . . . . .. ... ... ... ... 72

4.2.2 Data from the literature . . . . . .. ... ... 72

4.2.3 Dependence of vy on temperature . . . . . . .. ... ... .. 74

4.2.4  Adaptation of the Gaussian heat source model for stationary

welds . . . . 75

4.2.5 Measurements of the weld width and depth . . . . . . . . . .. 76
4.2.6 Top-hat and Gaussian heat sources . . . . . . ... ... ... 76

4.3 Characteristic velocities and the Peclet numbers . . . . . . . .. . .. 79
431 Regimel . . . .. .. . . .. 79
4.3.2 Regimell . . ... . .. .. oo 88
433 Regimelll . . . . . . .. ... . 97
434 RegimelIV . . . . ... 109



435 Regime V. . . . . .. 115

4.4 Weld width and penetration depth . . . . . .. ... ... ... ... 123
4.4.1 Main assumption . . . . ... 123
4.4.2 Calculation results . . . . ... ... 0L 123

4.4.3 Correlation between Ly and Dy and the Gaussian heat source

predictions Lg and D¢g . . . . . . . . . .. ... ... 127

4.4.4  Verification with the experimental data . . . . . . . . . . . .. 130

5 Discussion 135
6 Conclusions and Future Work 138
6.1 Conclusions . . . . . . . ... 138
6.2 Recommendations for the future work . . . . . . .. .. ... 139
Bibliography 141
Appendix A: Parameters for the experiments from the literature 148
Al Saldi [22] . . . . 148
A2 Weletal [95] . . . . . .. 152
A3 Mishra et al. [53] . . . . . .. Lo 154
A.4 Robert and DebRoy [97] . . . . . . . ... 156
Appendix B: Numerical modelling raw results 157
B.1 Regimel . . .. .. . . 157
B2 RegimelIl . . . . .. . .. . . . . 169
B.3 Regimelll . . . . . . . . . . 221
B4 RegimelIV . . . . . . . 255
B.5 Regime V. . . . . .. 271

X



List of Tables

3.1
3.2
3.3
3.4
3.5

4.1

4.2

4.3

4.4

4.5
4.6

4.7

4.8

Dimensionless parameters . . . . . . . . . ... ... .. ... ..
Boundary conditions . . . . .. ..o
Details on the meshes . . . . . . .. ... .. ... .
The parameters of the numerical model . . . . . . . . ... ... ...

Pseudo-transient explicit relaxation factors . . . . . . . . .. ... ..

Details on the literature used for the analysis. . . . . . ... .. ...
Details on the literature used for the analysis (continuation). . . . . .
Parameters for Egs. 4.9 and 4.10 for y7 from the works of Saldi [22]
and Mishra et al. [53]. . . . . . ...
Approximated values of 77 used for the scaling analysis for the data
from the works of Saldi [22] and Mishra et al. [53].. . . . . . . .. ..
Material properties for the data from [22]. . . .. ... ... .. ...
Parameters of the heat source, weld width and depth from [22] and
their counterparts calculated with the Gaussian heat source model.

Experiment parameters used for the analysis of the Regime I on the
Riz — Pr plane as shown in the Fig. 4.9. The experimental points are
located on the line set by Eq. 4.18. . . . . . .. .. ... ..
The dimensionless parameters for the data from [22] sorted in group

with approximately the same Pe. . . . . .. ... ... ... ... ..

74

75
78

79

83



4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19
4.20

4.21

4.22

Experiment parameters used for the analysis of the Regime II on the
Riy — Pr plane as shown in the Fig. 4.16. The experimental points
are located on the line set by Eq. 4.25. . . . . . . ... .. ... ...
Dimensionless parameters used for the analysis of the experimental
results from [97]. . . . ..o
Estimated characteristic velocities and the dimensionless parameters
of the experimental results from [97] that are in the Regime II. . . . .
Experiment parameters used for the analysis of the Regime III on
Riy — Pr plane as shown in the Fig. 4.26. The experimental points
are located on the line set by Eq. 4.31. . . . . ... .. .. ... ...
The dimensionless parameters for the data from [22]. The data points
in the intermediate regime (considered as the Regime 1) are separated
in the bottom part of the table . . . . . . .. ... ... ... ....
The dimensionless parameters for the data from [95]. . . . . ... ..
The dimensionless parameters for the data from [2]. . . . . . . .. ..
The dimensionless parameters for the data from [53]. . . . . ... ..
Experiment parameters used for the analysis of the Regime V on Ri; —
Pr plane as shown in the Fig. 4.42. The experimental points are located
on the line set by Eq. 4.40 . . . . . ... ...
Measured weld pool widths and depths from [22] grouped according to
AR o
Calculated values of the exponents a, b, n and m. . . . . .. .. ...
Lo and Dy compared with Lg and D¢ for each group with the same
ARa. o
Welding parameters of the experiments from [53] and the corresponding
characteristic velocity of convection upqp. - -« - .« .« . . . . ...
Predicted and measured weld pool widths and depths from [53] and

the corresponding Pe. . . . . . . . .. ..o

el

92

96

96

103

105

106

106

107

120

124
124

127

130



4.23 Welding parameters of the experiments from [97] and the corresponding

4.24 Predicted and measured weld pool widths and depths from [97] and

the corresponding Pe. . . . . . . . .. ..o L

A.1 Physical parameters for the experiments in the work [22] . . . . . ..
A2 Parameters for the experiments from the work [22] . . . . . . . . . ..
A.3 Parameters for the experiments from the work [22] . . . . . . . . . ..
A4 Parameters for the experiments from the work [22] . . . . . . . . . ..
A.5 Physical parameters from the work of Wei [95] . . . . .. .. ... ..
A.6 Parameters from the work of Wei [95] . . . . . . ... ... ... ...
A.7 Parameters of the experiments from the work of Mishra et al. [53]
A.8 Parameters of the experiments from the work of Mishra et al. [53]
A.9 Parameters of the experiments from the work of Mishra et al. [53]
A.10 Parameters of the experiments from the work of Mishra et al. [53]
A.11 Parameters of the experiments from the work of Mishra et al. [53]
A.12 Parameters for the high speed steel experiments from the work of
Robert and DebRoy [97] . . . . . . . ..
A.13 Parameters of the high speed steel experiments from the work of Robert
and DebRoy [97] . . . . .. ...

xii



List of Figures

1.1

1.2
1.3

14

1.5

1.6

1.7

1.8

The orders of magnitude of the characteristic velocities for the principal
convection driving forces in weld pools . . . . . . ... ...
Schematic of Marangoni convection in a weld pool . . . . . . . .. ..
Surface tension as a function of temperature for two molten steels
with and without surface active elements as shown in [17]. ”Low d/w
heat” labeled graph shows the surface tension of a high purity steel
with no significant amount of surfactants. The data labeled "high d/w
heat” represents the surface tension of a steel having approximately 160
ppm more sulfur than the latter material. The dashed lines show the
suggested by [18] behaviour of the surface tension above the maximum
studied temperature. . . . . .. ...
Surface tension temperature coefficient 7 of Fe-S system as a function
of temperature and surfactant activity . . . . . .. .. ... ... ..
Schematics of the flow directions for various v and yp temperature
dependencies . . . . ...
Temperature dependence of surface tension of polyethylene samples
(reprinted from Dee and Sauer [23]). . . . . ... ... ...
Weld pool shapes of NaNOj3 (Pr=9.1) from Limmaneevichitr and Kou [26]
produced by CO, laser beams of the following: A — 4.5 W and 3.2
mm diameter; B — 12.4 W and 5.9 mm diameter; C — 12.4 W and

1.5 mm diameter. . . . . . . . .

Comparison of the weld pool shapes with flat and free deformable surface 13

xiil



1.9

1.10
1.11
1.12

1.13

2.1
2.2

3.1
3.2
3.3
3.4

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Weld pool shapes at low Pr numbers of 1072 < Pr < 1 from Wei et

al. [46]. . . . 14
Dimensionless weld penetration depth . . . . . .. ... ... ... .. 23
Dimensionless leading length as a function of Ry from [92]. . . . . . . 26
Typical welding conditions for various welding processes [89] (n = Ry,

U=0%). 27
Width to depth ratio as a function of the Rykalin number and heat

source distribution (n = Ry, u =o0*) from [89]. . . . . . . ... .. .. 27
Asymptotic flow regimes on the AR}Riy — Pr plane map. . . . . . . . 35
Schematics of the problem formulation . . . . .. ... ... .. ... 36
Schematics of the problem formulation. . . . . . . ... ... .. ... 60
Initial mesh #1 overview . . . . . . . . . .. ... 65
Mesh at the domain corner (magnified). . . . . . . . ... ... ... 66
A typical graph for w,,,,; as a function of the number of nodes . . . . 68
Location of the numerical experiments on the Ri; — Pr plane . . . . . 73

The free surface, the axis of symmetry and the cutline at r = £ (r* =1). 73
Surface tension temperature coefficient yr as a function of temperature

for modelled samples with 20 and 150 ppm of sulfur . . . . . . . . .. 75
Example of a figure used to extract the weld width, depth and maxi-
mum surface velocity (reprinted from [22]). . . . . .. ... ... ... 7
Example of a figure used to determine the optimal estimation for the
Gaussian heat source distribution (reprinted from [22]). . . . . . . . . 78
Location of the dimensionless parameters for Regime I on the (D/o)” Re—
Prplane. . . . . . . . 80
Numerical experiments for the Regime I on the Riz — Pr plane (left)

and the RERi — Pr plane (right). . . . ... ... ... ... ... .. 81

Xiv



4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

Calculated results for the Regime I (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as
indicated in Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the
free surface; e - temperature T along the axis of symmetry (abscissa
is T, ordinate is z*); f - temperature T along the free surface). All
the values are normalized. Note: the coordinate captions in the graphs
are shown as noted in Ansys Fluent(®) and are not representative to
the notations used in the work. . . . . . ... ... ...
Location of the dimensionless parameters for Regime I and the exper-
iment numbers on Riy — Prplane. . . . .. ... ... ... ... ..
Comparison of the calculated Pe;, with the scaling law P/el\ﬁ for the
Regime I. . . . . . . . .
Pe for the data in the intermediate regime from [22] compared to the
scaling law for the Regime I. . . . . . . . .. ... ... .. ... ...
Location of the dimensionless parameters for the Regime II on the
(D/o)?Re — Prplane. . . . . . ... .. ...
Location of the dimensionless parameters for the Regime II on Ri; — Pr
plane. Note: A/, =1 in all the numerical experiments on this map.

Calculated results for the Regime II (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as
indicated in Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the
free surface; e - temperature T along the axis of symmetry (abscissa
is T, ordinate is z*); f - temperature 7™ along the free surface). All
the values are normalized. Note: the coordinate captions in the graphs
are shown as noted in Ansys Fluent®) and are not representative to
the notations used in the work. . . . . . ... ... ...
Formation of the viscous boundary layer in the Regime II (dashed line)

vs near-parabolic distribution in the Regime I (solid). . . . . . .. ..

XV

89



4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

Location of the numerical experiments on the Riz — Pr used for the
calibration of the scaling law for the Regime II. . . . . . . . . .. ..
Comparison of the calculated Pey;, with the scaling law P/eEC for the
Regime IT . . . . . .. o . o
Streamlines for a weld pool flow with a flow separation and the for-
mation of a secondary vortex in the Regime II with high Re numbers
corresponding to Ri > 10%. . . . . . . ... ...
Cross sections of the experimental and calculated weld pool of alu-
minum alloy 5182 at 1.5kW and 105.8 mm/s welding speed (reprinted
from [97]) . . ..
Location of the dimensionless parameters for the Regime III on the
(D/o)’Re — Prplane. . . . . . .. ... ... ...
Location of the dimensionless parameters for Regime III on Ri, — Pr
plane. Note: A/, =1 in all the numerical experiments on this map.
Calculated results for the Regime III (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as
indicated in Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the
free surface; e - temperature 7* along the axis of symmetry (abscissa
is T*, ordinate is z*); f - temperature T along the free surface). All
the values are normalized. Note: the coordinate captions in the graphs
are shown as noted in Ansys Fluent(@®) and are not representative to
the notations used in the work. . . . . . ... ... ..
Normalized temperature T™ distributions along the axis of symmetry
r* = 0 in the Regime III (dashed line) and the Regime II (solid). The
formation of a thermal boundary layer can be seen for the Regime III
compared to a near-straight-line 7 distribution in the Regime II
Streamlines for a weld pool flow with a flow separation in Regime I1I

at high Re numbers corresponding to Ri > 10*. . . . . ... ... ..

xvi

95

97

98

99

100

101



4.25

4.26

4.27

4.28
4.29

4.30

4.31

4.32

4.33

4.34

4.35

Temperature contour for a weld pool flow with a flow separation in
Regime III at high Re numbers corresponding to Ri > 10*. . . . . . .
Location of the dimensionless parameters for Regime III and the ex-
periment numbers. . . . . . ... L
An example illustrating that w,,., is essentially independent from the
weld pool size in the fully developed Regime IIT. . . . . . .. . .. ..
Measured Pe compared to the predicted f’\em from the scaling law. . .
Location of the dimensionless parameters for the Regime IV on the
(D/o)?Re — Prplane. . . . . . ... .. ...
Location of the dimensionless parameters for Regime IV on Ri, — Pr
plane. Note: /R, =1 in all the numerical experiments on this map.

Calculated results for the Regime IV (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as
indicated in Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the
free surface; e - temperature T along the axis of symmetry (abscissa
is T, ordinate is z*); f - temperature T along the free surface). All
the values are normalized. Note: the coordinate captions in the graphs
are shown as noted in Ansys Fluent(®) and are not representative to
the notations used in the work. . . . . ... .. ... 0.
Formation of the viscous boundary layer in the Regime IV (dashed
line) versus the viscous flow in the Regime V (solid line). . . . . . ..
Formation of the viscous boundary layer in the Regime IV (dashed line)
vs near-parabolic distribution in the Regime V (solid): comparison of
the velocity profiles along the cutline normalized to their maximum
value. . ...
Formation of the thermal boundary layer in the Regime IV (dashed
line) and V (solid line). . . . . . . . . ...

NaNOj (high Pr) weld pool at high Ma from Robert and DebRoy [97].

xvil

102

104

107
108

109

110

111

112

113

113
114



4.36

4.37

4.38

4.39

4.40

4.41

4.42

4.43

4.44

4.45
4.46

Location of the dimensionless parameters for the Regime V on the
(D/o)’Re — Prplane. . . . . ... .. ... ...
Location of the dimensionless parameters for Regime V on Ri, — Pr
plane. Note: /R, =1 in all the numerical experiments on this map.
Calculated results for the Regime V (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as
indicated in Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the
free surface; e - temperature T along the axis of symmetry (abscissa
is T, ordinate is z*); f - temperature 7™ along the free surface). All
the values are normalized. Note: the coordinate captions in the graphs
are shown as noted in Ansys Fluent@®) and are not representative to
the notations used in the work. . . . . . .. ... ...
Near-parabolic velocity profile along the cutline at 7* = 1 in the Regime
I (solid) and Regime V (dashed line). . . . . ... .. ... ... ...
Near-parabolic velocity profile along the cutline at 7* = 1 in the Regime
I (solid) and Regime V (dashed line): comparison of the velocity pro-
files along the cutline normalized to their maximum value. . . . . . .
Formation of the thermal boundary layer in the Regime V (dashed
line) vs near-straight-line distribution in the Regime I (solid).
Location of the dimensionless parameters for Regime V and the exper-
iment numbers. . . . ...

Measured Pe,; compared to the predicted f’gv . from the scaling law

Comparison of the calculated Ly/o against Lg/o for the data points

from Saldi [22]. The fitting curve is presented in Eq. 4.51 . . . . . ..

Xviil

115

116

117

118

119

119

121

122

125
126



4.47

4.48

4.49

4.50

4.51

Comparison of the calculated Dy/o against Dg/o. The fitting curve

is presented in Eq. 4.52. . . . . ... 129
An experimental example used for the verification of Eqs. 4.49 and 4.50

from [B3]. . .. 130
Experimental examples used for the verification of Eqs. 4.49 and 4.50

from [97]. . . . 131
L/ Ly as a function of Pe for the modelling [22] and experimental [53], [97]
data. . . ..o 132
D/ D, as a function of Pe for the modelling [22] and experimental [53], [97]

Xix



Chapter 1

Introduction and Literature
Review

1.1 Marangoni convection in welding

1.1.1 Introduction

In fusion welding, the joining of two parts occurs by melting their edges with a high
density heat source and merging them to form a continuous joint. Weld penetration
depth and bead width, consequently, are the major parameters that determine the
mechanical strength of the joint.

The penetration and width of the welds are governed by several physical mech-
anisms. There are two main penetration modes in welding: “melt-in” and keyhole
mode. In high current GTA welding or high energy beam processes, arc or beam
pressure is the dominant penetration mechanism representing the keyhole penetra-
tion mode. Arc pressure at currents over 250 A pushes the melt towards the weld pool
rear, so that only a thin layer of molten metal appears below the arc [1]. However, in
lower current arc or defocused laser or electron beam welding processes, the weld pool
surface is not as depressed as in the high energy processes representing the “melt-in”
mode. This work is focused on the “melt-in” penetration mode only. The results of
the work are expected to be universal for various welding processes including GTAW,
laser welding or electron beam welding as long as the process is autogenous and the

penetration mechanism remains “melt-in” with no significant deformation of the weld



pool surface compared to the weld pool size.

In “melt-in” penetration mode, the energy from the heat source is transferred to
the base metal through the weld pool. In this case, convection within the molten
pool may play a dominant role in the heat distribution and weld formation and,
therefore, have a strong effect on the properties of the resultant weld, such as the weld
bead geometry, the cooling rate of the melt and the heat affected zone (HAZ), weld
surface smoothness, microstructure, fumes formation, gas porosity in the weld, etc. [2—
10]. Thereby, a quantitative understanding of the weld pool convection processes is

important for the welding industry.

1.1.2 Driving forces for convective flows in weld pools

The principal driving forces for weld pool convection are buoyancy, electromagnetic
forces, surface tension gradients and the arc pressure.

Density variations with temperature cause the buoyancy-driven flows. The top-
centre area of the pool has a higher temperature than the areas closer to the liquid-
solid interface. It causes the cooler and, consequently, heavier melt to sink down,
whilst the lighter portion of the melt in the higher temperature regions floats up-
wards (Fig. 1.1 a). The velocities associated with the corresponding convective loop
are of the order of mm/s [5].

The interaction between the magnetic flux induced in the weld pool and the di-
vergent current flux coming from the electrode produces the Lorenz force (JxB) and
causes electromagnetically driven flow. The characteristic velocity of the electromag-
netic flows is of the order of cm/s (Fig. 1.1 b).

The surface tension gradients on the melt surface are found to have the strongest
effect on the weld pool convection causing flows with the velocities of the order of
m/s (Fig. 1.1 ¢ and d). Note that it is the surface tension gradient on the free surface
that causes the flow, not the absolute value of the surface tension. The effect of the

mass transfer along an interface between a liquid and a gas or two liquids is usually



{a) Buoyancy-driven flow (b) Electromagnetically-driven flow
Velodity ~ few mm/s Velocity ~ few cm/s

(¢) Surface tension driven flow

dy/dT'<0 ¢ Velockty ~m/s {d) Surface tension driven flow

dy/dT >0 : Velodty -m/s

v

(e) High currents arcs (> 260 A)
Cross-section of moving weld [5]

Figure 1.1: The orders of magnitude of the characteristic velocities for the principal
convection driving forces in weld pools [5].



referred to as the Marangoni effect. It is named after an Italian physicist Carlo
Marangoni who was one of the first to describe this effect in detail.

The surface tension gradients are caused by a temperature gradient or by a gradient
of a surface active element concentration [11]. Due to the dynamics nature of welding,
the weld pool surface is essentially never isothermal. The weld pool edge area is at
the melting point, whilst the pool centre has a higher temperature due to the heat
flux from the arc or laser heat source.

When the surface tension gradient is caused by the temperature gradient, the
Marangoni convection in this case may also be called thermocapillary. When the
surface tension gradient is caused by the variations in the concentration of surface
active elements, it may be referred to as solutocapillary. In welding, both effects
may occur at the same time, but since the temperature gradients are always present,
in this work, this phenomenon is referred to as the Marangoni or thermocapillary
convection as synonyms.

Pure materials normally have a negative surface tension temperature coefficient
vr [6]. That means that the surface tension decreases as the surface temperature
increases. In case of a weld pool that means that the cooler surface area at the pool
edge has a higher surface tension than the hotter centre resulting in a recirculating
flow directed from the centre to the edges. The schematic of such a flow is shown in
the Fig. 1.2 a, b and c.

Surface active elements, also referred to as surfactants, besides changing the mag-
nitude of y7, may also alternate the sign of the surface tension temperature coefficient
changing the direction of the flow [12]. In this case, the hotter surface centre area

has a greater tension causing flows directed inwards (Fig. 1.2 d, e and f).

1.1.3 Marangoni effect. Surface active elements

The dominance of Marangoni effect in weld pool convection was determined in the

early 1980s. It had been noticed that in GTA welding different casts of the same
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Figure 1.2: Schematic of Marangoni convection in a weld pool [6].
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material which met the required material specifications could produce welds with
various penetration and width that could significantly differ from the specified norm.
It was found that where the correlation could be established, metal chemical com-
position had very small variations in the particular elements. Various theories were
proposed to explain why such small differences in some elements had such a profound
effect on the weld characteristics and weldability. Roper and Olson [13] proposed a
model based on interfacial energies. Glickstein and Yeniscavich [14] and Savage et
al. [15] suggested that the variations in the minor elements caused changes in the
arc characteristics. However, a similar effect was found in laser and electron beam
welding processes where no arc is present [16]. That proved that the changes in the
arc characteristics cannot explain the ‘cast to cast’ weldability variations.

Heiple and Roper [4, 16] suggested that it was the thermocapillary weld pool flows
that had the main influence on the shape of the fusion zone. They proposed that
the major driving force for the flows was a surface tension gradient and that even
low concentrations of surface active elements may have changed both the convection

intensity and its direction.
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Surfactants lower the molten metal surface tension at the melting point. For ex-
ample, the surface tension of molten iron was reported to drop by more than a factor
of 2 near its melting point (1570 °C) by the addition of around 1 wt % of sulfur [19,
20]. At a higher temperature, however, the surfactant segregation diminishes due to
the increase in entropy, thereby resulting in an increased surface tension (Fig. 1.3).
Thus, when surface active elements are present, the hottest centre part of the pool
may have the highest tension on the pool surface causing the flow to be directed
inwards instead of outwards. The inward flow produced by this effect increases the

depth-to-width ratio improving the penetration [4].
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Figure 1.4: Surface tension temperature coefficient v of Fe-S system as a function
of temperature and surfactant activity (reprinted from [21]).

A general dependencies of the surface tension and surface tension temperature
coefficient as functions of surfactant activities and temperature were established by
Sahoo et al. [21] for Fe-O, Fe-S, Fe-Se, Cu-O, Cu-S, Cu-Se, Cu-Te, Ag-O and Sn-Te

systems. Eq. 4.9 represents this dependence for surface tension temperature coefficient
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In Egs. 4.9 and 4.10, A is the surface tension temperature coefficient for pure metal,
I's the surface excess of saturation, K the equilibrium constant for segregation, k;
the entropy factor, AH? the standard heat of adsorption, AF?/! the partial molar
enthalpy of species mixing in the solution, and a; the activity of the element in wt %.

As shown in the Fig. 1.4, surface tension temperature coefficient vy can change its
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Figure 1.5: Schematics of the flow directions for various 7y and ~yp temperature de-
pendencies (reprinted from [22]).

sign depending on the temperature. Fig. 1.5 represents the possible resulting flows.

In the case of a low amount of a surface active element in the metal, v is negative



for all or most of the weld pool temperature range causing outward flows. On the
contrary, in the case of an high surfactant activity, 7y remains positive for most of the
temperature range in the weld pool creating convective flows directed inwards. When
an intermediate amounts of the surface active elements are present in the weld pool,
a flow with two oppositely directed vortices occurs. This may lead to an unstable or
oscillating weld pool convection.

In the current work, only the outwards directed convective flows are considered.
Scaling analysis based on the fundamental physical formulation of the problem is used
to provide the prediction formulae for the unknown characteristic values. Despite
the seeming identity of the inwards and outwards directed weld pool flows, their
mathematical treatment with scaling analysis is radically different. The outwards
flows interaction with the weld pool liquid/solid interface normally takes place at a
relatively far distance compared to the weld pool depth and the characteristic heat
source size. If the weld pool width is significantly greater than the pool depth and
the heat source size, its effect on the flow velocities may be insignificant and the
dimensionless number associated with it may be omitted. In the case of the inwards
directed convection, the flow constricts into a jet going vertically from the surface
at approximately the weld pool center into the pool bottom. In this case the weld
pool depth and the jet velocity are fully coupled and their mathematical treatment is
significantly more complex. For this reason, due to the time limits this work had, only
the outwards directed thermocapillary convective weld pool flows were considered in

this work.

1.1.4 High-Prandtl-number materials. Polymers

High-Prandtl-number materials may also be subject to the Marangoni convection.
Molten polymers are found to have surface tension decreasing with temperature sim-
ilar to pure metals (Fig. 1.6) [23-25]. The effect of Marangoni convection during

welding a high-Prandtl-number material was studied experimentally by Limmaneevi-
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Figure 1.6: Temperature dependence of surface tension of polyethylene samples
(reprinted from Dee and Sauer [23]).

chitr and Kou [26] on the example of sodium nitrate NaNO3. Molten sodium nitrate
has the Prandtl number of Pr = 9.15. Stationary welds performed by a defocused
laser beam. The thermocapillary convection promoted outward flows resulting in a
range of welds from slightly concave to wide shallow convex shapes (Fig. 1.7) de-
pending on the intensity of the beam and its diameter. Beam intensity being equal,

smaller diameter beams were found to cause more intense convection.

1.1.5 Experimental studies

There are several obstacles to the experimental measurements of the convection ve-
locities: opaqueness of the molten metal, high convection velocities in small volumes,
high temperatures and their gradients, presence of a powerful heat and light source
from the arc or laser beam. However, some experimental measurements of the weld
convection velocities have been made.

Limmaneevichitr and Kou [26] used physical modelling technique for the anal-

ysis of thermocapillary weld pool convection. Transparent sodium nitrate molten
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Figure 1.7: Weld pool shapes of NaNOj (Pr=9.1) from Limmaneevichitr and Kou [26]
produced by CO, laser beams of the following: A — 4.5 W and 3.2 mm diameter; B
— 12.4 W and 5.9 mm diameter; C — 12.4 W and 1.5 mm diameter.

pool heated from the top with a light source was used to represent a weld pool. Alu-
minum particles were added to trace the flow patterns. The results showed a principal
agreement with the hypothesis that the surface tension temperature variations are a
dominant driving force in the weld pool convection.

Recently, Delapp [27] and Zhao et al. [28, 29] performed high-speed videography
of the weld pool surface. The surface flow of the oxide particles was then measured

using Particle Image Velocimetry technique. Some work also has been done on X-ray

weld pool velocity measurements [30, 31].
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1.1.6 Numerical modelling

Flat and deformable surface

Many two-dimensional stationary models for Marangoni convection in weld pools
assume that the free surface is flat and undeformable [2, 3, 32-37].

Tsai and Kou [38] studied the effect of a free deformable surface on Marangoni
convection in stationary welds. The work was conducted for both positive and nega-
tive surface tension temperature coefficients. Pure aluminum properties were used to
calculate the flow of a material with a negative surface tension temperature coefficient
(yr = —0.35:-1073 kg s72 K~!) and an artificial value of yp = 0.1-1073 kg s72 K~! was
used for a positive v example. The authors found that the outward flows resulted
in a depressed centre of the weld pool and an elevated edge portion of the surface.
For the positive surface tension temperature coefficient, the trend is reversed: an ele-
vated centre and a depressed surface at the edges. The authors conclude that in the
case of a positive v, the pool depth can be overestimated if the surface is assumed
undeformable and flat; however, no justification was given for arc or beam pressure
on the surface which usually has its maximum in the centre of the weld pool. Other
works that calculated the surface-tension-driven flows in weld pool with a deformable
surface include [39-42]. The difference in the weld pool shapes calculated using mod-
els with flat and deformable surfaces [22] for the outward flows are shown in the
Fig. 1.8. Peng et al. [43] discussed the effect of the initial weld pool shape used as
an initial guess for the transient two-dimensional modelling of Marangoni convection
in welding. Ehlen et al. [44] focused on transient effects in an axisymmetrical two-
dimensional transient model of laser melting. The molten pool shape changes were
studied when a laser Gaussian heat source was applied to the surface, as well as the
pool shape during cooling after the heat flux was switch off.

A two-dimensional laser welding process of steel and aluminum was modelled by

Basu and Date [45]. The surface was exposed to an incident heat Gaussian flux. Two
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Figure 1.8: Comparison of the weld pool shapes and temperature (left) and velocity
(right) fields for stationary welds in the models with flat and free deformable surface
(reprinted from [22]).

convectional vortices occured, a primary vortex cell near the surface at the edge of
the weld pool, and an induced secondary vortex at the weld pool bottom. The pool
shape was shallower for steel and deeper for aluminum.

The effect of the Marangoni convection on the formation of weld bead boundary was
studied in [46]. The molten pool shapes with small Prandtl numbers can be identified
by several regions: (i) the molten pool has a hemispherical shape for Ma; < 100, (ii)
the bottom of the pool is convex near the centerline for 0.1 < Pr < 1 and 100 <
Ma; < 10°, (iii) the bottom is slightly convex near the centerline of the shallow pool
for 0.3 < Pr < 1 and Ma; > 10°, and (iv) the bottom exhibits a strong concave
shape with concavity depth as high as one-half of the pool width for Pr < 0.1 and
Ma; > 100 and a concave shape for 0.1 < Pr < 0.3 and Ma; > 10°. Corresponding

weld pool shapes are shown in Fig. 1.9.
Three-dimensional models

Three-dimensional models were used by [3, 47-51]. Chan et al. [50] used a model
of a stationary laser heat source that irradiated a flat semi-infinite surface of the
workpiece. It was found that the cooling rate was higher at the pool edge gradually

increasing along the melting line from the bottom to the edges, and it decreased with
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the elapsed time. The model did not consider latent heat nor the difference of the

thermal conductivity for solid and liquid material.
Role of turbulence

The role of turbulence, i.e. chaotic variations in the flow velocity and pressure due to
its high kinetic energy compared to the damping effect of the fluid viscosity, in the weld
pool convection is not fully clear. Many researches that used laminar models, used
modifications of transport coefficients such as viscosity and thermal conductivity, in
order to obtain a better match with the experiments. These modifications are known
as “enhancement”. There is no clear guide on how to perform these modifications.
Dynamic viscosity and thermal conductivity were enhanced by a factor of 7 to 30
simultaneously or separately [52-54]. No physical explanation was provided.

The possible role of turbulence in the GTAW weld pool convection was discussed
in [55]. The possibility of turbulent flow in the GTAW weld pools was also mentioned
in [2]. The authors indicated a difference for the experimental results and those
predicted with laminar models. The stationary GTAW welding of AISI 304 stainless
steel was modelled using a k-¢ turbulence model for 50, 100 and 150 A. The k-
¢ turbulence model is a CFD turbulence model that uses the concept of turbulent
kinetic energy k and the rate of dissipation of turbulent kinetic energy ¢ and introduces
two transport equations for these variables. The effect of turbulence on the GTAW
weld pool convection was then numerically analyzed in [56]. The model includes
buoyancy, Lorentz and Marangoni driven fluid flow, a large deformation model of the
free surface, and a k-¢ turbulence model. Other works on the effect of turbulence on
the GTAW weld pool convection include [57, 58].

The differences between the predictions of laminar and turbulent models for laser
welding of Fe and Cu are compared in [59]. It was concluded that unlike welding of
Fe, for Cu convection has a marginal effect on the heat transport despite a vigorous

mixing of the weld pool. A turbulent flow model was used in [60] in order to analyzed
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the change in weld metal composition during laser welding of aluminum alloy 5182 in
conduction mode.

The effect of thermocapillary convection on the weld pool length in keyhole laser
welding was studied numerically in [61]. A turbulent flow in laser alloying is discussed
in [62]; a turbulent flow in laser welding of copper-nickel dissimilar metals in [63]. The
effect of turbulence in GMAW is discussed in [64-66]. The importance of turbulent
flow on the bead formation in multi-pass hybrid gas metal arc laser welding is con-
sidered in [67]. A comprehensive overview of transport phenomena in both GMAW
and GTAW is given in [68].

Most of the turbulence models used were Reynolds-Averaged Navier-Stokes (RANS),
particularly often k-¢ models. Since the k-¢ models are based on the Boussinesq as-
sumption which does not account for turbulence anisotropy and rotating flows, it
is quite questionable how reliable are the results from these models in the case of
complex recirculating flows in the weld pools with solid-liquid phase changes. The
Boussinesq assumption is a hypothesis in CFD that relates the turbulence stresses to
the mean flow. The model introduces the turbulence eddy viscosity, the concept that
ignores the small-scale vortices (eddies) by estimating their effect on the large-scale
motion with an effective viscosity or eddy viscosity.

There are few works on Large Eddy Scale (LES) models [69] or Direct Numerical
Simulations (DNS) [70]. Chatterjee and Chakraborty [69] concluded that their LES
model was more successful in capturing the experimental trends than k-¢. However,
it was stressed that LES modeling for systems with phase transformation were in its
infancy. A recent work [70] was performed using direct numerical simulations (DNS)
to confirm the need for turbulence modelling for the numerical simulations of the
laser welding. Only the case of 150 ppm of sulfur was studied. The calculated heat
transfer increase due to the turbulence, however, was found insufficient for matching

the experimental results.
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1.1.7 Scaling analysis

Scaling, dimensional and asymptotic analyses are often used to obtain an approximate
solution to a problem, mathematical treatment of which is difficult. These approaches
has been widely used for various problems in physics and engineering [71-75]. For
example, scaling approach was used in the well-known Blasius viscous boundary layer
solution [76].

Scaling analysis is a powerful mathematical tool used to simplify mathematical
equations with many terms by assessing their approximate magnitude and neglecting
the small terms. Scaling approach has been used for various welding problems [77—
79]. Order of Magnitude Scaling [80-83] has been applied for weld pool flows, arc
behaviour, heat transfer and plastic deformation in friction stir welding [84].

Scaling laws for the characteristic values of the weld pool flows induced by Marangoni
convection were proposed by Wei et al. for materials with the Prandtl numbers be-
tween 0.1 < Pr < 1 [85] and Pr > 1 [86]. Both works provide scaling expressions
for the six unknowns: the peak surface velocity and temperature, the secondary peak
surface velocity and the temperature, the width and the depth of the weld pool as
functions of Ma, Pr, Ste, the dimensionless heat input ()j and the ratio of the thermal
conductivities for solid and liquid metal k. The model used the melting efficiency
equation that was obtained empirically and includes empirical constants. However,
the numerical simulations results that were used for the optimization of the unknown
functions for 0.1 < Pr < 1 [85] used the variations of only the 2 parameters Ma, Pr
out of presented 5. No justification was given to prove the dependencies on the other
3 dimensionless parameters. For the Pr > 1 model [86], the results of the numerical
model used in the study were not presented.

Chakraborty [59] studied the effect of the Prandtl number on the momentum and
heat transfer in a thermocapillary-driven weld pool convection. The authors con-

cluded that for the materials with a very low Prandtl number the weld pool convection
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does not significantly contribute to the formation of the weld shape.

Rivas and Ostrach [87] performed scaling analysis of thermocapillary flows in shal-
low rectangular cavities for low-Prandtl-number materials. The flow was analyzed in
a rectangular cavity with its free surface exposed to a Gaussian distributed heat flux.
As a result of the analysis, three regimes of the thermocapillary convection for Pr < 1
were identified. The Regime I represents a case of a viscous flow with conduction
being the dominant heat transfer mechanism. Regime II is the case of a flow with the
momentum boundary layer occurring at the surface (in this work also referred to as
the “inertial flow”), but when conduction dominates as the heat transfer mechanism.
Regime III represents the case when the flow is inertial with the momentum bound-
ary layer at the surface, but when convection becomes dominant. The Regime III is
characterized by both the momentum and temperature boundary layers.

Three dimensionless parameters were defined to govern the problem. The first
was the ratio of the cavity depth to the heat source size A = D/L; the second was
the Prandtl number of the fluid Pr = v/a. The third parameter was defined as a

Reynolds number for the Regime I and called Re,:

_ YrQoD?

Re, kL2

(1.3)

where 7 is the absolute value of the temperature surface tension coefficient, Q) is
the heat source peak intensity, D is the cavity depth, p is the fluid of density, k is
the thermal conductivity of the fluid and v is its kinematic viscosity. Note that this
parameter Re, was used for all the regimes, although it is equal to the Reynolds
number only for the Regime I. For the Regimes II and III this number is still used as
a reference value, but it is not equal to Reynolds number which has to be calculated
separately.

Mendez [80, 82, 83] analyzed the problem of the thermocapillary convection in a
rectangular cavity defined in [87] using the Order of Magnitude Scaling methodology

(OMS). OMS is a methodology that automatically makes selections of self-consistent
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balances between dominant forces and provides estimated scaling laws based on the

problem formulation.

1.2 Problem statement

1.2.1 Prediction of weld bead width and penetration depth
from moving heat source models

The analytic model of a moving point heat source was proposed by Rosenthal [88]
in 1946 and has still been widely used for the temperature distribution prediction in
welding. It is simple to use, however, its predictions are accurate only far enough
from the heat source.

Eagar [89] performed analysis of a more realistic distributed heat source approxi-
mated by a Gaussian function. Two dimensionless groups were found to govern the
problem: the operating parameter n that includes the welding speed, the net heat
input, the thermal diffusivity; and the dimensionless heat source distribution param-
eter u. The solution for Gaussian heat source can be obtained by taking an integral
as proposed by Eagar. This is not as convenient as it would be if there were ready
formulae, so additional work is continuing in this area [90].

It is proposed that the effect of the thermocapillary flows on the weld shape can
be formulated in the form of correction factors to the solution for the Gaussian heat

source. These correction factors are the objectives of this work.

1.2.2 Asymptotic and intermediate regimes

Many physical phenomena represent the cases of asymptotic behaviour of more com-
plex systems. An example of a damped pendulum was discussed in [80, 83]. Another
example of asymptotic and intermediate regimes could be a skydiver’s free fall velocity
as a function of time.

For this example let us assume the jump is performed from a stationary helicopter.
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During the free fall, two forces are balancing each other: gravity and drag force.
mg — CpA—— = ma (1.4)

Here m is the skydiver’s mass, g gravity acceleration, Cp is a drag coefficient, A is the
skydiver’s reference area, p is the air density, V is the velocity, a is the acceleration.
At the moment when the skydiver leaves the helicopter, the gravity force is the only
force applied and, thus, it is equal to the product of the skydiver’s mass to their

acceleration. This situation represent the first asymptotic case, Regime I:
mg = may (1.5)

The skydiver’s acceleration is equal to the gravity acceleration, thus, the fall velocity

V increases with time ¢ according to the simple law:
Vi(t) = gt, (1.6)

i.e., the velocity in Regime I is proportional to the first order of time.
Along with the velocity, the drag force increases. Eventually, at a velocity Vi it

becomes equal to the gravity force and there is no more velocity change:
V2
mg = C’DA% (1.7)

This steady fall represents the second asymptotic regime, 'Regime II'. The velocity

dependence on time is now expressed by the law:

Va(t) =/ C?;"’Ljp (18)

In more formal way, the velocity in Regime II is proportional to the zeroth order of

time. The obtained dependencies could be rewritten in a dimensionless form. Then
the dimensionless velocity V* would be a function of the dimensionless time in a form

of scaling law, i.e. an exponent function:

V= pre (1.9)
a=1 (1.10)
Cit = 0 (111)
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1.2.3 Problem analysis from Buckingham 7 theorem

In order to understand what parameters the weld pool width and depth depend on and
what kind of dependencies these are, let us consider the problem from the perspective

of the Buckingham 7 theorem starting from the model of point heat source.
Point heat source

First, let us consider a problem of the determination of the characteristic weld bead
width 2L and penetration depth D during welding on a thick plate with a point heat
source from Buckingham 7 theorem perspective [91]. The defining parameters are:
the heat flux ¢; travel velocity U; material density p, thermal conductivity ks and
heat capacity cp; temperature difference between the melting point and the room
temperature AT, = T, — Tno.

The class of the parameter dimensions is chosen as LMTQO, where L represents
the units of length, M - mass, T - time, () - units of thermal heat and © for units
of temperature. The number of independent dimensions in this case is £ = 5, and
the number of parameters in n = 6. Thus, the number of governing dimensionless
parameters for the problem of a moving point heat source is n—k = 1. This conclusion
agrees with the classic Rosenthal’s solution [88].

The identified governing dimensionless parameter can be expressed in a form of

the Rykalin number [92]:
qU

Ry = T, =Ty

(1.12)

where a = k/ (pcp) is the thermal diffusivity. The coefficient of 1/47 is introduced to
match the definition of the Rykalin number from [92]. Thus, the dimensionless weld

bead width and penetration depth are functions of only Ry:

L*,D* = f (Ry), (1.13)
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where

- UL (1.14)
2a0
UD

pr = 2~ 1.1
o (1.15)

Gaussian heat source

A more realistic Gaussian distributed heat source introduces another parameter: the

heat source distribution size 20. Thus, it introduces another dimensionless parameter

*

o*:
. Uo
o= o (1.16)
L*,D* = f(Ry,o") (1.17)

This represents the solution proposed by Eagar and Tsai [89] shown in Fig. 1.10

(n =Ry, u=0").
Melting and solidification

The Gaussian heat source model is considered to be quite accurate for predicting
the weld bead width and penetration depth even though it does not account for the
latent heat of melting and changes of the thermophysical properties with the phase
transformations. It is assumed that due to the fast melting and re-solidification
process the change in the properties is localized and can be neglected. There is a
shift in the melting and solidification front line from the isotherm locations predicted
by the model in the direction of welding; however, the prediction of weld width and
depth can still be accurately predicted.

However, if melting is taken into consideration, then the latent heat i, of melting

must be added to the problem parameters and, consequently, the Stefan number:

(1.18)

1s1
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Figure 1.10: Dimensionless weld penetration depth from [89] (n = Ry, u = o).
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If the changes of the thermophysical parameters with the phase transformation are
taken into account, then additional dimensionless parameters must be added, e.g.,

ratios of the considered parameters for solid to their liquid counterparts:

* * * ps
ki=—, a,=—, p, = —, etc. 1.19
Ky Q) P Pi ( )

Since the material properties are also dependent on the temperature, the list of di-

mensionless groups related to the material properties that govern the problem is,

generally speaking, infinite.
Effect of the Marangoni convection

Further, if the thermocapillary flows are taken into account, i.e., the convection inside
the melt pool due to Marangoni effect, then the two important parameters must be
added: the kinematic viscosity of the melt v and the surface tension temperature
coefficient y7. Consequently, they add two new dimensionless parameters. The first
of them is the Prandtl number:

v

Pr=— (1.20)
(87

The other dimensionless group must be a parameter that includes 7. Traditionally,
the Marangoni number is used:

o ’VTATCLC

jg14e7]

Ma (1.21)

where L. is a characteristic length, AT, is a characteristic temperature drop.

It makes the most sense to take AT, as the difference between the maximum
temperature in the melt pool T},,, and the melting temperature 7,,, and as the
characteristic length L. the half-width L of the weld pool. In this case, since the pool
half-width is the distance between the point with the highest (7,.,) and lowest (7},)
temperatures in the melt, the Marangoni number presented becomes essentially the
Peclet number of the thermocapillary convection, i.e., the ratio of the heat transferred

by thermocapillary convection to the heat transferred by conduction through the melt.
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However, both the T,,,, and L are unknown parameters of the problem, which
means other characteristic values must be used. Some researches use the difference
between the melting point and the surrounding temperature AT, = T,, — T, and
the heat source distribution size o*. The use of these parameters in Ma may cause
confusion. Additionally, the physical meaning of the Marangoni number as the Peclet
number for thermocapillary flows is lost in this case. For this reason, in this work the

other dimensionless group Ri is used:

. Yrq
Ri=
P2k

(1.22)

The physical meaning of this dimensionless number is described in Chapter 2.
Thus, the dimensionless weld pool width and the penetration depth are, strictly

speaking, functions of the following dimensionless groups:

L D

)

:<I><Ri, Pr. Ry, 0", Ste, ©s % Ps ) (1.23)

g O ]{Zl’Oél7pl’

1.2.4 Main hypothesis

Typical velocities of the thermocapillary convective flows in GTA weld pools are
usually much greater than the weld torch travel speeds [5]. It allows to assume a
relative independence of the thermocapillary convection in the weld pools and its
effect on the weld geometry. One important parameter related to the moving heat
source, however, must be considered: a ratio of the characteristic size of the weld
pool to the heat source distribution parameter. Since the exact weld pool width and
depth are unknowns and are subject to the convection, a ratio of the penetration
depth from the Gaussian heat source solution D¢ to its distribution parameter o is

proposed as such a parameter Rq (*Aspect ratio Gaussian’):

o
The Peclet number Pe is proposed as the measure of convective heat transfer versus

conduction through the melt. With the assumptions described above, it is possible
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to assume that

Pe = C f (Ri, Pr, Rq) (1.25)

where C' is a parameter related to the thermophysical material properties and is

constant for a given material and the surrounding or preheat temperature:

ks as ps )
C=g(Ste, 2, & Ps 1.26
g( ki o’ p (1.26)

The Gaussian aspect ratio, in its turn, is a function of the Rykalin number and the
heat source distribution parameter:

ARe =g Ry, o) (1.27)

For stationary GTAW welds, the parameter /s can be considered as the dimension-

less time. When a system is in an asymptotic regime, it is likely that the unknowns

10! = = = = =
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100 3
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102 3
10° 3
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1 0—4 4 ol 2 ml ol 2 ol 4 ol ol 1
10* 102 10° 10> 10* 10® 10® 107
Ry

Figure 1.11: Dimensionless leading length as a function of Ry from [92].

can be expressed in a form of a scaling law. Analogously to [87], it is reasonable to as-
sume that for each asymptotic regime of the thermocapillary flow the dependence 1.25

has a form of a scaling law, too:

Pe = CRi*Pr’ &, (1.28)
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However, if a system is in the intermediate state between two asymptotic regimes,
then such a dependence may be more complex. For example, Fig. 1.11 shows the
dimensionless leading length for the point heat source problem as a function of the
Rykalin number from [92]. It can be seen that in the asymptotic Regime I of a fast
moving heat source for Ry > 10?, the dependence of the unknown value is linear in
the logarithmic scale, i.e., can be expressed in the form of a scaling law. Analogously,
the dimensionless leading length in the Regime II of the slow point heat source for
Ry < 1073 can be presented as an exponent function. For 0.1 < Ry < 10, however,
the exponent function is not applicable.

This intermediate state between fast and slow moving heat source is also applicable
for the Gaussian heat source model. Typical GTAW processes parameters lie within
0.1 < Ry < 10 range of the Rykalin number (Fig. 1.12). It can be see from, for
example, Fig. 1.13 that for the Gaussian heat source model the dependencies of the
unknown parameters, for example, the width-to-depth ratio on this range of the
Rykalin number cannot be expressed in the form of a scaling law.

Thus, the proposed separation of variables allows the non-asymptotic dependency
of the unknowns from Ry and ¢* to be excluded, as well as travel speed from the

focus of the Marangoni flow problem.

1.2.5 Objectives

The objectives of this work are to:

1. Identify asymptotic regimes of the thermocapillary flows in weld pools, criteria
that set the demarcation between them, the flow patterns and other features of
the identified regimes for both low-Prandtl-number and high-Prandtl-number

melts.

2. Define the scaling laws for the dependencies of the characteristic convection

velocity ur and, consequently, the Peclet number Pe from Ri, Pr and ARs for
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each asymptotic flow regime.
3. Verify and calibrate the obtained scaling laws.

4. Create correction factors for weld width and penetration depth calculated with
the Gaussian heat source model that would account for the effect of the ther-

mocapillary convection.

1.2.6 Thesis outline

Chapter 2 describes the identified regimes of the thermocapillary flows in weld pools,
the scaling analysis of these regimes and the obtained scaling laws for the character-
istic velocities and the Peclet numbers.

Chapter 3 describes the numerical model used to verify and calibrate the obtained
scaling laws.

Chapter 4 includes the calibration of the scaling laws for the Peclet number with
the use of the results from the numerical model and the literature data, as well as the
calculation of the correction factors for the weld bead width and penetration depth

compared to the predicted ones by the Gaussian heat source model.
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Chapter 2

Scaling Analysis

2.1 Hydrodynamic regimes of thermocapillary flows
in weld pools

Rivas and Ostrach [87] proposed that there are three flow regimes for thermocapillary
flows in shallow enclosures filled with a low-Prandtl-number fluid. The flow can
be either viscous or inertial. By inertial flow the authors meant the flow with a
formation of a viscous boundary layer at the free surface where the driving Marangoni
shear occurs, while the viscous flow mean that the viscous shear is distributed evenly
throughout the fluid. The heat transfer can be dominated by either conduction or
convection. In case of convection-dominated flow, a thermal boundary layer occur at
the free surface.

The three regimes identified in [87] represent combinations of the types of flow and
heat transfer mechanisms. The Regime I stands for a viscous flow with conduction
being dominant heat transfer mechanism. The Regime II represents the case when
the flow is inertial, but conduction still dominates the heat transfer. This regime
represents, for example, the cases reported in the literature of aluminum weld pools
not having their shape noticeably affected by the flow due to the very low Prandtl
number of molten aluminum. The Regime III represents the case of an inertial flow
with convection dominating over conduction in the pool. This regime is the most

common flow regime in steel weld pools.
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To quantify the effect of the thermocapillary shear stress on the flow, Rivas and

Ostrach [87] proposed a dimensionless number Re, defined as

_ YrQoD?

Re, h?

(2.1)

where v is the surface tension temperature coefficient, ()y is the peak intensity of
the heat source, D is the weld pool depth, p is the fluid density, k£ is the thermal
conductivity and v is the kinematic viscosity. This number represents the scaling law
for the Reynolds number of the Regime I.

From the scaling analysis it was identified that A%2Re, is a representative dimen-
sionless number that identifies the transition from a viscous to inertial flow in the
weld pool. A is the aspect ratio defined as A = D/L, where D is the pool depth and
L is the characteristic size of the heat source. The width of the weld pool is assumed
much greater than both D and L.

Thus, the criterion for the Regime I was stated as:

Pr < 1 (2.2)

A’Re, < 1 (2.3)

Since Pe = RePr, for the melts with Pr < 1 this criterion automatically confirms that
conduction is dominant.

Due to formation of the viscous boundary layer when the flow is inertial, Re, is
no longer valid as an approximation for the Reynolds number in the Regimes II and
ITI. Two characteristic velocities are identified in the Regime II: the characteristic
velocity in the viscous boundary layer and the characteristic velocity of the core of
the bulk of the melt. The approximation for the Reynolds number based on the core

velocity in the Regime IT is:

R,GH = A2/3Re(1,/3 (24)
Thus, the transition criterion for convection being negligible in the Regimes II is
AY3RelPPr < 1 (2.5)
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The full criteria for the Regime II are:

Pr < 1 (2.6)
A’Re, > 1 (2.7)
APRelPPr < 1 (2.8)
Thus, the criteria for the Regime III are:
Pr < 1 (2.9)
A’Re, > 1 (2.10)
AYPRelPPr > 1 (2.11)

The use of the weld pool depth D in the governing dimensionless number Re,, may
lead to over-complication when the depth of the weld pool is an unknown. Also the
notation Re, is found confusing, since it is used in all the regimes, but represents the
Reynolds number only for the Regime 1. To avoid the confusion and inconvenience,
two novel dimensionless numbers Ri and Ri, are proposed in this work. Ri, is defined

as:

2
Ri, = Wpigf (2.12)
The index £ indicates that the number is defined based on the peak intensity of the
heat source )y and its characteristic size £. This number is used for the scaling
analysis in this chapter.

Since the product QyL?, in fact, represents the heat source power, the other di-

mensionless number Ri is defined as:

Ri = :1352 (2.13)

where ¢ is the power of the heat source in Watts. For a Gaussian heat source

T
q= EQOEQ ~ 4.53QL* (2.14)
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Also, in this work the notation 4R, will be used for the aspect ratio defined as:
AR =D/L (2.15)

Since

Re, = ARZRi, (2.16)

then, the criteria for the flow regimes can be represented with the Ri number in the

following way. The criteria for the Regime I are:

Pr < 1 (2.17)
ARFRip < 1 (2.18)
The criteria for the Regime II are:
Pr < 1 (2.19)
ARrRip > 1 (2.20)
RPRIPPr < 1 (2.21)

And the criteria for the Regime III are as follows:

Pr < 1 (2.22)
ARFRip > 1 (2.23)
ARPRIPr > 1 (2.24)

Another three regimes can be identified for the high-Prandtl-number melt similarly
to the Regimes I, IT and III.

Since Pe = RePr, for a melt with a Pr > 1, inertial flow automatically means that
convection dominates the heat transfer. This regime is introduced as the Regime IV

and defined as:

Pr > 1 (2.25)
ARFRip > 1 (2.26)
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For a high-Prandtl-number fluid, in a viscous flow both convection and conduction
may be dominant as the heat transfer mechanism. The case when conduction dom-
inates in the viscous flow can be also referred as the Regime I and share the scaling
laws with the predictions for low-Prandtl-number melts. The criteria for the flow to

fall into the Regime I for Pr > 1 is:

Pr > 1 (2.27)
ARrRip < 1 (2.28)
ARFRiPr < 1 (2.29)

The regime with the viscous type of flow, but convection being dominant, is identified

in the Regime V. Its criteria are, then:

Pr > 1 (2.30)
ARrRip < 1 (2.31)
ARFRiPr > 1 (2.32)

Thus, five regimes of the thermocapillary-driven weld pool flows are identified for
the melts with both high and low Prandtl numbers. The schematic map of the regimes

on AR}Ris — Pr plane is shown in the Fig. 2.1.

2.2 Problem formulation for the scaling analysis

For the scaling analysis, the flow is analyzed in a simplified axisymmetric rectangular
cavity with the free surface exposed to a Gaussian heat flux as shown in the Fig. 2.2
(a half of the enclosure is shown) analogously to the flat two-dimensional problem
formulation in [87]. The rectangular cavity with the width 2L and the depth D is
filled with a fluid of density p, thermal diffusivity @ and kinematic viscosity v. The
half-width of the cavity L is considered much greater than both the depth D and the

characteristic size of the heat source £. The walls are at the melting temperature
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Figure 2.1: Asymptotic flow regimes on the AR:Riz — Pr plane map.

T,.. The free surface is exposed to a Gaussian heat flux Q(r) with peak intensity of
Qo and characteristic width L.

The following simplifications are used: steady state, non-deformable free-surface,
heat source stationary with respect to solid boundaries, axisymmetric two-dimensional
rectangular geometry, lack of electromagnetic or buoyancy body forces in the melt,
no gas shear on the surface, no frictional heating (including the heating by viscous
dissipation of kinematic energy), and width of solid boundaries much larger than
width of heat source. The fluid is considered laminar, incompressible, with constant
thermophysical properties. The surface pressure far from the heat source is atmo-
spheric. The free surface is associated with surface tension v that decreases linearly

with temperature:
vy=v—7r (T —T,) (2.33)

The temperature surface tension coefficient vyr, as well as all the other parameters
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Figure 2.2: Schematics of the problem formulation (modified from [87])

are assumed constant.

Based on the above considerations, the mathematical formulation of the problem
involves the equation of mass conservation (Eq. 2.34), two Navier-Stokes equations
for the radial (Eq. 2.35) and axial (Eq. 2.36) directions, and the conservation of the

thermal energy equation (Eq. 2.37):

10 ow

w9 = 0 (2:34)
U%er% - —%%—i—u{%% (7’%) —%+%] (2.35)
uﬁa—t:jng—tZU - —%%M/ [%% (r%—t:) +g27ﬂ (2.36)
ug—z +wg—f = « H% <r88—2j) + 227{} (2.37)

The boundary conditions on the free surface involve the Marangoni boundary condi-

tion and the input heat flux condition:

ou oT
/)Vg = 'VTE (2.38)
oT



The independent variables are {X} = {r, z}. The dependent variables are {U} =
{u(r, 2),w(r, z),p(r, z), T(r, 2)}, representing the r and z components of the velocity
field, the pressure field, and the temperature field; and the parameters are {P} =
{L, p,a, k,Qo, v, v, D} representing a characteristic half width of the heat source, the
melt density, the melt thermal diffusivity, the melt thermal conductivity, the peak
intensity of the heat source, the surface tension temperature coefficient, the kinematic

viscosity, and the depth of the melt respectively.

2.3 Regime I

The governing equations and the boundary conditions at the free surface are non-
dimensionalized using the traditional approach. The heat source distribution param-
eter L is taken as the characteristic value to normalize the coordinate r, and the

depth of the cavity D is considered as the characteristic length for the coordinate z:

r = r/L (2.40)

2 = z/D (2.41)

The temperature, pressure and velocity components are normalized with their un-
known characteristic maximum values AT, p., u. and w..

Since in the Regime I the flow is viscous and conduction is dominant, the deriva-
tives of the independent variables u, w, p and T are normalized with the ratios of
their characteristic maximum values over the characteristic lengths of the respective

coordinates, e.g.:

a—p) (2.42)

rut) (2.43)

&)
N
& O
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The second derivatives are non-dimensionalized similarly, e.g.:

0*T AT (0*T\"
— = —= | == 2.44
022 D2 (8z2) (2.44)
10 ow w., 1 O* ow*
S22 = Ze — * 2.45
ror <T or ) L2 r*or* <T or* ) (2.45)
Thus, the normalized continuity and Navier-Stokes equations for the Regime I are:
u. 1 O w, ow*
e = k) + == = 2.4
Er*@r*(ru)+D 0z* 0 (2.46)
u_g o ou* R ou* _ p. Op*
L Or* D 0z pL Or*
vu., 0% (1 O* vu, O*u*
— “u* - 24
* L2 Or* <7“* or* (ru )> * D2 9z+2 (247)
uw, LOw*  w? | ow* p. Op*
U + —w = —
L or* D oz* pD 0z*
vw, 1 0* ow* vw, O0’w*
il * 2.48
* L2 r* Or (T 87"*) D2 9z*2 (2.48)
The thermal energy equation is:
u AT 0T N wAT 0T
c "o "D Yor "
aAT 1 0* arT* aAT 9*T*
= —— | 24
L2 r*or* (T 87"*) D?  9z*? (2.49)
The normalized Marangoni boundary condition is:
pru. Ou* AT OT*
= 2.
D 0z L Or* (2:50)
The input heat flux boundary condition is normalized as:
kAT OT™
—_— = — *(r* 2.51
D 0 QoQ"(r") (2.51)

The estimation of unknown characteristic values was performed with the use of
the Order of Magnitude Scaling (OMS) methodology described in detail in [82]. The
methodology involves a computer algorithm which automatically exhausts all the pos-
sible balances of the dominant terms and makes selections based on self-consistency
of the selected balances. The methodology uses the linear algebra matrix opera-
tions and provides the scaling laws for the unknowns as the functions of the problem

parameters.
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Since the approach is based on the linear algebra operations, the normalized co-
efficients are rewritten in the form of the Matrix of Coefficients [Ci] with each row
corresponding to the exponents of the parameters and the unknown characteristic

values. The Matrix of Coefficients for the Regime I is:

L D p v o k or Qo u. w. p. AT

- 1 1 -

-1 1

-1 2
-1 1 1

-1 -1 1

-2 1 1
-2 1 1

-1 1 1
-1 2

[Ch] = -1 -1 1

-2 1 1
-2 1 1

-1 1 1
-1 1 1

-9 1 1
) 1 1
-101 1 1

1 1 1
-1 1 1

i 1 _

(2.52)
The obtained Matrix of Coefficients [Cy] (Eq. 2.52) matches the Matrix of Coefficients
for the Regime I formulated in [82] for the flat two-dimensional problem. Since the
solution of the problem is described in detail in [82], the detailed description of the
final choice of the scaling laws is omitted in the present work. The resulting matrix

of the scaling factors is shown in the Eq. 2.53:

L D p v o k or Q
102 -1 A1 1011 U,
S)= -2 3 -1 -1 1011 w, (2.53)
1011 De
1 1 1 AT

The radial velocity estimation presented in the first row of the matrix of the scaling
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factors [Sy] can be rewritten in the traditional form as:

~ D*yrQo

This scaling law is exactly the same as the one obtained manually in [87]. The
obtained estimation for the characteristic velocity of the thermocapillary convection

in the Regime I yields the following estimation for the Peclet number:

5 D2”YTQ0
Pe;. = ——— 2.55
eIC pk‘l/Oé ( )
or as a function of the dimensionless numbers:
Pey, = A% Ri, Pr (2.56)

2.4 Regime II

The Regime II represents the case of inertial low with negligible convection. Unlike
the Regime I where the viscous shear is significant throughout the entire depth of the
pool, in the Regime II the viscous shear is significant only in a thinner layer close to
the free surface: the viscous boundary layer. The thickness of the viscous boundary
layer ¢ is one of the unknown characteristic values.

The characteristic values of the velocity components and pressure are different
for the viscous boundary layer and the weld pool core, as well as the characteristic
lengths used to normalize the terms in these two sub-domains. The characteristic
length along z-axis for the viscous boundary layer is the thickness of the layer ¢,
whilst for the core this value is D. This fact requires two sets of the continuity and
momentum equations normalized separately for the viscous boundary layer and the
core of pool.

The normalized equations for the viscous boundary layer and the core are presented
in Eqgs. 2.57 - 2.62. The subscript s indicates the characteristic values of the unknowns

in the viscous boundary layer and the subscript ¢ applies for the core of the pool.
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The normalized continuity and momentum equations for the viscous boundary

layer are:
ugs 1 O w, Ow*
O = ) e T8 9.
Lo )T g =0 (2:57)
u? out waws L Out ps Op*
L or* ) 0z* pL Or*
vu, 0 (1 O* vu, O0%u*
R (e o s 20 9.
+ L2 Or* <7’* or* (ru )) * 52 Oz*2 (2.58)
usws ow* N w_f o ow* _ ps Op*
L or* ) 0z pd Oz
vws, 1 0 ow* vws O*w*
—— | z 2.
2 o <r 8r*) TR 9o (2:59)
The normalized continuity and momentum equations for the core are:
u. 1 0* w, Ow*
fe = ) oo T8 9.
£7’*8’/‘*(Tu)+D 0z* 0 (2.60)
u? out waw. | Ou* pe Op*
L or* D 0z* pL Or*
vu. O° (1 O* vu, 0*u*
— u* c 2.61
L2 or* <7’* or* (r"u )> D2 92 (2:61)
uwe LOow*  w? | Ow* pe. Op*
U +—=w .
L or* D oz* pD 0z*
vw., 1 0 ow* vw, 0*w*
—— | - 2.62
L2 r*Or* <T 87"*) * D% 9z*? (2.62)

The thermal energy equation is normalized with the characteristic radial velocity

component for the viscous boundary layer u,, however, since in the Regime II con-

duction is dominant, the pool depth D is used as the characteristic thermal length in

the z-direction:

u AT 0T w,AT 0T
c "o "D “Yor
AT 1 0% (0T aAT 9*T*
_B;QFG&J+D2M2 (2.63)

The Marangoni boundary condition is normalized with the boundary layer character-

istic values ug and ¢:

prug Ou*

5 Oz
41

F— (2.64)



The input heat flux boundary condition is normalized using D as the characteristic

thermal length:
EAT OT™

D 9o —Qo@"(r") (2.65)

The unknown characteristic velocities for the momentum boundary layer and the
core require a link between them. To match the velocities in the two sub-domains

the following equation is proposed based on the mass conservation:
usd = u.D (2.66)

The Matrix of Coefficients [Cyy| corresponding to the obtained normalized equations

is presented in the Eq. 2.67:
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1 1
1 1
1 2
11 1
1 1 1
-2 1 1
1 2 1
1 1
1 2
1 1 1
-2 1 1
1 -2 1
1 1
1 1
1 2
1 11
(Cul = | -1 1 1
-2 1 1
-2 1 1
1 11
1 2
1 -1 1
-2 1 1
-2 1 1
1 1 1
1 1 1
-2 1 1
-2 1 1
T 1 11
1 1 1
1 1 1
1
1 1
1 1

(2.67)
The OMS algorithm requires numerical values of the problem parameters to deter-
mine self-consistency of the balancing terms. For this purpose, the definition of the

problem of an autogenous weld on 5083 aluminum performed by a Nd:YAG laser is

used as presented in [82]. The beam power is W =4 kW, a FWHM (full width half
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maximum) spot size is 1 mm (£=0.5 mm), and the travel velocity is 10 mm/s. The
beam efficiency is taken as n=15%. The welding is performed without keyhole with
a penetration of D=0.5 mm. The thermophysical parameters of aluminum 5083 melt
at 800°C are p=2309 kg/m?, v=4.33 107" m?/s, a=2.4 107> m?/s, and k=68 W/mK.
An artificial surface tension temperature coefficient of y7=3.5 1078 N/mK is used in
order for the solution to comply with the criteria for the Regime II.

For the matrix of coefficients [Cy| (Eq. 2.67), the OMS algorithm tried 777,600
combinations of 8 pairs of balancing terms. This exhaustive analysis identified 682,325
incompatible balances, 94,223 inconsistent balances and 1,052 self-consistent balances.
The 1,052 self-consistent balances correspond to 79 classes, with each class made of
all balances that result in the same estimation. Of the 79 classes of self-consistent
balances, only 2 are consistent with mass conservation for both the boundary layer
and the core region (Egs. 2.57 and 2.60), the Navier-Stokes equations for both axes
for the boundary layer (Egs. 2.58 and 2.59), the Navier-Stokes equation for the r-axis
for the core region (Eq. 2.61), the boundary conditions (Egs. 2.64 and 2.65) and the
matching condition for the characteristic velocities in the core and the boundary layer

(Eq. 2.66). However, one of these two classes provides the estimation:
0=L (2.68)

that contradicts the assumption that 6 < £. Thus, this class is not representative
for the Regime II.

The selected matrix of scaling factors is:

L D p v o k T Qo

[ 1/3 -2/3 -1/3  1/3 -1/3 0 1/3 1/3 ] e
2/3  1/3 -1/3 1/3 -1/3 1/3 1/3 W,
2/3 -4/3  1/3 2/3 -2/3  2/3 2/3 Pe_

[Su) = 1 -1 1 AT

2/3 -1/3 1/3 2/3 1/3 -1/3 -1/3 5
-1/3 0 2/3  -2/3  -1/3 2/3  2/3 2/3 a,
-2/3 1/3  -1/3  1/3 -1/3 1/3 1/3 s

| -4/3  2/3 1/3 2/3 2/3  2/3 2/3 | &
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The obtained estimation for the characteristic radial velocity component for the

viscous boundary layer is:

Lp?vk?

s

_ <D27%Q3) v (2.70)

yielding the estimation for the Peclet number for the Regime II:

2/3 ~2/3
P/e\ B VT/ Qo/ D2/302/3
e = p23k2/3p1 /30,

(2.71)
or as a function of the dimensionless numbers:

Pe, = RY*RiZ/*Pr (2.72)
2.5 Regime III

The Regime III represents the case of the recirculating weld pool flows of a low-Pr-
number melt when convection is dominant and the flow is inertial. This means that
both the thermal and viscous boundary layers are formed at the free surface and,
since Pr < 1, the thermal boundary layer is thicker than the viscous boundary layer.
The thickness of the thermal boundary layer 7 is added as an unknown characteristic
value.

The normalization scheme for the equations of mass conservation and momentum
is the same as used for the Regime II.

Thus, the normalized continuity and momentum equations for the viscous bound-

ary layer are:

Us 1o % % W ow* o
u_g o ou* N UsWs ou* _ ps Op
L or* ) oz pL Or*
vu, O (1 0%, , . vu, 0%u*
L2 or* <F8r* (ru )) 5 9 (2:74)
usw, , Ow* N w; Ow*  ps Op*
L "o 5 o po O0z*
vws 1 O* ow* vws O*w*
— * 2.
T o <T 07“*) 62 0z+2 (2.75)
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The normalized continuity and momentum equations for the core are:

U 1 o * % We ow* o
ul o ou* L Ul ou*  p. Op*
L Or* D oz pL Or*
vu., 0% (1 O* vu, O*u*
. k ok - 2‘
* L2 Or (7“* or* (ru )) * D? 9z*2 (277)
UWe , Ow* N w; ow*  p. Opf N
L "o "DV ar pD 0z*
vw, 1 0* ow* vw, O0*w*
il * 2.78
L2 r*Or* <T 07“*) D? 9z*? (2.78)

In order to provide the correct approximation for the thermal energy equation, the

characteristic velocity of the thermal boundary layer ur is introduced defined as:

ur = usi (2.79)
or

The thermal energy equation is normalized with the characteristic velocity of the
thermal boundary layer uy and the thermal boundary layer thickness d7:

urAT 0T*  wpAT |, OT*
u —|— w e

L or* 57“ 0z*

aAT 1 0 ([ 0T aAT O*T* (2.80)
= —— | .
L2 r* Or* Or* op2 022
The velocity component wy is assumed:
wr = w; (2.81)

Since (wrAT) /67 is much smaller than the coefficient of the dominant terms in
Eq. 2.80, this term will be omitted in the matrix of coefficients [Cryl, as well as
the term with the coefficient («AT) /L£?. Thus, for the scaling analysis, Eq. 2.80 is
simplified as:

up AT 0T*  oAT O*T*
L "o T T 02

(2.82)

The Marangoni boundary condition is normalized with the viscous boundary layer

characteristic values:
prus Ou*  ypAT OT*
5 Oz L O

(2.83)
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The input heat flux boundary condition is normalized with the thermal boundary

layer thickness d7:
EAT OT*
5T 02*

= —QuQ"(r) (2.84)

Analogously to the Regime II, the characteristic velocities of the viscous boundary

layer and the core are to be matched:
usd = u.D (2.85)

The resultant matrix of coefficients [Cyyy| is presented in Eq. 2.86.
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L D p v a k vy Qo us wy ps ue we po AT dp wup

-1 1
1 -1
-1 2
1 1 -1
-1 -1 1
-2 1 1
1 1 -2
-1 1 1
2 -1
-1 1 -1
-2 1 1
1 1 -2
-1 1
-1 1
-1 2
-1 1 1
[CIH]Z -1 -1 1
-2 1 1
-2 1
-1 1
-1 2
11 1
-2 1 1
-2 1 1
-1 1 1
1 1 -2
1 1 1 -1
-1 1
1 -1
1
1 1
1 1
1
1 1 -1
) (2.86)

The parameters used as the input data for the OMS algorithm are based on the
thermophysical parameters of 304 stainless steel. The density is p=6907 kg/m3,
kinematic viscosity »=8.32 1077 m?/s, thermal conductivity k=18 Wm™1K~! [82].

For the thermal diffusivity, however, the artificial value of a=8.32 1075 m?/s is taken
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in order for the flow to fall into the pronounced Regime III. For the same purpose,
an artificial value of yp=1 1072 Nm~!K~! is taken for the analysis. The heat source
parameters are £=0.8 mm, Qy=1 10" W/m~2. The weld pool depth is D=0.8 mm.

For the matrix of coefficients [Ciy] (Eq. 2.86), the OMS algorithm tried 74,000
combinations of balancing terms. The analysis identified 60,255 incompatible bal-
ances, 6,432 inconsistent balances and 7,313 self-consistent balances corresponding to
311 classes, with each class made of all balances that result in the same estimation.

Of the 311 classes of self-consistent balances, similarly to the Regime II only 2 are
consistent with mass conservation for both the boundary layer and the core region
(Egs. 2.73 and 2.76), the Navier-Stokes equations for both axes for the boundary layer
(Egs. 2.74 and 2.75), the Navier-Stokes equation for the r-axis for the core region
(Eq. 2.77), the boundary conditions (Egs. 2.83 and 2.84), the matching condition
for the characteristic velocities in the core and the boundary layer (Eq. 2.85), the
thermal energy equation (Eq. 2.82) and the equation for the characteristic velocity
for the thermal boundary layer (Eq. 2.79).

Analogously to the solution for the Regime II, one of the obtain classes provides a

non-physical estimation:

§=1CL (2.87)

which contradicts the assumption that 6 < £. Thus, there is only one solution class
that is representative for the Regime III. The corresponding matrix of scaling factors

is shown in the Eq. 2.88.
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L D p v o k YT Qo
-1/20 -1/20 1/20 <172 1/2 0 1/2 s
-1/2 14 1/4 1/4 0 -1/4 1/4 0 1/4 W
-1 /2 1/2 12 -1/2 1/2  1/2 Ds
1/2 -1 -1/4 1/4 0 1/4 -1/4 1/4 1/4 U
[St] -1/2 1/4 1/4 1/4 -1/4 1/4 1/4 W,
1 -2 /2 1/2  1/2  -1/2 1/2  1/2 Pe_
1/2 1/4  -1/4 3/4 -3/4 -1/4 3/4 AT
1/2 /4 3/4 -1/4 1/4 -1/4 -1/4 5
1/2 1/4  -1/4 3/4 1/4 -1/4 -1/4 5
/20 1/2 -1/2 -1/2 1/2 1/2 ar
(2.88)
The obtained estimation for the characteristic surface velocity is:
~ YrQoc 2
Uy = ( kv ) (2.89)

This estimation is the same that obtained manually in [87]. It yields the estimation

for the Peclet number of the Regime III as presented in Eq. 2.91:

1/2
5. ’YTQOﬁZ
P = 2.90
eI, ( pkva ) ( )
or formulated as a function of the dimensionless numbers:
Pen, = Ril/*Pr!/? (2.91)

The estimated %E does not depend on the aspect ratio /AR,. Moreover, since Ri, is,
in fact, the function of the heat source power, in case of the fully developed Regime III
the obtained Peyy;, is independent of the heat source size. However, it is important
to remember that the criteria for the flow to represent the Regime III include the
aspect ratio R, as shown in Eq. 2.24 and for the weld pool with small D/L ratio
the flow may not be in the fully developed Regime III. In that case, the characteristic
velocity of the convection is still dependent on 42,. This phenomenon is illustrated

in Chapter 4 Subsection 4.3.3.
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2.6 Regime IV

The Regime IV represents the inertial flow with the convection being dominant analo-
gously to the Regime III, but for the melts with Pr > 1. In the Regime IV the thermal
boundary layer is thinner than the viscous boundary layer, thus, the assumption for
the characteristic velocity of the thermal boundary layer proposed for the Regime III
are no longer valid and the regime requires different scaling laws.

Since the thermal boundary layer is thinner than the viscous boundary layer, the
characteristic velocity for the thermal boundary layer may be taken as the character-
istic surface velocity wu.

The normalized continuity and momentum equations for the viscous boundary

layer remain analogous to the ones for the Regimes II and III:

us 1 0 w, Ow*
s ut = = 2.92
£r*8r*(ru) 0 0z 0 (2.92)
u_g o ou* IRCEC ou* _ ps Op*
L Or* o 0z pL Or*
vu, 0° (1 O* vu, 0*u*
_ k ok 2.
2 o (w g (T )) T g (2.93)
UsWs ow* N w_g w* ow*  ps Op*
L or* ) 0z pd Oz
vwg, 1 0* ow* vws O*w*
_ * 2.94
T v (T 87”*) 57 5 (2:94)
The normalized equations continuity and momentum for the core are:
u, 10° . w. ow
L r*or* (o) + D 8z (2.95)
u? | ou* | Uete Lou* p. Op*
= w = —=
L or* D 0z* pL Or*
vu., 0% (1 O* vu, O*u*
— *u* — 2.96
L2 Or* (7“* or* (ru )) * D? 9z*2 (2.96)
uwe 0wt w? | Ow* pe Op*
U +—w .
L or* D 0z* pD 0z*
vw., 1 0 ow* vw, 0*w*
e P ¢ 2.97
T o <T 07“*) D? 9z*2 (2.97)

As mentioned above, the characteristic velocity for the viscous boundary layer u, is
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used to scale the equation of the thermal energy. The equation is simplified to:

wAT OT* _ aAT 5°T°
L "o 5 927

(2.98)

The Marangoni boundary condition is normalized with the boundary layer character-

istic values:
prus Ou*  ypAT OT*
5 Oz L Or

(2.99)
The input heat flux boundary condition is normalized with the thickness of the ther-
mal boundary layer d7 as the characteristic length in the z-direction:

kAT 0T
57“ 8z*

= —QoQ* (1) (2.100)

Analogously to the Regimes II and III, a matching condition for the characteristic

velocities of the the core and the viscous boundary layers is required:
U0 = u.D (2.101)

The resultant matrix of coefficients [Cry] is presented in Eq. 2.102:
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L D P v «Q k YT QO Us Ws Ps Uc We Pe AT 6T

-1 1
1 -1
-1 2
11 -1
-1 -1 1
-2 1 1
1 1 -2
-1 1 1
2 -1
-1 1 -1
-2 1 1
1 1 -2
-1 1
-1 1
-1 2
(Crv] = -1 11
-1 -1 1
-2 1 1
-2 1 1
-1 11
-1 2
1A 1
-2 1 1
-2 1 1
-1 1 1
1 1 -2
1 1 1 -1
-1 1 1
1 1 -1
1
1 1
1 1
i (2.102

The parameters used as the input data for the OMS algorithm are based on the
thermophysical parameters of 304 stainless steel. The density is p=6907 kg/m?,
kinematic viscosity ¥=8.32 107" m?/s, thermal conductivity k=18 Wm'K~! [82].
For the thermal diffusivity, however, the artificial value of a=8.32 107 m?/s is taken

in order for the flow to fall into the pronounced Regime IV. For the same purpose,
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an artificial value of yr=1 1072 Nm~*K~! is taken for the analysis. The heat source
parameters are £=0.8 mm, Qy=1 10" W/m~2. The weld pool depth is D=0.8 mm.

For the matrix of coefficients [Cry] (Eq. 2.102), the OMS algorithm tried 64,000
combinations of balancing terms. The analysis identified 50,925 incompatible bal-
ances, 6,925 inconsistent balances and 6,150 self-consistent balances corresponding to
258 classes, with each class made of all balances that result in the same estimation.

Of the 258 classes of self-consistent balances, similarly to the Regime II and III
only 2 are consistent with mass conservation for both the boundary layer and the core
region (Eqgs. 2.92 and 2.95), the Navier-Stokes equations for both axes for the bound-
ary layer (Egs. 2.93 and 2.94), the Navier-Stokes equation for the r-axis for the core
region (Eq. 2.96), the boundary conditions (Egs. 2.99 and 2.100), the matching con-
dition for the characteristic velocities in the core and the boundary layer (Eq. 2.101)
and the thermal energy equation (Eq. 2.98).

Analogously to the solution for the Regime II and III, one of the obtain classes

provides a non-physical estimation:
0=L (2.103)

which contradicts the assumption that 6 < £. Thus, there is only one solution class
that is representative for the Regime IV. The corresponding matrix of scaling factors

is shown in the Eq. 2.104.

L D p v «a k YT Qo
[ 120 -1/4 14 -120 120 12 ] U
-1/2 -1/4 3/8 1/8  -1/4  1/4  1/4 ws
-1 /2 3/4 1/4  -1/2 1/2  1)2 Ds
g- | V2 - -1/4 3/8  1/8  -1/4  1/4  1/4 U
vl = -1/2 -1/4 3/8  1/8  -1/4  1/4  1/4 W,
1 -2 /2 3/4 1/4  -1/2 1/2  1/2 Pe
1/2 1/4 1/8 3/8 -3/4 -1/4 3/4 AT
1/2 1/4  5/8 -1/8 1/4 -1/4 -1/4 5
| 1/2 /4 1/8 3/8 1/4  -1/4 -1/4 | 4,
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The obtained estimation for the characteristic surface velocity is:

1/2 ~1/2
VT/ Qo/ '/t

= T (2.105)

This estimation yields the estimation for the Peclet number of the Regime IV:

1/2 ~1/2
5. T QO L
Perv, = p12k1/21/603/4 (2.106)
or formulated as a function of the dimensionless numbers:
Pery, = Ril/*Pr¥/* (2.107)

Similarly to the Peclet number estimation for the Regime III, the estimated Pery, is

independent from the aspect ratio 4..

2.7 Regime V

The Regime V represents the case of viscous flow with convection being dominant
for the melts with Pr > 1. In the Regime V the thermal boundary layer is formed,
however, there is no viscous boundary layer. Since the thermal boundary layer is
thinner than the depth of the weld pool, the characteristic velocity for the thermal
boundary layer may be taken as the characteristic surface velocity ..

The normalized continuity and momentum equations remain analogous to the ones

for the Regimes I:

u 10° . w. ow
L ror () + D 9z (2.108)
u? | ou* | Uete Lou* p. Op*
< w =——
L or* D 0z* pL Or*
vu. 0 (1 0%, , . vu, O*u*
cz or (Far* (rru )) D 9 (2.109)
Ul ow* N w_g o ow* _ p. Op*
L or* D 0z pD Oz
vw., 1 0 ow* vw, 0*w*
— —— (" ° 2.110
T o <T 07“*) D? 9z*? ( )
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The thermal energy equation is normalized using the characteristic radial velocity

component u. and simplified as:

u AT ,0T*  aAT O*T*
w _

L o §p° Oz+?

(2.111)

The Marangoni boundary condition is normalized using the scheme analogous to the

one used in the Regime I:

pruc Ou*  ypAT OT*
D 9z L Ot

(2.112)

The input heat flux boundary condition is normalized with the thickness of the ther-

mal boundary layer d7 as the characteristic length in the z-direction:

kAT OT*
5T 02*

= —QoQ* (1) (2.113)

The resultant matrix of coefficients [Cy]| is presented in Eq. 2.114:

L D P v Q k YT QO Ue We Pe AT 5T

- ) _
-1 1
1 2
-1 11
-1 -1 1
-2 1 1
-2 1 1
1 1 1
[Cy] = -1 2 (2.114)
1 -1 1
-2 1 1
-2 1 1
1 1 1
1 1 -2
11 1 1
-1 1 1
1 1 -1
i 1 |

The parameters used as the input data for the OMS algorithm are based on the

thermophysical parameters of 304 stainless steel. The density is p=6907 kg/m3,
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kinematic viscosity ¥=8.32 107" m?/s, thermal conductivity k=18 Wm 'K~ [82].
For the thermal diffusivity, the artificial value of a=8.32 1072 m?/s is taken, as well
as the artificial value of y7=1 1078 Nm~'K~!. The heat source parameters are £=0.8
mm, Qo=1 107 W/m™2. The weld pool depth is D=0.8 mm.

For the matrix of coeflicients [Cy] (Eq. 2.114), the OMS algorithm tried 420 com-
binations of balancing terms. The analysis identified 255 incompatible balances, 35
inconsistent balances and 130 self-consistent balances corresponding to 32 classes,
with each class made of all balances that result in the same estimation.

Of the 32 classes of self-consistent balances, only 2 are consistent with mass conser-
vation (Eq. 2.108), the Navier-Stokes equation for the r-axis (Eq. 2.109), the boundary
conditions (Eqgs. 2.112 and 2.113) and the thermal energy equation (Eq. 2.111). The
only difference in the two classes is the estimation for the pressure. The chosen matrix

of the scaling factors is shown in Eq. 2.115:

L D P v a k Yr Qo
1/32/3  -2/3 -2/3 1/3  -2/3 2/3 2/3 i,
(5] -4/3 5/3 -2/3 -2/3 1/3 -2/3 2/3  2/3 We
izl 43 2/3 1/3 1/3 1/3 0 -2/3 2/3  2/3 Pe_
2/3  -1/3  1/3 1/3 /3 -2/3 -1/3 2/3 AT
2/3  -1/3 1/3 1/3 1/3 1/3  -1/3 -1/3 5p
(2.115)
The obtained estimation for the characteristic surface velocity is:
2/3 ~2/3
o 7T/ Qo/ /3 D2/3 (2.116)
p2/31:2/31,2/3 L1]3
This estimation yields the estimation for the Peclet number of the Regime V:
B ~BQUP 28 D23 (2117
Cve = p2/312/312/302/3 :
or formulated as a function of the dimensionless numbers:
Pey, = R RiZ*Pr?*/? (2.118)
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2.8 Summary

Scaling analysis is a powerful tool for the prediction of the unknown characteristic
values by capturing their trend in the form of a scaling law in an asymptotic regime.
The analysis is based on the fundamental physical formulation of the problem rather
than on empirical formulae. If done properly, the results of the scaling are general
and comprehensive; however, they provide an order of magnitude approximation.
It means that the scaling laws obtained should be verified and calibrated using a
different approach. In this work, both literature data and an auxiliary numerical
simulations performed by the author were used for this verification and calibrations.

The auxiliary numerical model set-up is described in Chapter 3.
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Chapter 3

Auxiliary numerical model set-up

Auxiliary numerical modelling of the Marangoni-driven recirculating flows were per-
formed in order to preliminary test the scaling laws and provide insight into the
mechanics of the recirculating flows at the identified regimes. Since the presence of
turbulent flows in weld pools is not defined yet and laminar models with enhancement
factors for the melt thermal conductivity and viscosity are widely used to simulate
the possible role of turbulence, a laminar model of a semi-elliptical axisymmetric
pool was used with a flat non-deformable surface, constant temperature wall repre-
senting liquid-solid interface and the parameters independent from temperature. The
assumptions of the flat surface and axisymmetric geometry were used since at the
representative “melt-in” welding mode the weld is slow which also means that its
geometry is close to axisymmetric and its surface has minimal deformation from the

arc pressure.

3.1 Model description

The flows were modelled in an axisymmetric semi-elliptical weld pool with a flat
non-deformable surface heated by the arc. The modelling was performed in ANSYS
Fluent(®) software package. The liquid-solid interface was pre-imposed as a constant
temperature boundary condition. Melting and solidification were not modelled. Due

to the axial symmetry, a two-dimensional axisymmetric model was used. The domain
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was taken as a quarter of an ellipse with the longer ellipse axis representing the weld
pool free surface heated by the arc and the shorter ellipse axis being the axis of sym-
metry (Fig 3.1). The input heat flux was represented with a Gaussian function. The
fluid flow and the heat transfer were decoupled from each other and connected only
through the Marangoni surface boundary condition. All other physical phenomena
were neglected, including buoyancy, electromagnetic forces, free surface deformations,
etc. All the properties were considered independent of temperature. The problem was
solved in dimensionless form and, thus, the parameter values and boundary conditions

were dimensionless.

1
Qo : Heat source distribution
[
I
Le
I
| L
b=
: \ G
Free surface
~-Axis of symmetry
D
Wall
¥
Yz

Figure 3.1: Schematics of the problem formulation.

The proportions of the modelled weld pool width and depth were chosen to corre-
spond to a typical proportions of a GTAW weld. According to Eagar and Tsai [89],
the typical GTAW steel weld parameters fell within the range of the Rykalin number

(in [89] noted as the operating parameter n) of approximately 0.5 < Ry < 2 and
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the dimensionless heat source distribution size (noted as u in [89]) of 0.1 < ¢* < 1.
The values of Ry = 1.1 and ¢* = 0.4 were chosen as the middle ones. A 1/2 of the
Full Width Half Maximum (FWHM) £ was taken as the characteristic size of the
heat source. The half-value of the FWHM was related to the Gaussian distribution
parameter o by 0 = £/v/21n2.

For the dimensionless welding parameters chosen, the weld pool depth D calculated
using a Gaussian heat source assumption was equal to 1.02 £. The weld pool width
corresponding to these parameters was equal to 1.66 £. To be used in the numerical

model, the weld pool depth and width were rounded to:

D = [ (3.1)

— 2C (3.2)

The reason for that was that the Gaussian heat source intensity at » = 1.66 £ was
still significant and may create a sharp gradient near the corner of the constant
temperature wall. A wider pool with its width equal to r = 2 £ would reduce this

gradient without changing the characteristic pattern of the flow behaviour.

3.2 Reasons of the model choice. Limitations

The model requirements for this project were (1) universality for all the identified
regimes, (2) usability for a large number of the numerical experiments with a wide
range of the input parameters, (3) calculation speed and set up simplicity. The model
was chosen out of this balance.

Such a simple model had both advantages and limitations. This model was rep-
resentative for the Regimes I and II, since in these regimes the weld pool shape was
governed by conduction and was not affected by the flow. On the other hand, the
fixed liquid-solid interface limited the accuracy of the results for the Regimes III, IV
and V, i.e., the regimes with dominant convection. However, the model could still

correctly represent the typical flow patterns and the expected characteristics of each
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flow Regime and was able to reveal the characteristic features of each regime.

3.3 Normalization scheme and boundary conditions

The governing equations were normalized to be suitable for the numerical modelling.
Since the normalization scheme can be, generally speaking, arbitrary as long as char-
acteristic values for normalization are linearly independent, the characteristic values
proposed for the Regime I as shown in Section 2 were chosen to normalize the problem.

Thus, the independent variables were normalized in the following way:

r = 1)L (3.3)
S o= /L (3.4)
uw = u/Ug (3.5)
w' = w/Ug (3.6)
p* = p/Pr (3.7)
T = (T —Tw)/Tr (3.8)

where

QoL

Up = 0 (3.9)

T — % (3.10)
2,22

Py = pU3 = 1% (3.11)

pk2v?

Qo = q/2m0?* was the maximum heat intensity of the heat source of the power of q.

_712

Q = 271'0’2 €X ﬁ (312)
Since o = L/v/21n 2, the heat source power ¢ was related to QoL as:
_ T 2 oy 2
=15 QoL” ~ 4.53 QoL (3.13)
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Introduce dimensionless numbers:

2
Ri, — 72%225 (3.14)
pr = ” (3.15)
o
D

The numbers Riy and 42, were based on the FWHM L as the characteristic length

and relate to Ri and /AR that were based on o as:

. ™ . .
Ri = ERM ~ 4.53 Ri, (3.17)
Re = V22 Re~12.Re (3.18)

The governing equations normalized using Ri, and Pr dimensionless numbers were

as follows:

Lo, . ow
g (M) 5 =0 (3.19)
Lou* N LOout  Op* N 1 10 ([, ouy w N

o TV 9 T o ARERig [r* Or* "o

-
1 d*u
+ R 927 (3.20)
*aw*+ L ow* —_%ju 1 10 T*ﬁw* n
Yo T o T o AR2ZRip | r* Or* Or*
1w
R 957 (3.21)
ar arT* 1 1 0* arT* 0T
o T o AR2LRicPr [r* or* (T 07“*) 82’*2} (3:22)

with the normalized boundary conditions at the free surface (r* = [0; 2], z* = 0):

ou* oT*

oz or 3:29)
oT* "
= —Q*(r) (3.24)
where
£2
Q*(r) = exp <_T*2ﬁ) = exp (—0.69 7”*2) (3.25)
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The modelling was performed in ANSYS Fluent@®) software package. Since this
software supported only dimensional parameters, the parameters were set in the SI
system with their values equal to the values of the dimensionless parameters.

Table 3.1 lists the dimensionless values used in the numerical model. Since for the
parameters chosen, the aspect ratio is /2, = 1, it is omitted in the values formulation.

Table 3.2 lists the boundary conditions.

Table 3.1: Dimensionless parameters

Parameter Value

L* 1

D* 1
Qo° 1

" 1

v 1/Ri,
k* 1

af 1/RiPr
' 1/Rig

Table 3.2: Boundary conditions

Region Velocity B. C. Thermal B. C.
Wall u* =0 T =0
Axis of symmetry Ow*/Or* =0;u* =0  9T*/0r* =0
Free surface Eq. 3.23 Eq. 3.25

3.4 Mesh

A two-dimensional axisymmetric coordinate system was used. To confirm the grid
independence of the solutions, each numerical simulation was calculated using four
systematically refined meshes. The coarsest initial mesh #1 used in the analysis is
shown in the Fig. 3.2. Tetragonal linear elements with inclusion of triangular elements
were used. Every next mesh had approximately twice more nodes than the previous

one. Each mesh had the inflation layers on the free surface and the no-slip wall of the
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fixed thickness 0.15 and the growth rate of 1.2 (Fig. 3.3). The mesh details are listed in
the Table 3.3. The quadrilateral elements with the inflation layers at the wall and the
free surface were chosen since the geometry was relatively simple and did not require
the complex meshing algorithms to create the grid. Moreover, in case of tetragonal
elements, for the majority of elements their faces were approximately perpendicular to
the expected flow direction (Fig. 3.2). That reduced the discretization error when the
upwind discretization scheme was used compared to triangular unstructured mesh.
The change in the inflation layer number in the meshes used was taken so that any
part of the mesh would be systematically refined in all the meshes including the

inflation layer areas.

ANSYS

2019 R2
ACADEMIC

0.000 0350 0.700(m)
[ | I ]

Figure 3.2: Initial mesh #1 overview

Table 3.3: Details on the meshes

Mesh # # of nodes Element size # of inflation layers

1 21,590 0.01 20
2 43,903 0.007071 28
3 89,637 0.005 40
4 182,898 0.003536 56
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Figure 3.3: Mesh at the domain corner (magnified).

3.5 Solver parameters

As mentioned above, the simulations were performed in the ANSYS Fluent(®) soft-
ware which is based on the Finite Volume Method (FVM). The problem was solved
in a steady state using the Pseudo-Transient approach. The heat and momentum
equations were solved using the second order upwind discretization scheme, i.e. the
discretization scheme biased in the direction determined by the sign of the charac-
teristic flow speeds. The discretization scheme for pressure was second order. Since
the set of meshes was used for the numerical experiments with a wide set of input
parameters and the resulting flow patterns, the second order schemes were chosen to
decrease the numerical discretization error (numerical diffusion), particularly in the
case when the flow was not aligned with the grid. The equations were solved with
pressure and velocity fully coupled. The parameters of the numerical model are listed

in the Table 3.4. The relaxation factors for the Pseudo-Transient terms are listed in
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the Table 3.5.

Table 3.4: The parameters of the numerical model

Model type
Element order
Element type
Solution type
Flow model
Heat transfer
Pressure-velocity coupling scheme
Momentum discretization scheme
Heat energy discretization scheme
Pressure discretization scheme
Residuals
Precision

2D axisymmetric
All linear
Tetragonal dominant
Pseudo-transient steady-state
Laminar
Included
Coupled
Second Order Upwind
Second Order Upwind
Second Order
All 10~
Double precision

Table 3.5: Pseudo-transient explicit relaxation factors

Pressure 0.5

Momentum 0.5
Density 1

Energy 0.75

3.6 Convergence and grid independence

All the solutions were obtained with all the residuals converging below 1072
generally accepted criteria for scientific accurate CFD calculations are in 107 - 1078,
However, due to the large number of simulations, the simple geometry used and the
compliance of the observed flow patterns with the expected ones, the flow behaviour
and the characteristic parameters were expected not to be significantly different at

both the higher and lower residuals. For this reason, the higher residuals of 10~* were

chosen.
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The order of truncation p was calculated using the following formulae:
Ny V2
= (2 3.26
« = (%) (3.20)
In (%)
Uy U3

Ina

(3.27)

S
l

The three finest meshes were used for the order of truncation calculations: Mesh
#2, #3, and #4. The ratio of the number of nodes was approximately (/N;/N3) =
(N3/N3) = 2.04, thus, a = 1.428.
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Figure 3.4: A typical graph for u,,., as a function of the number of nodes

Maximum surface velocity ..., was used in the grid independence analysis, since
it was dependent on the solution in the whole domain. For the calculated values of
Umaz, typical order of truncation p lied within the range of 4 to 6. These values were
higher than expected 0.8 < p < 2.2 for the second-order pressure, momentum and

heat energy discretization schemes used. It means that the asymptotic behaviour
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of the solution values was not reached, however, the exact solution was expected to
be within a reasonable distance from the obtained values. The difference between
the calculated velocity values at the sensitive point was found negligible for all the
calculations. The absence of a noticeable variation in the velocity profile and values

allow us to consider the finest Mesh 4 as the optimum grid system for the simulations.
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Chapter 4

Results

The state-of-the-art analytic model for prediction weld width and penetration depth
is the Gaussian heat source model described in the work by Eagar and Tsai [89)].
As mentioned in Chapter 1, this model accounts for the spatial distribution of the
welding heat source flux, but does not account for the convective flows in the weld
pool. Chapter 4 summarizes the results on the predictions of the Peclet number of the
thermocapillary convection in weld pools (Section 4.3) and the obtained correction
factors for the predictions of the weld width and depth from the Gaussian heat source

that account for the thermocapillary convection (Section 4.4).

4.1 Gaussian heat source model

The general solution of the temperature field for the moving Gaussian heat source
was proposed by Eagar and Tsai [89]. This solution is presented in Eq. 4.1 with the
notations used in the works by Wood et al. [93] and Wood [94].

27 + 207*2 27

-1/2 *2 *2 4 9k 2 *2
T exp(—x +y 42T+ 12 2 ) (4.1)

* ]‘ >
T = E /0 d’TT g
where T is the dimensionless temperature as defined in Eq. 4.2, 7 is the dimensionless
time (Eq. 4.3), 0* is the dimensionless heat source size (Eq. 4.4), z*, y*, z* are the
dimensionless Cartesian coordinates as defined in Eqgs. 4.5-4.7.

_ 47Tkeff0éeff(T — T())

T*
NenGes U

(4.2)
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U2t

= 4.3

T 20éeff ( )

L (4.4)
QOéeff

o= 7 (4.5)
20 s
Uy

o 4.6

y Sos; (4.6)

oo UE (4.7)
QOéeff

In Eqgs. 4.1-4.7, k. s is the effective thermal conductivity (W/mK), a.y is the effective
thermal diffusivity (m?/s), T is the temperature (K), Ty is the preheat temperature
(K), mu, is the effective thermal efficiency of the heat source, g.ss is the effective heat
source power (W), U is the weld travel speed (m/s).

The Rykalin number is defined as the reciprocal of T* (Eq. 4.8):

_ NinGes U
Amkepraess (T —To)

Ry (4.8)

The algorithm for the calculation of the estimations for the weld width Lg and
depth D¢ is the following. Lg and Dg are calculated as the maximum width and
the maximum depth of the melting temperature isotherm 7T,,,. The calculation of the
dimensionless maximum isotherm width corresponds to solving Eq. 4.1 as a function
of y* at z* = 0 and the search of its maximum value. Analogously, the calculation
of the dimensionless maximum isotherm depth corresponds to solving Eq. 4.1 as a
function of z* at y* = 0 and finding its maximum. Then the obtained dimensionless
values are recalculated into dimensional Lg and D¢ using Eqgs. 4.6 and 4.7.

The calculations of Lg and Dg were performed with the help of the optimization
algorithm in the form of a MATLAB®) code written by Gentry Wood and published
in his PhD thesis [94].
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4.2 Data used for the analysis

In order to perform the analysis two main sources of data were used: the results from

the numerical model described in Chapter 3 and the literature.

4.2.1 Numerical modeling results

The numerical modelling was performed for the dimensionless parameter sets shown
in the Fig. 4.1 on the Riy — Pr plane. The overall number of experimental points
was 103 with 4 calculations for each experiments with the 4 meshes used for the
grid independence analysis. Thus, 412 calculations were performed. The obtained
temperature and velocity fields were analyzed along three lines: the free surface line,
the axis of symmetry and the cut line parallel to z-axis located at r = £ (r* = 1)
as shown in the Fig. 4.2. Since weld pool geometry change with melting was not
modelled, the results of these numerical simulations were used only for the analysis of
flow velocities and the Peclet numbers. The details on the dimensionless parameters

and the obtained results are presented in Section 4.3.

4.2.2 Data from the literature

For the analysis of the flow behaviour, several publications were used as the data
sources [2, 22, 53, 95, 96]. The details on the literature data used in the analysis are
summarized in the Tables 4.1 and 4.2

Table 4.1: Details on the literature used for the analysis.

# | Reference Year | Type of study Heat source

1 | Saldi [22] 2012 | Numerical only Top hat

2 | Wei et al. [95] 2012 | Numerical; scaling Gaussian

3 | Oreper et al. [2] 1983 | Numerical only Gaussian

4 | Robert and DebRoy [97] | 2001 | Numerical; experimental | Gaussian; top hat
5 | Mishra et al. [53] 2008 | Numerical; experimental | Gaussian

6 | Mundra et al. [96] 1992 | Numerical only Gaussian
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Figure 4.2: The free surface, the axis of symmetry and the cutline at r = £ (r* = 1).
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Table 4.2: Details on the literature used for the analysis (continuation).

# | vr = f(T) | Weld type Model type

1 | yes Stationary Transient 2D axisymmetric

2 | no Moving Transient 2D

3 | no Stationary Transient 2D axisymmetric

4 | no Moving and stationary | Transient 2D axisymmetric

5 | yes Moving Transient 2D (Pseudo-steady-state)
6 | no Stationary Steady-state 2D axisymmetric

Table 4.3: Parameters for Eqgs. 4.9 and 4.10 for vz from the works of Saldi [22] and
Mishra et al. [53].

Parameters Values Units
A 5.0 1074 N/mK
[s 1.3 107® | kmole/m?
k1 0.00318 -
AHY -1.66 1078 | J/kmole
AFZM 0 J/kmole

4.2.3 Dependence of 77 on temperature

As shown in Table 4.2, the calculations by Saldi [22] and Mishra et al. [53] accounted
for the temperature variations of the surface tension temperature coefficient 7. The
dependence of vy on temperature complies with the law proposed by Sahoo et al. [21]
(Eq. 4.9). For example, the behaviour of 47 for a stainless steel with 20 ppm of sulfur
modelled in [22] is shown in Fig. 4.3.

Ko, Ts(aH—AT)

Yr = —A— RFS In (1 + KCLZ) - 1+ KCLZ- T (49)
—~AH°
here K = 4.1
where k1 exp [ =T } (4.10)

In Eqgs. 4.9 and 4.10, A is the surface tension temperature coefficient for pure metal,
I's the surface excess of saturation, K the equilibrium constant for segregation, k;
the entropy factor, AH? the standard heat of adsorption, AFZM the partial molar

enthalpy of species mixing in the solution, and a; the activity of the element in wt %.

The scaling model, however, requires a constant approximation for the surface
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Figure 4.3: Surface tension temperature coefficient v as a function of temperature
for modelled samples of Bohler S705 steel with 20 and 150 ppm of sulfur (reprinted
from [22]).

Table 4.4: Approximated values of 7 used for the scaling analysis for the data from
the works of Saldi [22] and Mishra et al. [53].

Reference Sulfur content, ppm | —yr, N/mK
Saldi [22] 20 110
Mishra et al. [53] 30 310

tension temperature coefficient. According to the approximate surface temperature
ranges, the approximate values of yr chosen for the data from [22, 53] are shown in

Table 4.4.

4.2.4 Adaptation of the Gaussian heat source model for sta-
tionary welds

The weld simulations from the works [2, 22, 96, 97] used for the analysis were per-
formed for stationary welds. Prediction formulae for the weld width and penetration
depth from the Gaussian heat source [89] (Eqgs. 4.1-4.7) are originally developed for
moving, not stationary, welds and require the welding travel speed as an input pa-

rameter. For the stationary weld models, the travel speed was assessed as the ratio
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of the heat source distribution size o to the weld time ¢ (Eq. 4.11).
U=o/t (4.11)

4.2.5 Measurements of the weld width and depth

Some of the literature works presented the calculated or measured weld widths and
depths explicitly; however, in some of the works only the figures of the weld profiles
were presented, e.g., as shown in Fig. 4.4. The numerical values of the widths and
depths in those cases were obtained with ImageJ software which counted the pixels
between two selected points on the figure. The length in pixels was then compared

with the pixel length of the image scale bar and converted into the actual length.

4.2.6 Top-hat and Gaussian heat sources

The models from the literature used the surface heat source with both the Gaussian [2,
53, 95-97] and the top-hat distribution profiles [22; 97] (Table 4.1). The top-hat

surface heat flux boundary condition from [22] is:

oT R {nQ/m’g for r <, (4.12)

k% o 0 for r > r,
To obtain an estimation of the weld pool width and depth from the Gaussian heat
source model, an estimated the Gaussian distribution factor ¢ as a function of the
top-hat beam radius r, was required. To determine the optimal o, a comparative
analysis of the weld pool sizes calculated with the top-hat model and the Gaussian
heat source model was performed. As the reference top-hat heat source solution, an
experiment from [22] was chosen (Fig. 4.5). This numerical experiment was chosen
as the one having a low Peclet number of the convective flows to confirm that the
effect of the thermocapillary convection could be neglected. The material properties

of the experiment are listed in Table 4.5. The details on the heat source parameters

and the measured and calculated weld width and depth are listed in Table 4.6.
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Figure 4.4: Example of a figure used to extract the weld width, depth and maximum
surface velocity (reprinted from [22]).
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Figure 4.5: Example of a figure used to determine the optimal estimation for the
Gaussian heat source distribution (reprinted from [22]).

Table 4.5: Material properties for the data from [22].

Properties Values Units
Density p 8100 kg/m?3
Melting temperature 7,, 1620 K
Dynamic viscosity p 0.006 kg/m s
Thermal conductivity of solid ks 22.9 J/msK
Thermal conductivity of liquid & 22.9 J/ms K
Enhancement factor for viscosity and 7.0 -
liquid thermal conductivity

Specific heat of solid c,, 627 J/kg K
Specific heat of liquid ¢, 723.14 J/kg K
Latent heat of melting iy 2.508 10° | J/kg
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Table 4.6: Parameters of the heat source, weld width and depth from [22] and their
counterparts calculated with the Gaussian heat source model.

Properties Values | Units
Heat source power ¢ 1900 W
Efficiency n 0.13 -
Irradiation time ¢ 5t S
Beam radius 7, 1.4 mm
Convective Peclet number Pe 0.41 -
Assessed travel speed U 2.8 107 | m/s
Gaussian heat source size o 1.162 mm
Modified efficiency n,, 0.13689 -
Weld width L 1.40 mm
Weld depth D 0.57 mm
Calculated weld width Lg 1.4471 mm
Calculated weld depth Dg 0.5679 mm

As the result of the analysis, the Gaussian heat source distribution size o was

assessed as the 0.83 fraction of the top-hat beam radius r, (Eq. 4.13):
o=0837, (4.13)

The Gaussian heat source flux is distributed over the surface, generally speaking,
infinitely, unlike the top-hat model which is fully concentrated within a particular
radius. To minimize this effect, a correction factor for the heat source power was

used in the form of a modified efficiency as shown in Eq. 4.14.

T = 1.053 1) (4.14)

4.3 Characteristic velocities and the Peclet num-
bers

4.3.1 Regime I

Criteria

The Regime I represents a case of the viscous flow with negligible convection and no
boundary layers present. The Regime I exists in both high and low-Pr-number melts.

Since for a low-Pr-number liquid the Peclet number does not exceed the Reynolds
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number, the criterion for a melt with Pr < 1 to fall in Regime is (D/o)*Re < 1 as
shown in the Chapter 2, where Re = 4,0 /v. For a high-Pr-number fluid, the Peclet
number may exceed the Reynolds number if its product with Pr is greater than unity.

Thus, the criterion for melts with Pr > 1 is (D/o)’Re Pr < 1:
(D/o)’Re < 1, for Pr<1 (4.15)

(D/o)*Re Pr < 1, for Pr>1 (4.16)

Schematically, the Regime I can be presented on (D/c)?Re — Pr map as shown in

the Fig. 4.6.

1010 T T T T T T

105_

10°

Pr

10'10 1 L
10710 10°° 100 105 1010
(D/o)’Re

Figure 4.6: Location of the dimensionless parameters for Regime I on the (D/o)* Re —
Pr plane.

Results of the numerical model

As shown in Chapter 2, the expression ARLRi can be used as an estimation for

(D/o)?Re for the Regime I. However, the numerical model described in Chapter 3
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uses the dimensionless numbers based on £ as the characteristic length, such as AR,
and Riz. The analysis of the literature data, on the contrary, is based on ¢ as the
characteristic length and, consequently, A2 and Ri. The comparison of the locations
of the numerical experiment parameters on the Ri; — Pr (/R‘}:Ri[; = Rig since By =1
for all the numerical experiments) and the /REZRi — Pr planes is shown in Fig. 4.7.
From Egs. 3.18 and 3.18:

ARLRi

4
AtpRie = A7 1In2

~ 0.11AR5Ri (4.17)

Since the area of interest in every regime is where the regime is fully developed
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Figure 4.7: Numerical experiments for the Regime I on the Riz — Pr plane (left) and
the AREZRi — Pr plane (right).

rather than the intermediate stages and the conversion is clearly defined in Eq. 4.17,
the results will be plotted either on the Riz — Pr or on the /R,Ri — Pr plane. The
numerical experiments from the model described in Chapter 3 will be shown on the
Riz — Pr plane. The literature data will be plotted on the ARERi — Pr plane. The
graphs containing the results for both the literature data and the numerical model
will be plotted on the &¢Ri — Pr plane.

The locations of the data presented in the Fig. 4.8 are the free surface, the axis of

symmetry for the temperature field and r* = 1 for the radial velocity profile as shown
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in the Fig. 4.2. The radial velocity u* profile along the cutline at r* = 1 represents a
near parabolic velocity distribution, as expected in a viscous flow. The discrepancy
from a pure parabola are due to the curvature of the bottom wall. The temperature
profile along the axis of symmetry is a near straight line. The discrepancy from the
straight line are due to the fact that the bottom wall is not parallel to the free surface
and, thus, a portion of the heat flow is directed radially. Since the normalization
scheme used for all the simulations were based on scaling expressions for the Regime I,

all the results within the Regime are identical.
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Figure 4.8: Calculated results for the Regime I (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as indicated in
Fig. 4.2 (abscissa is u*, ordinate is z*); d - u* along the free surface; e - temperature
T* along the axis of symmetry (abscissa is 7%, ordinate is z*); f - temperature T*
along the free surface). All the values are normalized. Note: the coordinate captions
in the graphs are shown as noted in Ansys Fluent®) and are not representative to
the notations used in the work.
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Table 4.7: Experiment parameters used for the analysis of the Regime I on the Ri, —
Pr plane as shown in the Fig. 4.9. The experimental points are located on the line
set by Eq. 4.18.

Exp. number Pr Ri, P/el\C Pe;,
1.01 417107" 11910~ 4.9610°% 2611073
1.02 1.7410°" 1411072 246103 1.3010~*
1.1 7281072 1.68107% 1.22107* 6.4310°
1.2 4701072 5.78107* 2.72107° 1.4310°
1.3 3.041072 1.9910~* 6.0510°% 3.1910°"
1.4 1.271072 2.36107° 3.0010°7 1.58107%
1.5 5.301073 2.81107% 1.4910°% 7.8410°10
1.6 2211072 3.341077 7.3810°° 3.89107!!
1.7 9.23107* 3.9610"% 3.66 10~ 1.93107'2

Since the asymptotic trend may reveal at some distance of the centre point on the
Riy — Pr plane, a set of points that lay on the line in the middle of the Regime I was
used to compare the calculated Pe;. with PTe-I\L predicted from the scaling approach.

The line in the middle of the Regime I is set by Eq. 4.18:

Pr = Ri4 (4.18)

where a = tan(w/8) = 0.41 (4.19)

The parameters of the chosen set are presented in Tab. 4.7 and are schematically
presented on the Riz — Pr plane in Fig. 4.9.

The trend was captured well with the scaling formula as can be seen in Fig. 4.10.
The calibration coefficient connecting the scaling formula with the calculated values
of Pe is shown in Eq. 4.20.

Pey, = 0.0527 Pej, (4.20)

Analysis of literature data

The analysis of the literature data showed that for some of the numerical experiments

from the work of Saldi [22] (D/c)?Re ~ 1 or (D/c)?Re < 10 as shown in Table 4.8,
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which means that those experiments are in the intermediate regime between the
Regimes I and III and not in the fully developed Regime III.

Table 4.8: The dimensionless parameters for the data from [22] sorted in group with
approximately the same Pe.

Ri

MR

Pe

(D/o) Re

Regime

© 00D U W N~k

10
11
12
13
14
15
16
17
18
19
20
21

2797577.293
2797577.293
2797577.293
2071283.188
2071283.188
2071283.188
349697.1616
349697.1616
349697.1616
258910.3985
258910.3985
258910.3985
43712.1452

43712.1452

43712.1452

32363.79981
32363.79981
32363.79981
2980.150738
6038.726495
8156.202019

1.5004
1.9156
2.6065
1.0511
1.3549
1.8179
1.5004
1.9156
2.6065
1.0511
1.3549
1.8179
1.5004
1.9156
2.6065
1.0511
1.3549
1.8179
0.4887
1.8179
2.6065

675.7279101
676.0860065
669.9983677
537.8607954
545.7389163
548.6036875
198.9225512
199.4596958
197.6692138
150.7585851
157.2043204
160.0690916
55.32589407
56.48970738
57.29542428
39.39060419
42.07632721
43.95633331
0.409253031
10.23132576
15.34698865

578.624579
1029.211051
1568.265573
367.5547071
558.6182535
886.0039653
341.5448607
545.1535798
866.8170289
173.7092927
268.8925079
505.2833157

158.14817
240.5710781
428.5714286
78.12400551
115.0009796
220.7597107
0.357087308

54.8089775
129.3593769

ITI

22
23
24
25
26
27

683.0022687

683.0022687

683.0022687
505.684372
505.684372
505.684372

1.5004
1.9156
2.6065
1.0511
1.3549
1.8179

0.917622029
1.298099456
2.10381636
0.335715377
0.335715377
0.626668703

4.508345176
9.767877033
29.54247386
1.00244083
1.552820847
5.578512397

The analysis of the intermediate data showed that it comply with the trend pro-
posed with the scaling law for Pe in the Regime I (Fig. 4.11) and represents a be-
haviour different from the the data point that lie in the fully developed Regime III.
The calibration coefficient and the resultant calibrated scaling law for this set of data
is shown in Eq. 4.21.

Pey, = 0.0025 Pey, (4.21)
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Figure 4.11: Pe for the data in the intermediate regime from [22] compared to the
scaling law for the Regime I.
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4.3.2 Regime II

The Regime II represents a case of the inertial flow with negligible convection, i.e., a
viscous boundary layer is formed at the free surface, but there is no thermal boundary

layer. The Regime II is a flow regime that may be present only in low Pr number

fuids.
Criteria

Since the flow is inertial, the criterion for a flow to fall into the regime is (D/o)? Re >
1, where Re = 4,0 /v. However, the Peclet number must not exceed unity in order

for convection to be negligible. Thus, the criterion for Pr > 1 is (D/0)” Re Pr < 1:
(D/o)*Re>> 1 (4.22)

(D/o)’Re Pr <1 (4.23)

As shown in Chapter 2, Eq. 4.29 can be approximated as:
AP RIVAPr<1 (4.24)

In Eq. 4.24, the aspect ratio and the Ri number based on ¢ as the characteristic
length were used, unlike Eq. 2.21. This approximation can be considered valid since
the intermediate regime zones lie within 1-2 orders of magnitude. Schematically, the

Regime II can be presented on (D/o)*Re — Pr map as shown in the Fig. 4.12.
Results of the numerical model

The locations of the numerical experiments within this regime on Ri, — Pr are
highlighted in red colour in the Fig. 4.13.

The locations of the data presented in the Fig. 4.14 are the free surface, the axis of
symmetry for the temperature field and r* = 1 for the radial velocity profile as shown
in the Fig. 4.2. The radial velocity u* profile along the cutline at »* = 1 indicates the

formation of the viscous boundary layer at the free surface (Fig. 4.14). A comparison
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Figure 4.12: Location of the dimensionless parameters for the Regime II on the
(D/o)’Re — Pr plane.
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Figure 4.14: Calculated results for the Regime II (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as indicated in
Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the free surface; e - temperature
T* along the axis of symmetry (abscissa is 7%, ordinate is z*); f - temperature T*
along the free surface). All the values are normalized. Note: the coordinate captions

in the graphs are shown as noted in Ansys Fluent@®) and are not representative to
the notations used in the work.
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graph of u* profile along r* = 1 for Regimes I and II are shown in the Fig. 4.15.
The center of the recirculation vortex is shifted towards the edge of the weld pool
(Fig. 4.14 a) compared to the Regime I. This shift can be seen at the free surface
velocity profiles (Fig. 4.14 d). The temperature profile along the axis of symmetry
is a near straight line coinciding with the one for the Regime I indicating that the
convective heat transfer is negligible in the Regime II (Fig. 4.14 e). The temperature

distribution along the free surface coincide with the one from the Regime I, too

(Fig. 4.14 f).

Regime I

Regime 11

-0.9 :
-0.02  -0.01

0.01 0.02 0.03 0.04 0.05 0.06
Normalized velocity u*

Figure 4.15: Formation of the viscous boundary layer in the Regime II (dashed line)
vs near-parabolic distribution in the Regime I (solid).

A set of the numerical experiments with their parameters lying on the line defined
in Eq. 4.25 was used to verify that the asymptotic behaviour of the calculated Peyy

matches the corresponding scaling law (Eq. 2.72). Eq. 4.25 defines a line that lies in
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Table 4.9: Experiment parameters used for the analysis of the Regime II on the
Ris — Pr plane as shown in the Fig. 4.16. The experimental points are located on
the line set by Eq. 4.25

—_—

Exp. number Pr Ri, Per, Per,

2.01 1.31107! 2.96 2.71107% 2.04 102

2.02 1.72 1072 8.77 7331072 7.921073

2.1 7.28 1072 2.60 10! 1.98 1072 3.051073

2.2 8.20107% 4.4710' 1.031072 1.881073

2.3 2.9710~* 7.7010' 5.37107% 1.151073

24 3.90107° 2.2810% 1.451073 4.47107*

2.5 5.12107% 6.7510* 3.9410~* 1.311074

2.6 6.7210~7 2.0010°* 1.0710~* 3.72107°

2.7 8.82107% 5.9210% 2.89107° 1.02107°

2.8 1.16 107 1.7510* 7.8210°¢ 2.7810°°¢

2.9 1.52107° 5.2010* 2.1210°% 7.58 1077

the middle of the Regime II.

Pr = Ri} (4.25)
where . = —tan(n/3) = —1.87 (4.26)

The dimensionless parameters of the chosen experiment set are listed in Table 4.9.
Their locations on the Riz — Pr plane is shown in Fig. 4.16.

The comparison of the calculated Pey;, with the the scaling law P/e; for the
Regime II proposed in Eq. 2.72 is shown in Fig. 4.17. The fully developed Regime II
in Fig. 4.17 corresponds to the low values of P/eE on the left side of the figure, whereas
the right part of the higher Pfe; corresponds to the intermediate zone between the
Regimes I and II. The correction coefficient for the scaling law of Eq. 2.72 is shown
in Eq. 4.27:

Perr, = 0.36 Per, (4.27)

Formation of a secondary vortex

In the Regime II there was observed the formation of a secondary vortex at Ri > 10*

(Fig. 4.18). Since in the Regime II the temperature field is essentially independent
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Figure 4.16: Location of the numerical experiments on the Riz; — Pr used for the
calibration of the scaling law for the Regime II.
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Figure 4.17: Comparison of the calculated Per;, with the scaling law P/ei for the
Regime II. Note: the fully developed Regime II corresponds to the low values of Peyy,

on the left of the figure, whereas the right part of the higher lie; corresponds to the
intermediate zone between the Regimes I and II.
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from the flow, the formed secondary vortex was not found to have a significant effect

on the characteristic flow velocities.

Velocity
0.0284
0.0213
0.0142

0.0071

0.0000

Figure 4.18: Streamlines for a weld pool flow with a flow separation and the formation
of a secondary vortex in the Regime II with high Re numbers corresponding to Ri >
10%.

Experimental example from the literature

Weld pool flows of metals with a very low Prandtl numbers such as aluminum alloys,
gallium, etc., may fall into the Regime II. Tables 4.10 and 4.11 summarize the experi-
mental examples of the weld pool flows in the Regime II. Two welds of the aluminum
alloy 5182 and one weld of gallium were characterized with both the estimated Re
and (D/o)*Re numbers being two orders of magnitude above unity, which means that
the flows were inertial and the viscous boundary layers were formed at the weld pool
free surfaces (Table 4.11). However, as shown in Table 4.11, the estimated Pe num-
bers were of the order of unity or lower indicating that convection heat transfer was
negligible. The negligence of convection is also confirmed with the criterion defined
in Eq. 4.24. Despite of large Ri numbers (Table 4.10), the criterion zRé/gRil/ SPr was
of the order of magnitude of unity for all the four welds. The cross section of one of
the aluminum welds considered is shown in Fig. 4.19. As indicated in Table 4.11, the

measured weld width L and depth D were within the calculation tolerance with their
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Table 4.10: Dimensionless parameters used for the analysis of the experimental results
from [97].

# | Material Pr Ri | Rg | RIRIVPr (Bq. 4.24).
1 | Al alloy 5182 | 0.012 | 1.78 10° | 0.78 1.05
2 | Al alloy 5182 | 0.012 | 2.79 10° | 0.99 1.68
3 Ga 0.024 | 1.4710* | 1.2 0.75
4 Ga 0.024 | 1.29 10* | 5.64 5.65

Table 4.11: Estimated characteristic velocities and the dimensionless parameters of
the experimental results from [97] that are in the Regime II.

# Uest, m/s Peest Reest (D/0>2Reest D/DG L/LG
1 0.15 1.94 | 97.23 89.02 1.22 0.94
2 0.15 1.19 | 131.73 120.89 0.96 0.84
3 0.001 0.01 | 9.28 17.05 1.14 0.91
4 0.002 0.45 | 4.72 149.31 1.00 0.98

counterparts Lg and D¢ predicted with the Gaussian heat source model, confirming

that weld pool convection was negligible in the four welds.
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Figure 4.19: Cross sections of the experimental and calculated weld pool of aluminum
alloy 5182 at 1.5kW and 105.8 mm/s welding speed (reprinted from [97])

4.3.3 Regime III

The Regime III represents the case of an inertial flow of a low-Prandtl-number melt
with significant convection, i.e., both the viscous boundary layer and the thermal
boundary layer are formed at the free surface. The Regime III is a flow regime that is
defined only for low-Pr-number fluids. In case of Pr > 1 the thermal boundary layer
is thinner than the viscous boundary layer which requires different scaling laws; this

analogous regime for high-Pr-number melts is defined as the Regime IV.
Criteria

Since the flow is inertial, the criterion to fall in the regime is (D/o)* Re > 1, where

Re = Upap0/v. Moreover, the Peclet number is greater than unity:
(D/o)*Re > 1 (4.28)
(D/o)*Re Pr > 1 (4.29)
As shown in Chapter 2, Eq. 4.29 can be approximated as:
AR RV Pr>1 (4.30)
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Schematically, the Regime III can be presented on (D/c)*Re — Pr map as shown
in the Fig. 4.20. The locations of the numerical experiments within this regime on

Riz — Pr are highlighted in red colour in the Fig. 4.21.

1010
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10°

Pr

I1I

10-5 L

10—10 L |
10710 107 100 10° 1010

(D/o)’Re
Figure 4.20: Location of the dimensionless parameters for the Regime III on the
(D/o)?Re — Pr plane.

Results of the numerical model

The locations of the data presented in the Fig. 4.22 are the free surface, the axis
of symmetry for the temperature field and r* = 1 for the radial velocity profile as
shown in the Fig. 4.2. The radial velocity u* profile along the cutline at r* = 1
indicates the formation of the viscous boundary layer at the free surface similar to
the Regime II (Fig. 4.22 ¢). The center of the recirculation vortex is shifted towards
the edge of the weld pool (Fig. 4.22 a). This shift can be seen at the free surface
velocity profiles (Fig. 4.22 d). The temperature profile along the axis of symmetry
indicates the formation of a thermal boundary layer at the free surface indicating that
the convective heat transfer is not negligible in the Regime III unlike in the Regime II.
A comparative graph of the temperature distribution along the axis of symmetry is

shown in Fig. 4.23.
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Figure 4.21: Location of the dimensionless parameters for Regime III on Ri, — Pr
plane. Note: /R, =1 in all the numerical experiments on this map.
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Figure 4.22: Calculated results for the Regime III (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as indicated in
Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the free surface; e - temperature
T* along the axis of symmetry (abscissa is 7%, ordinate is z*); f - temperature T*
along the free surface). All the values are normalized. Note: the coordinate captions
in the graphs are shown as noted in Ansys Fluent@®) and are not representative to
the notations used in the work.
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Figure 4.23: Normalized temperature T™ distributions along the axis of symmetry
r* =0 in the Regime III (dashed line) and the Regime II (solid). The formation of a
thermal boundary layer can be seen for the Regime III compared to a near-straight-
line T* distribution in the Regime II

Secondary vortex formation

At high Reynolds numbers, a secondary vortex of the weld pool recirculating flow
may form as shown in Fig. 4.24. For the model used in this work, the secondary
vortex was found to form at Ri > 10%. This number depends on the weld pool shape,
and the number obtained for the model with a different shape and/or variations of
the weld pool shape due to melting may not be representative.

The secondary vortex, however, may significantly effect the weld pool temperature
field as shown in Fig. 4.25. Since it is not clear whether the flow with the secondary
vortex in the stationary walls model is representative and physical, for the Regime 11

only the numerical experiments resulting in a single vortex flow were considered.
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Figure 4.24: Streamlines for a weld pool flow with a flow separation in Regime III at
high Re numbers corresponding to Ri > 10%.
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Figure 4.25: Temperature contour for a weld pool flow with a flow separation in
Regime III at high Re numbers corresponding to Ri > 10%.
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Table 4.12: Experiment parameters used for the analysis of the Regime I1I on Ri; —
Pr plane as shown in the Fig. 4.26. The experimental points are located on the line
set by Eq. 4.31

EXp. # Pr Rlﬁ Pemc PeIHC (D/O’)2 Re
3.01 1.31 1071 2.96 0.48  0.20 0.54
3.02 1.72 1072 8.77 1.03  0.82 4.24

3.1 7.28 1072 2598 224 237 23.83
3.2 8.2010~% 4472 329  3.63 50.85
3.3 2971071 76.96 4.84  5.56 108.58
3.4 3.8081107° 227.95 7.12  9.46 257.15

Scaling law validation and calibration

A set of the numerical experiments with their parameters lying on the line defined
in Eq. 4.31 was used to verify that the asymptotic behaviour of the calculated Pery
matches the corresponding scaling law (Eq. 2.91). Eq. 4.31 defines a line that lies in
the middle of the Regime III.

Pr = Ri% (4.31)

where ¢ = —tan(n/12) = —0.3 (4.32)

The dimensionless parameters of the chosen experiment set are listed in Table 4.12.
Their locations on the Riz — Pr plane is shown in Fig. 4.26.

Various literature resources were used for the analysis as well. Tables 4.13-4.16
summarize the dimensionless parameters from the literature data.

The comparison of the experimental results with the predicted values is shown in
the Fig. 4.28. The graph includes both the numerical modelling data from this work
and the literature data. It can be also seen from Fig. 4.27 that in the fully developed
Regime III the characteristic velocity is independent from the weld pool size.

The scaling law for the Peclet number for Regime 111, as discussed in the Chapter 2,
is:

Pery = Ri'/2Pr!/? (4.33)
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Figure 4.26: Location of the dimensionless parameters for Regime III and the exper-
iment numbers.
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Table 4.13: The dimensionless parameters for the data from [22]. The data points
in the intermediate regime (considered as the Regime I) are separated in the bottom
part of the table

# | Pr Ri ARe | Pemrr (Eq. 4.33) Pe (D/o)?Re | Regime
1 |0.189 | 2.80 10° | 1.50 728.05 675.73 578.62

2 10.189 | 2.80 10% | 1.92 728.05 676.09 1029.21

3 10.189 | 2.80 10° | 2.61 728.05 670.00 1568.27

4 10.189 | 2.0710% | 1.05 626.45 537.86 367.55

5 10.189 | 2.07 10% | 1.35 626.45 545.74 558.62

6 | 0.189 | 2.07 10% | 1.82 626.45 548.60 886.00

7 10.189 | 3.50 10° | 1.50 257.40 198.92 341.54

8 | 0.189 | 3.50 10° | 1.92 257.40 199.46 545.15

9 | 0.189 | 3.50 10° | 2.61 257.40 197.67 866.82

10 | 0.189 | 2.59 10° | 1.05 221.48 150.76 173.71

11 ] 0.189 | 2.59 10° | 1.35 221.48 157.20 268.89 I11
12 1 0.189 | 2.59 10° | 1.82 221.48 160.07 505.28

13| 0.189 | 4.3710* | 1.50 91.01 55.33 158.15

14 1 0.189 | 4.37 10* | 1.92 91.01 56.49 240.57

15| 0.189 | 4.37 10* | 2.61 91.01 57.30 428.57

16 | 0.189 | 3.24 10* | 1.05 78.31 39.39 78.12

17 1 0.189 | 3.24 10* | 1.35 78.31 42.08 115.00

18 1 0.189 | 3.24 10* | 1.82 78.31 43.96 220.76

19 | 0.189 | 6.04 10% | 1.82 33.83 10.23 54.81

20 | 0.189 | 8.16 103 | 2.61 39.31 15.35 129.36

21 1 0.189 | 2.98 10°% | 0.49 23.76 0.41 0.36

22 1 0.189 | 683.00 | 1.50 11.38 0.92 4.51

23 1 0.189 | 683.00 | 1.92 11.38 1.30 9.77

24 1 0.189 | 683.00 | 2.61 11.38 2.10 29.54 I
251 0.189 | 505.68 | 1.05 9.79 0.34 1.00

26 | 0.189 | 505.68 | 1.35 9.79 0.34 1.55

27 1 0.189 | 505.68 | 1.82 9.79 0.63 5.58
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Table 4.14: The dimensionless parameters for the data from [95].

# | Rg | Pr Ri Perp (Eq. 4.33) Pe

1 |0.19|0.30 | 5.20 10* 58.47 51.19
2 10.19 | 0.30 | 1.56 10° 101.28 86.90
3 10.19 | 0.30 | 2.60 10° 130.75 111.90
4 10.19 | 0.30 | 5.20 10° 184.91 155.95
5 10.19 | 0.40 | 2.91 104 50.59 45.24
6 |0.19 | 0.40 | 8.74 10* 87.63 80.95
7 10.19 | 0.40 | 1.46 10° 113.13 101.19
8 |0.19 | 0.40 | 2.91 10° 159.99 142.86
9 10.19 | 0.50 | 1.86 104 45.23 40.48
10 [ 0.19 | 0.50 | 5.58 10* 78.34 73.81
111 0.19 | 0.50 | 9.30 104 101.14 95.24
12 1 0.19 | 0.50 | 1.86 10° 143.03 133.33
131 0.19 | 0.60 | 1.29 104 41.27 39.29
14 1 0.19 | 0.60 | 3.87 104 71.49 67.86
151 0.19 | 0.60 | 6.45 104 92.29 90.48
16 | 0.19 | 0.60 | 1.29 10° 130.52 127.38
17 1 0.19 | 0.70 | 9.52 103 38.26 36.90
18 | 0.19 | 0.70 | 2.86 104 66.27 66.67
19 1 0.19 | 0.70 | 4.76 10* 85.55 84.52
20 | 0.19 | 0.70 | 9.52 10* 120.99 120.24
2110.19 | 0.80 | 7.28 10° 35.78 34.52
22 10.19 | 0.80 | 2.18 10* 61.97 61.90
231 0.19 | 0.80 | 3.64 10* 80.00 82.14
241 0.19 | 0.80 | 7.28 10* 113.13 114.29
251 0.19 | 0.90 | 5.75 10° 33.72 30.95
26| 0.19 | 0.90 | 1.72 10* 58.40 59.52
271 0.19 | 0.90 | 2.87 10* 75.40 75.00
28 1 0.19 | 0.90 | 5.75 10* 106.63 107.14

Table 4.15: The dimensionless parameters for the data from [2].

# ARa Pr Ri Perp (Eq. 4.33) Pe

1 | 1.620255091 | 0.11295 | 2.80 10° 179.0191136 181.732032
2 | 0.72155022 | 0.11295 | 2.80 106 179.031545 195.204708
3 2.2991898 | 0.11295 | 3.73 10° 206.742175 206.078028
4 | 1.183812731 | 0.11295 | 3.74 10% | 206.7565276 | 208.9270487
5 | 2.298870601 | 0.11295 | 1.91 10° 147.683234 144.2746494
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Table 4.16: The dimensionless parameters for the data from [53].

# /RG Pr Ri PGHI (Eq 433) Pe (D/O’)2Re
1 [ 1.11 |0.043 | 3.72 10° 27.94 19.59 263.33
2 | 1.02 | 0.043 | 3.72 10° 27.94 22.85 225.71
3| 1.33]0.043 | 3.72 10° 27.94 22.85 225.71
4 11.33]0.043 | 4.46 10° 30.61 22.85 225.71

t=05s Umax = 0.618 m/s

TR

Umax = 0.631 m/s

t=5s Upax =0.64m/s

Figure 4.27: An example illustrating that w,,., is essentially independent from the
weld pool size in the fully developed Regime III.
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Figure 4.28: Measured Pe compared to the predicted f%m from the scaling law.
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4.3.4 Regime IV

The Regime IV represents a case of the inertial flow with convection, i.e., both a
viscous boundary layer and a thermal boundary layer are formed at the free surface,
for the case of Pr > 1. Since the flow is inertial, the criterion to fall in the regime is

(D/o)?Re > 1, where Re = tnee0 /v
(D/o)’Re > 1 (4.34)
Pr>1 (4.35)
As discussed in Chapter 2, Eq. 4.34 can be approximated as:
ARERi > 1 (4.36)

Schematically, the Regime IV can be presented on (D/c)?Re — Pr map as shown
in the Fig. 4.29. The locations of the numerical experiments within this regime on

Ris — Pr are highlighted in red colour in the Fig. 4.30.
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Figure 4.29: Location of the dimensionless parameters for the Regime IV on the
(D/o)’Re — Pr plane.
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Figure 4.30: Location of the dimensionless parameters for Regime IV on Ri, — Pr
plane. Note: /R, =1 in all the numerical experiments on this map.
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Figure 4.31: Calculated results for the Regime IV (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as indicated in
Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the free surface; e - temperature
T* along the axis of symmetry (abscissa is 7%, ordinate is z*); f - temperature T*
along the free surface). All the values are normalized. Note: the coordinate captions
in the graphs are shown as noted in Ansys Fluent@®) and are not representative to
the notations used in the work.
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The locations of the data presented in the Fig. 4.31 are the free surface, the axis of
symmetry for the temperature field and r* = 1 for the radial velocity profile as shown
in the Fig. 4.2. The radial velocity u profile along the cutline at »* = 1 indicates
the formation of the viscous boundary layer at the free surface and now does not
have a near parabolic distribution as appeared in the Regime V (Section 4.3.5). The
temperature profile along the axis of symmetry shows the formation of a thermal

boundary layer in the Regime IV.
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-3 -2 -1 0 1 2 3 4 5 6 7
Normalized velocity u* %1072

Figure 4.32: Formation of the viscous boundary layer in the Regime IV (dashed line)
versus the viscous flow in the Regime V (solid line).

The velocity profile along the cutline at r* = 1 for the Regime IV is shown in
comparison with its counterpart for the Regime V in Fig. 4.32. The same profiles but
normalized with their maximum value as shown in Fig. 4.33 allow to notice a small
discrepancy between the Regime IV and the near-parabolic profile of the Regime V.

This mismatch indicates the beginning of the viscous boundary layer formation in
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Figure 4.33: Formation of the viscous boundary layer in the Regime IV (dashed line)
vs near-parabolic distribution in the Regime V (solid): comparison of the velocity
profiles along the cutline normalized to their maximum value.
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Figure 4.34: Formation of the thermal boundary layer in the Regime IV (dashed line)

and V (solid line).
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the Regime IV profile (dashed line).

The temperature distribution along the axis of symmetry represents a clearly
formed thermal boundary layer for both the Regimes.

The numerical model’s mesh used for the analysis did not allow to solve the problem
of the Regime IV to obtain high Re values. The stationary wall model used is not
representative for the high-Pr-number melts since their flow is highly coupled with
the geometry of the weld pool. Due to this fact, it was decided not to refine the
mesh more in order to obtain a more detailed result, since it would be not more
representative to the reality.

In the literature there is also a very limited amount of the experimental or numerical
simulation results for the weld pool flows of a high-Pr-number melts in the Regime IV.
One of the very few examples is the NaNO3z model of welding reported by [97] as shown
in Fig. 4.35.

600 K
580 K

Wi

1.0 mm 50 mm/s

— —>

Figure 4.35: NaNOj (high Pr) weld pool at high Ma from Robert and DebRoy [97].
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4.3.5 Regime V

The Regime V represents a case of the viscous flow with convection, i.e., a thermal
boundary layer is formed at the free surface. The Regime V is a flow regime that
may be present only in high-Pr-number fluids. Since the flow is inertial, the criterion
to fall in the regime is (D/0)* Re > 1, where Re = tpq,0/v. Moreover, the Peclet
number is greater than unity:

(D/o)’Re < 1 (4.37)
(D/o)’Re Pr > 1 (4.38)
According to [87], Eq. 4.38 can be approximated as:

ARERiPr>1 (4.39)

Schematically, the Regime V can be presented on (D/c)?Re — Pr map as shown
in the Fig. 4.36. The locations of the numerical experiments within this regime on

Riz — Pr are highlighted in red colour in the Fig. 4.37.
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Figure 4.36: Location of the dimensionless parameters for the Regime V on the
(D/o)’Re — Pr plane.
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Figure 4.37: Location of the dimensionless parameters for Regime V on Riy — Pr

plane. Note: /R, =1 in all the numerical experiments on this map.
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Figure 4.38: Calculated results for the Regime V (a - streamlines; b - temperature
contour; ¢ - radial velocity u* along the cutline at r = £ (r* = 1) as indicated in
Fig. 4.2 (abscissa is u*, ordinate is 2*); d - u* along the free surface; e - temperature
T* along the axis of symmetry (abscissa is 7%, ordinate is z*); f - temperature T*
along the free surface). All the values are normalized. Note: the coordinate captions
in the graphs are shown as noted in Ansys Fluent@®) and are not representative to

the notations used in the work.
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The locations of the data presented in the Fig. 4.38 are the free surface, the axis
of symmetry for the temperature field and r* = 1 for the radial velocity profile as
shown in the Fig. 4.2. The radial velocity u* profile along the cutline at r* = 1
represents the near parabolic behaviour analogously to the Regime I (Figs. 4.39 and
4.40). The temperature profile along the axis of symmetry, however, indicates the
presence of a thermal boundary layer at the free surface (Fig. 4.41), which means

that the convective heat transfer is significant in the Regime V.
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Figure 4.39: Near-parabolic velocity profile along the cutline at 7* = 1 in the Regime
I (solid) and Regime V (dashed line).

Since the asymptotic trend may reveal at some distance of the centre point on the
Riz — Pr plane, a set of points that lay on the line in the middle of the Regime V was
used to compare the calculated Pey, with P/eV\C predicted from the scaling approach.

The line in the middle of the Regime V is set by Eq. 4.40:

Pr = Ri% (4.40)

a = —tan(bn/8) = —2.41 (4.41)
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Figure 4.40: Near-parabolic velocity profile along the cutline at 7* = 1 in the Regime
I (solid) and Regime V (dashed line): comparison of the velocity profiles along the
cutline normalized to their maximum value.
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Figure 4.41: Formation of the thermal boundary layer in the Regime V (dashed line)
vs near-straight-line distribution in the Regime I (solid).
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Table 4.17: Experiment parameters used for the analysis of the Regime V on Riy — Pr
plane as shown in the Fig. 4.42. The experimental points are located on the line set
by Eq. 4.40

/RE Pr Rlﬁ Peg Pevﬁ
1 8.39 041 0.18 | 1.51
1 70.35 | 0.17 | 0.58 | 2.29
1 [5.9010%|0.07| 1.69 | 3.47
1 [ 1.7110%]0.05| 2.65 | 4.27
1 |49510%|0.03 | 3.89 | 5.25
1 | 1.4310* | 0.02 | 5.40 | 6.47
1 |41510*|0.01 | 7.25 | 7.96
1 |1.2010° | 0.01| 9.35 | 9.79
1 [3.4810°|0.01 | 11.76 | 12.04

The parameters of the chosen set are presented in Table 4.17 and are schematically
presented on the Riy — Pr plane in Fig. 4.42. The trend was captured well with the
scaling formula as can be seen in Fig. 4.43. The scaling law for the Peclet number for

the Regime V, is found to be:

Pey, = R:*°Ri/*Pr'/? (4.42)
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Figure 4.42: Location of the dimensionless parameters for Regime V and the experi-
ment numbers.
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4.4 Weld width and penetration depth

4.4.1 Main assumption

It is assumed that the weld pool width L and depth D are affected by the convective
flow proportionally to the Peclet number to some power when the Peclet number is
significant. On the other hand, if the Peclet number is small, the width L and depth
D should tend to an “undisturbed” value, i.e. the width and depth the weld would
have if there was no melt pool convection. Thus, two asymptotic regimes for the weld

width L as a function of Pe are expected:
L = LoPe®, Pe — o0 (4.43)

L =Ly, Pe 0 (4.44)

Analogously, the two regimes for the weld depth as function of Pe are:

D

D=2 Pe— oo (4.45)
Pe

D = Dy, Pe = 0 (4.46)

The weld depth D is expected to decrease with high Pe as shown in Eq. 4.45.
The Churchill-Usagi [98] blending technique can be used to provide a single formula

for both regimes:

L™ = L7 + (LyPe?)" (4.47)

1\" 1\™  [Pe\"
il - = —_— 4.4
(D) (Do) i (Do) (4.48)
In Eqs. 4.47 and 4.48 Ly and Dy are the “undisturbed” weld width and depth, n and

m are the blending exponents, a and b are the proportionality exponents for Pe.

4.4.2 Calculation results

In order to obtain the exponents a, b, n and m, the optimization problem was solved.
The data from [22] was split into 6 groups according to Rg. Fach group was assigned

with “undisturbed” weld pool width Ly and depth Dy which were assumed constant
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for each group. The exponents a, b were assumed constant for all the groups. The
blending exponents n and m were adjusted to minimize the error. Table 4.18 sum-

marizes the data used for the analysis. The graphs of L/Ly and D/Dg as functions

Table 4.18: Measured weld pool widths and depths from [22] grouped according to
ARq.

# | Group | Rqg Pe L,m D.m Lo,m Dy,m L/Ly | D/Dy
1 I 1.05 | 537.86 | 2.08 1073 | 5.04 10~% | 1.52 1073 | 1.38 1073 | 1.37 0.36
2 1.05 | 150.76 | 2.00 1073 | 6.5410~* | 1.52 1073 | 1.38 1073 | 1.32 0.47
3 1.05| 39.39 | 1.821073 | 8.58 107* | 1.521073 | 1.38 102 | 1.20 0.62
4 1.05| 0.34 | 1.681073 | 1.05107% | 1.521073 | 1.38 1073 | 1.11 0.76
) II 1.35 | 545.74 [ 2531073 | 6.17107* [ 1.721073 | 1.69 102 | 1.46 0.37
6 1.35 | 157.20 | 2.231073 | 7.97107* | 1.721072 | 1.69 1072 | 1.29 0.47
7 1.35 | 42.08 | 2.041073 | 1.011072 | 1.72107% | 1.69 1073 | 1.19 0.60
8 1.35] 034 | 1851073 | 1311073 | 1.721073 | 1.69 103 | 1.07 0.78
9 I11 1.50 | 675.73 | 2.651073 | 5.64107* | 1.79 1073 | 1.74 1073 | 1.48 0.32
10 1.50 | 198.92 | 2.391073 | 7.99107* | 1.791073 | 1.74 1073 | 1.33 0.46
11 1.50 | 55.33 | 2.20107% | 1.031073 | 1.791073 | 1.74 1073 | 1.23 0.99
12 1.50 | 0.92 |[1.901073 | 1.351073 | 1.791073 | 1.74 1072 | 1.06 0.78
13 v 1.82 | 548.60 | 3.021073 | 7.74107% | 2.121073 [ 2.28 1073 | 1.43 0.34
14 1.82 | 160.07 | 2.78 1073 | 1.08 1073 | 2.12 1073 | 2.28 103 | 1.32 0.47
15 1.82 | 43.96 | 2.611073 | 1.371073 | 2.121073 | 2.28 1072 | 1.23 0.60
16 1.82 | 0.63 | 2231073 1821073 2121073 |2.281073 | 1.05 0.80
17 \Y 1.92 | 676.09 | 2.991073 | 7.52107* | 2.051073 | 2.221073 | 1.46 0.34
18 1.92 | 199.46 | 2.731073 | 1.01 1073 | 2.05 1072 | 2.221073 | 1.33 0.45
19 1.92 | 56.49 | 2551073 | 1.26 1073 | 2.051072 | 2.221073 | 1.24 0.57
20 1.92| 1.30 | 2181073 |1.671073|2.051072 | 2.22107% | 1.06 0.75
21 VI 2.61 | 670.00 | 3.851072 | 9.32107% | 2.64 1072 | 2.91 1073 | 1.46 0.32
22 2.61 | 197.67 | 3.58 1073 | 1.28 1073 | 2.64 1072 | 2.91 1073 | 1.36 0.44
23 2.61 | 57.30 | 3.351073 | 1.67 1073 | 2.64 1073 | 2911073 | 1.27 0.57
24 261 | 210 | 2751073 ] 2281073 |2.641073 | 2911072 | 1.04 0.79

of Pe are presented in Figs. 4.44 and 4.45 respectively. The resultant values of the

exponents a, b, n and m are shown in Table 4.19: Thus, the proposed formulae to

Table 4.19: Calculated values of the exponents a, b, n and m.

a n b m

0.0549 | 11.5438 | 0.1515 | 3.1759

calculate the effect of Pe of thermocapillary convection on the weld pool width and
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Figure 4.44: L/Ly as a function of Pe for the data points from Saldi [22].
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depth are as follows:

I = ([%1.5438 + (LOPeO.0549)11.5438)0.0866 (449)

—0.3149
1 3.1759 Peo_1515 3.1759
D=1+ 4.50
<<D0) i ( Do ) (4.50)

4.4.3 Correlation between Ly and Dy and the Gaussian heat
source predictions Ls; and Dg

The basis source of data for the weld width and depth correction factors analysis [22]
used the top-hat distributed heat source for their modelling. The “undisturbed” weld
proportions from the Gaussian heat source model might not match those by the top-
hat source, particularly when the when the weld pool width and depth are comparable
to the heat source radius.

The obtained Ly and D, correlate with the Gaussian heat source model predictions
L¢ and D¢ as shown in Figs. 4.46 and 4.47. The data used for the plots is summarized
in Table 4.20. The correlation formulae for Ly and Lg and Dy and Dg are Egs. 4.51
and 4.52.

Table 4.20: Ly and Dy compared with Lg and D¢ for each group with the same 4.

Group | Lg, m | Dg, m | Lg/o | Dg/o | Lo/o | Dy/o
I 0.0021 | 0.0012 | 1.81 1.03 1.31 1.19

11 0.0024 | 0.0016 | 2.07 1.38 1.48 1.45
I11 0.0026 | 0.0017 | 2.24 1.46 1.54 | 1.50
v 0.0029 | 0.0021 | 2.50 1.81 1.82 | 1.97
\Y 0.003 | 0.0022 | 2.58 | 1.89 | 1.76 | 1.91
VI 0.0036 | 0.003 3.10 2.58 2.27 | 2.50

Lo/o = 0.7399Lg /o — 0.0668 (4.51)

Dy/o = 0.8706 D¢/ + 0.2805 (4.52)
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Figure 4.46: Comparison of the calculated Ly/o against Lg/o for the data points
from Saldi [22]. The fitting curve is presented in Eq. 4.51
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presented in Eq. 4.52.
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4.4.4 Verification with the experimental data

To verify the obtained formulae, the experimental data from the works by Mishra et
al. [53] and Robert and DebRoy [97] were used (Figs. 4.48, 4.49). The parameters
of the two experiments of welding 304 stainless steel with 30 ppm of sulfur from [53]
are listed in Tables 4.21 and 4.22. In [53] the arc welding process was used. For this
work, the heat source is considered Gaussian. In the work [97] the laser welding was
performed with the top hat laser beam distribution. Thus, the “undisturbed” weld
width Lg and depth D¢ estimations calculated with the Gaussian heat source model
are not representative and may produce extra error. The “undisturbed” weld width
Ly and depth Dy were recalculated for the top hat source model from L and Dg
with Eqgs. 4.51 and 4.52. The obtained parameters are listed in Tables 4.23 and 4.24.
The graphs of the correction factors for the weld width L/Lg and depth D/Dq as a
function of Pe for the experimental data [53], [97] and the data from the numerical

model [22] (Table 4.18) are shown in Figs. 4.50 and 4.51.
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Figure 4.48: An experimental example used for the verification of Eqgs. 4.49 and 4.50
from [53].

Table 4.21: Welding parameters of the experiments from [53] and the corresponding
characteristic velocity of convection ,q,.

Mishra et al. [53] | I, A |V, V | U, m/s o, M | Upgz, M/S
Exp. 1 101 9.6 | 1.701072 | 0.0018 0.235
Exp. 3 150 9.9 | 1.70 1073 | 0.00235 0.384
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Figure 4.49: Experimental examples used for the verification of Eqs. 4.49 and 4.50
from [97].
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Figure 4.50: L/ Ly as a function of Pe for the modelling [22] and experimental [53], [97]

data.
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Figure 4.51: D /D, as a function of Pe for the modelling [22] and experimental [53], [97]
data.
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Table 4.22: Predicted and measured weld pool widths and depths from [53] and the
corresponding Pe.

Mishra et al. [53] | Pe Lg, m D¢g, m L, m D,m | L/Lg | D/Dg
Exp. 1 19.59 | 3.81 1073 | 2501072 | 4.83 1072 | 1.37 1073 | 1.27 0.55
Exp. 3 41.78 | 5141073 | 3.48 1073 | 6.80 1073 | 2.18 1073 | 1.32 0.63

Table 4.23: Welding parameters of the experiments from [97] and the corresponding

Pe.

# q, W 77 0, m Ua m/s Uest, m/s Peest
11900 |0.14 | 1.16 1073 | 2.32 10~ 0.05 14.82
2 15200 | 0.12 | 1.16 1073 | 2.32 1074 0.20 59.29

Table 4.24: Predicted and measured weld pool widths and depths from [97] and the
corresponding Pe.

# L, m D, m Lo, m Dg, m Lo, m Do, m | L/Lyg | D/Dy
1 ]11.17103]16.23107*] 150102 [ 6.10107* [ 1.031072 | 85710~* | 1.13 | 0.73
2 12851072 | 1.601072 | 3.3010°3 | 2.621072 | 2.36 1073 | 2.60 1073 | 1.21 | 0.61
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Chapter 5

Discussion

An auxiliary CFD model was created to verify and calibrate the scaling laws. The
model requirements for this project were (1) universality for all the identified regimes,
(2) usability for a large number of the numerical experiments with a wide range of
the input parameters, (3) calculation speed and set-up simplicity.

Since for the Regimes I and II the convection was expected to be negligible and for
the Regime III from the scaling laws the Peclet number was expected to be indepen-
dent from the weld pool depth and width (Eq. 2.91), a laminar fixed-wall cavity model
was used. Since the welds with a relatively flat undeformed surface are present at low
heat input processes, the welds also are normally slow, the axysimmetric elliptical
weld pool geometry was chosen.

Such a simple model had both advantages and limitations. This model was fully
representative for the Regimes I and II, since in these regimes the weld pool shape
was governed by conduction and was not affected by the flow. For the Regimes III,
IV and V, i.e., the regimes with dominant convection, on the other hand, the fixed
liquid-solid interface was not fully representative. However, the comparative analysis
showed the agreement of the numerical modelling results with the proposed scaling
laws. The model could correctly represent the typical flow patterns and the expected
characteristics of each flow Regime and was able to reveal the characteristic features

of each regime. The literature data was also found to be in a good agreement with
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the proposed prediction.

The Peclet numbers were calculated based on characteristic velocities proposed by
the scaling laws for each regime. The observed flow behaviour confirmed the validity
of the fixed-wall simplification for the low-Prandtl-number regimes and its ability
to capture the characteristic flow behaviour in the case of the high-Prandtl-number
regimes.

The analysis was performed for the case of negative v, i.e., the convective flows
directed outwards. The variations of vy with temperature were not considered; ~r
was assumed constant for the purposes of the scaling analysis.

Despite the seeming identity of the inwards and outwards directed weld pool flows,
their mathematical treatment with scaling analysis is radically different. The out-
wards flows interaction with the weld pool liquid/solid interface normally takes place
at a relatively far distance compared to the weld pool depth and the characteristic
heat source size. If the weld pool width is significantly greater than the pool depth
and the heat source size, its effect on the flow velocities may be insignificant and the
dimensionless number associated with it may be omitted.

In the case of the inwards directed convection, the flow constricts into a jet going
vertically from the surface at approximately the weld pool center into the pool bottom.
In this case the weld pool depth and the jet velocity are fully coupled and their
mathematical treatment is significantly more complex. For this reason, due to the
time limits this work had, only the outwards directed thermocapillary convective weld
pool flows were considered in this work.

The results of the numerical modelling were found to be in a good agreement with
the trends of the obtained scaling laws. However, the calibration coefficients for the
scaling laws from the numerical model results and the literature data were more than
one order of magnitude different for the Regimes I and II. The main reason for these
discrepancies is the traditional approach used for the estimation of the characteristic

values of the partial derivatives present in the governing equations. This approach
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allows to capture the behavioral trends well, however, the numerical values could be
off by an order of magnitude for some characteristic values and the product of these
values could be more than one order of magnitude off. The other reason for the
coefficient discrepancy of the proposed scaling laws from the literature data was due
to the inability of the scaling law model to account for the surface tension temperature
coefficient 7 variations with temperature. This led to overestimation ofvy; for smaller
and, consequently, cooler weld pools.

In Regimes II and III, at high flow velocities calculated with the numerical model
a formation of the secondary vortex was observed at Ri > 10* with the separation of
the flow from the solid boundary. Since the numerical model used did not calculate
the liquid/solid interface variations and the separation of the flow is highly depen-
dent on the boundary geometry, it was impossible to confirm whether the calculated
feature was physical and quantitatively representative. For this reason, the numerical
experiments having the flow separation and the secondary vortex in Regime III were

discarded from consideration.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The Gaussian heat source model [89] is the state-of-the-art analytic solution for the
predictions of the weld bead width and penetration depth. However, this model does
not account for the weld pool convection. To fix this drawback, a fundamental study
of the asymptotic hydrodynamic regimes of the weld pool convection was performed
using the scaling analysis methodology to provide correction factors for the Gaussian
heat source model.

In addition to the three asymptotic regimes proposed by [87] for the low-Prandtl-
number fluids, two novel regimes were proposed for the melts with Pr > 1. The scaling
laws to estimate the Peclet number of the thermocapillary flows Pe were proposed
for the two novel regimes. The qualitative features of the two novel regimes were
identified with an auxiliary numerical model. The scaling laws for Pe were verified
for four regimes with the numerical model and the data from the literature.

As a result of the analysis, a novel dimensionless number Ri was proposed for the
analysis of the thermocapillary convection in weld pools (Eq. 2.13). The proposed di-
mensionless group Ri embeds the dimensional parameters associated with the surface
tension temperature coefficient and together with the melt Prandtl number Pr and
the ratio of the heat source size to the weld pool depth D /o fully defines the problem

of thermocapillary weld pool convection. Unlike the dimensionless groups proposed
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in the literature, the Ri defined in this work does not include unknown parameters
such as weld pool width, depth, temperature variation within the weld pool, etc. The
proposed number includes only the known parameters of the heat source and material
properties, which makes it more intuitive and easy to use for the calculations.

For the first time, the correction factors that account for the effect of the thermo-
capillary convective flows in weld pools were proposed for the weld bead width and
depth predicted by the Gaussian heat source model [89]. Eq. 4.49 and Eq. 4.50 rep-
resent the correction factors for the weld width L and depth D obtained for the flow
with a negative surface tension temperature coefficient yr. The correction factors
were calculated as functions of the Peclet number of thermocapillary flows Pe as the
measure of convective heat transfer versus conduction through the melt.

The obtained correction factors were verified with experimental data (Figs. 4.50
and 4.51) that used both Gaussian and top-hat heat sources, as well as laser beam and
GTA welding. The good agreement of the proposed dependencies with the various

literature data allows to consider them universal.

6.2 Recommendations for the future work

Considering the potentials and limitations of the obtained results, some future devel-

opments are recommended:

e Perform scaling analysis to obtain the correction factors for the case of the
inward flows (7 > 0), for example, the case of a high sulfur content in stainless

steel.

e Analyze the convective weld pool flows in the case when ~7 changes the sign

(Fig. 1.5) within the weld pool temperature range.

e Perform a deep experimental study in order to calibrate and enhance the pro-
posed correction factors; study the potential dependence of the correction fac-

tors on the Stefan number and other dimensionless groups.
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e Investigate and confirm the presence or absence of turbulence in weld pool flows.
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Appendix A: Parameters for the
experiments from the literature

Al

Saldi [22]
Table A.1: Physical parameters for the experiments in the work [22]
Parameter Symbol Dimension Value
Thermal efficiency i - 0.13689
Density p kg/m3 8100
Kinematic viscosity v m? /s 7.407 1077
Thermal conductivity (liquid) k W/m K 22.9
Thermal conductivity (solid) ks W/m K 22.9
Heat source size o m 0.0014
Surface tension temperature coeff. p N/m K 4.00 1071
Dynamic viscosity U Pa s 6.00 1073
Heat capacity (liquid) Cp) J/kg K 723.14
Heat capacity (solid) Cp, J/kg K 627
Thermal diffusivity (solid) Qs m? /s 4.51107°
Latent heat of melting il J/kg 2.51 10°
Melting temperature T K 1620
Preheat temperature T K 300
Stefan number Ste - 3.3
Prandtl number Pr - 0.19
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Table A.2: Parameters for the experiments from the work [22]

# | Image in [22] | ¢, W | Upaz, m/s | t, s | f | # in Table 4.8 | # in Tables 4.13 and 4.18
1 4.7 a 1900 0.008 ) 7 19 -
2 4.7b 3850 0.2 ) 7 20 -
3 4.7 c 5200 0.3 ) 7 21 -
4 4.10 a 3850 1.502 051 4 1
5! 4.10 a 3850 1.524 1 1 5) 5!
6 4.10 a 3850 1.532 5 1 6 13
7 4.10 b 3850 0.842 0.5 2 10 2
8 4.10 b 3850 0.878 1 2 11 6
9 4.10 b 3850 0.894 2 12 14
10 4.10 ¢ 3850 0.44 05| 4 16 3
11 4.10 ¢ 3850 0.47 1 4 17 7
12 4.10 c 3850 0.491 5 4 18 15
13 4.10d 3850 0.015 0.5 16 25 4
14 4.10d 3850 0.015 1 |16 26 8
15 4.10d 3850 0.028 5 | 16 27 16
16 412 a 5200 1.887 051 1 9
17 4.12 a 5200 1.888 1 1 2 17
18 412 a 5200 1.871 5 1 3 21
19 4.12 b 5200 1.111 05| 2 7 10
20 4.12 b 5200 1.114 1 2 8 18
21 4.12 b 5200 1.104 5! 2 9 22
22 4.12 ¢ 5200 0.618 05| 4 13 11
23 4.12 ¢ 5200 0.631 1 4 14 19
24 4.12 ¢ 5200 0.64 5 4 15 23
25 4.12d 5200 0.041 0.5 |16 22 12
26 4.12d 5200 0.058 1 |16 23 20
27 4.12d 5200 0.094 5 |16 24 24
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Table A.3: Parameters for the experiments from the work [22]

+# Pe Imm in pixels | L, pixels | D, pixels L, m D, m

1 0.41 65 91 37 1.40 1073 | 5.69 10~4
2 | 10.23 67 140 94.5 2.09107% | 1.41 1073
3 | 15.35 65 178 115 2.741073 | 1.77 1073
4 | 537.86 66.5 138 33.5 2.08107% | 5.04 1074
5 | 545.74 66.5 168 41 2531073 | 6.17 107*
6 | 548.60 66.5 201 51.5 3.021073 | 7.74 1074
7 | 150.76 66.5 133 43.5 2.00 1073 | 6.54 10~*
8 | 157.20 66.5 148 53 2.231073 | 7.97 107
9 | 160.07 66.5 185 72 2.78 1072 | 1.08 1073
10 | 39.39 67 122 57.5 1.821073 | 8.58 10~
11 | 42.08 67 137 67.5 2.041073 | 1.01 1073
12 | 43.96 67 175 91.5 2.611073 | 1.37 1073
13 ] 0.34 66 111 69.5 1.68 1072 | 1.05 1073
14| 0.34 66 122 86.5 1.851073 | 1.31 1073
15| 0.63 66 147 120 2231073 | 1.821073
16 | 675.73 66.5 176 37.5 2.65107% | 5.64 1074
17 | 676.09 66.5 199 50 2.991073 | 7.52 10~
18 | 670.00 66.5 256 62 3.851073 | 9.32 10~
19 | 198.92 67 160 53.5 2391073 | 7.99 10~*
20 | 199.46 67 183 67.5 2.731073 | 1.01 1073
21 | 197.67 67 240 85.5 3.58107% | 1.28 1073
22 | 55.33 66 145 68 2.201073 | 1.03 1073
23 | 56.49 66 168 83 2.551073 | 1.26 1073
24 | 57.30 66 221 110 3.351073 | 1.67 1073
25| 0.92 67 127 90.5 1.901073 | 1.35 1073
26 | 1.30 67 146 112 2.181073 | 1.67 1073
27 1 2.10 67 184 153 2.751073 | 2.28 1073
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Table A.4: Parameters for the experiments from the work [22]

Ry

*

g

Lg, m

Dg, m

Mg

Ri

—_
o@ooqmmphww}—n:ﬁ:

I I I N N I N N I S e e el e T T e
YT W O OO0 Ut W -

[\
BN

0.04
0.09
0.12
0.86
0.43
0.09
0.86
0.43
0.09
0.86
0.43
0.09
0.86
0.43
0.09
1.16
0.58
0.12
1.16
0.58
0.12
1.16
0.58
0.12
1.16
0.58
0.12

0.04
0.04
0.04
0.36
0.18
0.04
0.36
0.18
0.04
0.36
0.18
0.04
0.36
0.18
0.04
0.36
0.18
0.04
0.36
0.18
0.04
0.36
0.18
0.04
0.36
0.18
0.04

1.40 1073
2.90 1073
3.60 1073
2101073
2.40 1073
2.90 1073
2.101073
2.40 1073
2.90 1073
2101073
2.40 1073
2.90 1073
2.101073
2.40 1073
2.90 1073
2.60 1073
3.00 1073
3.60 1073
2.60 1073
3.00 1073
3.60 1073
2.60 1073
3.00 1073
3.60 1073
2.60 1073
3.00 1073
3.60 1073

5.68 10~
2.10107°
3.00 1073
1.2010°%
1.6010°*
2.10107°
1.20 1073
1.60 1072
2.10 1073
1.2010°%
1.60107*
2.10107°
1.20 1073
1.60107*
2.10 1073
1.7010°*
2.20107°
3.00 1073
1.70107?
2.20 1073
3.00 1073
1.70107%
2.20107°
3.00 1073
1.7010°*
2.20 1073
3.00 10°°

0.49
1.82
2.61
1.05
1.35
1.82
1.05
1.35
1.82
1.05
1.35
1.82
1.05
1.35
1.82
1.50
1.92
2.61
1.50
1.92
2.61
1.50
1.92
2.61
1.50
1.92
2.61

2.98 10°
6.04 10°
8.16 103
2.07 106
2.07 106
2.07 10°
2.59 10°
2.59 10°
2.59 10°
3.24 104
3.24 104
3.24 104
5.06 102
5.06 102
5.06 102
2.80 106
2.80 108
2.80 108
3.50 10°
3.50 10°
3.50 10°
4.3710*
4.3710*
4.3710*
6.83 102
6.83 102
6.83 102
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A.2 Wei et al. [95]

Table A.5: Physical parameters from the work of Wei [95]

Parameter Symbol | Dimension | Value
Heat source power q W 1800
Density p kg/m3 5710
Thermal conductivity (liquid) ky W/m K 43
Thermal conductivity (solid) ks W/m K 97

Heat source size o m 0.001
Heat capacity p J/kg K 890
Thermal diffusivity (liquid) o m? /s 8.40 107°
Thermal diffusivity (solid) Qs m? /s 8.40 1076
Latent heat of melting igl J/kg 3.10 107°
Melting temperature T K 1546
Preheat temperature T K 300
Stefan number Ste - 3.58
Rykalin number Ry - 0.37
Dimensionless heat source size o* - 0.16
Estimation for L from the Gaussian model | Lg m 2.10 1073
Estimation for D from the Gaussian model | Dg m 1.40 1073
Travel speed U m/s 6.00 1073
Aspect ratio for the Gaussian model AR - 1.39
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Table A.6: Parameters from the work of Wei [95]

# | v,m?/s |o,N/mK| Pr Ri Pe | Per (Eq. 4.33)
1 ]250107% | 1.0010=* | 0.30 | 1.17 10° | 51.19 87.71
2 1250107¢ | 3.00107* | 0.30 | 3.51 10° | 86.90 151.92
3 1250107¢ | 5.00107* | 0.30 | 5.84 10° | 111.90 196.12
4 12501076 | 1.00 1072 | 0.30 | 1.17 106 | 155.95 277.36
5 13.35107% | 1.0010~* | 0.40 | 6.55 10* | 45.24 75.89
6 |3.35107% | 3.00107* | 0.40 | 1.97 10° | 80.95 131.45
7 13.35107% | 5.00107* | 0.40 | 3.28 10° | 101.19 169.70
8 3.35107¢ | 1.00 1073 | 0.40 | 6.55 10° | 142.86 239.99
9 [4.19107% | 1.00107* | 0.50 | 4.18 10* | 40.48 67.84
10 | 4.19107% | 3.0010~* | 0.50 | 1.26 10° | 73.81 117.51
11 | 4.19107% | 5.0010™* | 0.50 | 2.09 10° | 95.24 151.70
12 | 4.19107% | 1.00 1073 | 0.50 | 4.18 10° | 133.33 214.54
13 5.03107¢ | 1.00 10~* | 0.60 | 2.90 10* | 39.29 61.91
14 | 5.03107¢ | 3.00 10~* | 0.60 | 8.71 10* | 67.86 107.23
15| 5.03107¢ | 5.00107* | 0.60 | 1.4510° | 90.48 138.44
16 | 5.03107% | 1.00 1073 | 0.60 | 2.90 10° | 127.38 195.78
17 | 5.85107% | 1.0010™* | 0.70 | 2.14 10* | 36.90 57.39
18 | 5.85107¢ | 3.00 107* | 0.70 | 6.43 10* | 66.67 99.40
19 | 5.85107¢ | 5.00 10~ | 0.70 | 1.07 10° | 84.52 128.33
20 | 5.851076 | 1.00 107 | 0.70 | 2.14 10° | 120.24 181.48
21 [ 6.69107% | 1.00107* | 0.80 | 1.64 10* | 34.52 53.66
22 1 6.69107% | 3.00107* | 0.80 | 4.91 10* | 61.90 92.95
23 16.69 1075 | 5.00107* | 0.80 | 8.1910* | 82.14 120.00
241 6.69 1075 | 1.00 1072 | 0.80 | 1.64 10° | 114.29 169.70
25| 7531075 | 1.0010™* | 0.90 | 1.29 10* | 30.95 50.58
26 | 7.53 1075 | 3.0010~* | 0.90 | 3.88 10* | 59.52 87.61
27 | 7.53107% | 5.0010~* | 0.90 | 6.46 10* | 75.00 113.10
28 | 7.53107% | 1.00107® | 0.90 | 1.29 10° | 107.14 159.95

153




A.3 Mishra et al. [53]

Table A.7: Parameters of the experiments from the work of Mishra et al. [53]

# | # in Mishra et al. 53] | I, A | V, V| qesr, W o, m U,m/s | p, kg/m3
1 Exp. 1 101 | 9.6 | 969.6 |1.801072 | 1.70 1073 7200
2 Exp. 3 150 9.9 1485 2351073 | 1.70 1073 7200

Table A.8: Parameters of the experiments from the work of Mishra et al. [53]

# | v,m?/s |k, WmK ]|k, WmEK /|y, NNmK|c,, J/kg K | ¢, J/kg K
119311077 125.5 25.08 3.00 1074 807.1 702.24
219311077 125.5 25.08 3.00 1074 807.1 702.24

Table A.9: Parameters of the experiments from the work of Mishra et al. [53]

# | ag, m?/s | oy, m%/s | Tp,, K | Too, K | ig, J/kg | Ste | tyee, m/s | Pe
1 4961076216107 | 1745 300 2.51 10° | 4.05 0.235 19.59
2 14.96107%|216107° | 1745 300 2.51 10° | 4.05 0.384 41.78
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Table A.10: Parameters of the experiments from the work of Mishra et al. [53]

#

L, m

D, m

Ry

*

o

Ri

Pr

1
2

4.83 1073
6.80 1073

1.371073
2.181073

0.88
1.34

0.31
0.31

3.72 10°
5.69 10°

0.04
0.04

Table A.11: Parameters of the experiments from the work of Mishra et al. [53]

i

ARa

L(;, m

Dg, m

1
2

1.11
1.11

3.81107°
5.14 1073

2.50 1077
3.48107°
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A.4 Robert and DebRoy [97]

Table A.12: Parameters for the high speed steel experiments from the work of Robert
and DebRoy [97]

Parameter Symbol Dimension Value
Density P) kg/m3 8100
Kinematic viscosity v m?/s 7.41 1077
Thermal conductivity (liquid) k W/m K 22.9
Thermal conductivity (solid) ks W/m K 22.9
Heat source size o m 1.16 1073
Surface tension temperature coeff. op N/m K 5.00 10~
Dynamic viscosity U Pa s 6.00 1073
Heat capacity (liquid) Cp) J/kg K 723.14
Heat capacity (solid) Cp, J/kg K 627
Thermal diffusivity (solid) Qs m? /s 4.51107°
Latent heat of melting il J/kg 2.51 10°
Melting temperature T K 1620
Preheat temperature T K 300
Stefan number Ste - 3.3
Prandtl number Pr - 0.19
Rivas number Ri - 1.31 106
Welding time t s 5

Heat source distribution - - Top hat

Table A.13: Parameters of the high speed steel experiments from the work of Robert
and DebRoy [97]

#1q W| n D, m L, m Uest, m/s | Peg
111900 |0.14 | 6.2310°* | 1.1710°3 0.05 14.82
2 15200 | 0.12 | 1.601072 | 2.85 1073 0.2 59.29
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Appendix B: Numerical modelling
raw results

B.1 Regime I
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Figure B.1: Location of the dimensionless parameters for Regime I.
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Figure B.2: Location of the dimensionless parameters for Regime I and the experiment
numbers.
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Exp 1.01

Grid Independence Analysis
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Figure B.3: Convergence for Exp 1.01: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.4: Streamlines for Exp 1.01.
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Figure B.5: Temperature field for Exp 1.01.
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Figure B.6: Velocity magnitude contour for Exp 1.01.
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Figure B.7: Temperature at the axis of symmetry for Exp 1.01.
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Figure B.8: Temperature at the cutline at r*=1 for Exp 1.01.
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Figure B.9: Temperature at the free surface for Exp 1.01.
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Figure B.10: Velocity at the free surface for Exp 1.01.
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Velocity at the Cutline
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Figure B.11: Radial velocity u at the cutline at r*=1 for Exp 1.01.

Exp 1.02-1.7

The results for Exp 1.02, Exp 1.1-1.7 are identical up to 5" digit after decimal point.
Because of this fact, only one set of graphs and data is present here for these experi-
ments. The difference between peak velocity magnitude for Exp 1.01 and 1.02-1.7 is

quite negligible, too, and is not greater than 1-107°.
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Grid Independence Analysis
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Figure B.12: Convergence for Exp 1.02-1.7: peak velocity values vs number of nodes
in logarithmic scale.
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Figure B.13: Streamlines for Exp 1.02-1.7.
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Figure B.14: Temperature field for Exp 1.02-1.7.
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Figure B.15: Velocity magnitude contour for Exp 1.02-1.7.
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Figure B.16: Temperature at the axis of symmetry for Exp 1.02-1.7.
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Figure B.17: Temperature at the cutline at r*=1 for Exp 1.02-1.7.
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Figure B.18: Temperature at the free surface for Exp 1.02-1.7.

Velocity Surface
0.08-)

0.07-

0.06

=005

sh-

0.04

Velocity v[ m
o
o
w

‘ : . : . . : : : . : : : . ‘
0 0.5 1 15
Y[m]

— Series 1

Figure B.19: Velocity at the free surface for Exp 1.02-1.7.
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Figure B.20: Radial velocity u at the cutline at r*=1 for Exp 1.02-1.7.
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B.2 Regime II

log,, Pr

-10 -8 -6 -4 -2 0 2 4 6 8
log,o Ri

Figure B.21: Location of the dimensionless parameters for Regime II.
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Figure B.22: Location of the dimensionless parameters for Regime II and the exper-
iment numbers.
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Figure B.23: Convergence for Exp 2.01: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.24: Streamlines for Exp 2.01.
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Figure B.25: Temperature field for Exp 2.01.
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Figure B.26: Velocity magnitude contour for Exp 2.01.
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Figure B.27: Temperature at the axis of symmetry for Exp 2.01.
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Figure B.28: Temperature at the cutline at r*=1 for Exp 2.01.
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Figure B.29: Temperature at the free surface for Exp 2.01.
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Figure B.30: Velocity at the free surface for Exp 2.01.
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Figure B.31: Radial velocity u at the cutline at r*=1 for Exp 2.01.
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Figure B.32: Convergence for Exp 2.02: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.33: Streamlines for Exp 2.02.
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Figure B.34: Temperature field for Exp 2.02.
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Figure B.35: Velocity magnitude contour for Exp 2.02.
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Figure B.36: Temperature at the axis of symmetry for Exp 2.02.
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Figure B.37: Temperature at the cutline at r*=1 for Exp 2.02.
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Figure B.38: Temperature at the free surface for Exp 2.02.
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Figure B.39: Velocity at the free surface for Exp 2.02.
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Figure B.40: Radial velocity u at the cutline at r*=1 for Exp 2.02.
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Figure B.41: Convergence for Exp 2.1: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.42: Streamlines for Exp 2.1.
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Figure B.43: Temperature field for Exp 2.1.
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Figure B.44: Velocity magnitude contour for Exp 2.1.
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Figure B.45: Temperature at the axis of symmetry for Exp 2.1.
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Figure B.46: Temperature at the cutline at r*=1 for Exp 2.1.
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Figure B.47: Temperature at the free surface for Exp 2.1.
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Figure B.48: Velocity at the free surface for Exp 2.1.
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Figure B.49: Radial velocity u at the cutline at r*=1 for Exp 2.1.
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Figure B.50: Convergence for Exp 2.2: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.51: Streamlines for Exp 2.2.
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Figure B.52: Temperature field for Exp 2.2.
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Figure B.53: Velocity magnitude contour for Exp 2.2.
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Figure B.54: Temperature at the axis of symmetry for Exp 2.2.
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Figure B.55: Temperature at the cutline at r*=1 for Exp 2.2.
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Figure B.56: Temperature at the free surface for Exp 2.2.
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Figure B.57: Velocity at the free surface for Exp 2.2.
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Figure B.58: Radial velocity u at the cutline at r*=1 for Exp 2.2.
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Figure B.59: Convergence for Exp 2.3: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.60: Streamlines for Exp 2.3.
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Figure B.61: Temperature field for Exp 2.3.
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Figure B.62: Velocity magnitude contour for Exp 2.3.
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Figure B.63: Temperature at the axis of symmetry for Exp 2.3.
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Figure B.64: Temperature at the cutline at r*=1 for Exp 2.3.
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Figure B.65: Temperature at the free surface for Exp 2.3.
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Figure B.66: Velocity at the free surface for Exp 2.3.
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Figure B.67: Radial velocity u at the cutline at r*=1 for Exp 2.3.
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Figure B.68: Convergence for Exp 2.4: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.69: Streamlines for Exp 2.4.
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Figure B.70: Temperature field for Exp 2.4.
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Figure B.71: Velocity magnitude contour for Exp 2.4.
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Figure B.72: Temperature at the axis of symmetry for Exp 2.4.
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Figure B.73: Temperature at the cutline at r*=1 for Exp 2.4.
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Figure B.74: Temperature at the free surface for Exp 2.4.
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Figure B.76: Radial velocity u at the cutline at r*=1 for Exp 2.4.
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Figure B.77: Convergence for Exp 2.5: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.78: Streamlines for Exp 2.5.
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Figure B.79: Temperature field for Exp 2.5.
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Figure B.80: Velocity magnitude contour for Exp 2.5.
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Figure B.81: Temperature at the axis of symmetry for Exp 2.5.
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Figure B.82: Temperature at the cutline at r*=1 for Exp 2.5.
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Figure B.83: Temperature at the free surface for Exp 2.5.
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Figure B.84: Velocity at the free surface for Exp 2.5.
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Figure B.86: Convergence for Exp 2.6: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.87: Streamlines for Exp 2.6.
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Figure B.88: Temperature field for Exp 2.6.
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Figure B.89: Velocity magnitude contour for Exp 2.6.
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Figure B.90: Temperature at the axis of symmetry for Exp 2.6.

204



Temperature at the Cutline

0
-0.2
0.4
T
x
-0.6
-0.8
1
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Temperature [ K]
— Series 1
Figure B.91: Temperature at the cutline at r*=1 for Exp 2.6.
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Figure B.92: Temperature at the free surface for Exp 2.6.
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Figure B.93: Velocity at the free surface for Exp 2.6.
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Figure B.94: Radial velocity u at the cutline at r*=1 for Exp 2.6.
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Figure B.95: Convergence for Exp 2.7: peak velocity values vs number of nodes in
logarithmic scale.

ANSYS
Velocity Azmi':z
0.0515 RCADEMIC

0.0386

0.0257

0.0129

0.0000

Figure B.96: Streamlines for Exp 2.7.
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Figure B.97: Temperature field for Exp 2.7.
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Figure B.98: Velocity magnitude contour for Exp 2.7.
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Figure B.99: Temperature at the axis of symmetry for Exp 2.7.
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Figure B.100: Temperature at the cutline at r*=1 for Exp 2.7.
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Figure B.101: Temperature at the free surface for Exp 2.7.
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Figure B.102: Velocity at the free surface for Exp 2.7.
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Figure B.104: Convergence for Exp 2.8: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.107: Velocity magnitude contour for Exp 2.8.
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Figure B.108: Temperature at the axis of symmetry for Exp 2.8.
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Figure B.109: Temperature at the cutline at r*=1 for Exp 2.8.
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Figure B.110: Temperature at the free surface for Exp 2.8.
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Figure B.111: Velocity at the free surface for Exp 2.8.
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Figure B.112: Radial velocity u at the cutline at r*=1 for Exp 2.8.
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Figure B.113: Convergence for Exp 2.9: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.114: Streamlines for Exp 2.9.
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Figure B.115: Temperature field for Exp 2.9.
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Figure B.116: Velocity magnitude contour for Exp 2.9.
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Figure B.117: Temperature at the axis of symmetry for Exp 2.9.
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Figure B.118: Temperature at the cutline at r*=1 for Exp 2.9.
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Figure B.119: Temperature at the free surface for Exp 2.9.
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Figure B.120: Velocity at the free surface for Exp 2.9.
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Figure B.121: Radial velocity u at the cutline at r*=1 for Exp 2.9.
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Figure B.122: Location of the dimensionless parameters for Regime III.
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Figure B.123: Location of the dimensionless parameters for Regime III and the ex-
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Figure B.124: Convergence for Exp 3.01: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.125: Streamlines for Exp 3.01.
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Figure B.126: Temperature field for Exp 3.01.
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Figure B.127: Velocity magnitude contour for Exp 3.01.
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Figure B.129: Temperature at the cutline at r*=1 for Exp 3.01.
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Figure B.128: Temperature at the axis of symmetry for Exp 3.01.
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Figure B.130: Temperature at the free surface for Exp 3.01.
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Figure B.131: Velocity at the free surface for Exp 3.01.
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Figure B.132: Radial velocity u at the cutline at r*=1 for Exp 3.01.
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Figure B.133: Convergence for Exp 3.02: peak velocity values vs number of nodes in
logarithmic scale.

227



ANSYS
2019 R2

Velocity
0.0690

ACADEMIC

0.0518

0.0345

0.0173

0.0000

Figure B.134: Streamlines for Exp 3.02.

ANSYS
Temperature 2019 R2
0.7525 ACADEMIC

0.6772
0.6020
0.5267
0.4515
0.3762
0.3010
0.2257
0.1505
0.0752
0.0000

Figure B.135: Temperature field for Exp 3.02.

228



e
Velocity ACADEMIC
0.0690

0.0621
0.0552
0.0483
0.0414
0.0345
0.0276
0.0207
0.0138
0.0069
0.0000

Figure B.136: Velocity magnitude contour for Exp 3.02.
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Figure B.137: Temperature at the axis of symmetry for Exp 3.02.
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Figure B.138: Temperature at the cutline at r*=1 for Exp 3.02.
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Figure B.139: Temperature at the free surface for Exp 3.02.
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Figure B.140: Velocity at the free surface for Exp 3.02.
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Figure B.141: Radial velocity u at the cutline at r*=1 for Exp 3.02.
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Figure B.142: Convergence for Exp 3.1: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.143: Streamlines for Exp 3.1.

232



ANSYS
2019 R2

ACADEMIC

Temperature
0.7029

0.6326
0.5624
0.4921
0.4218
0.3515
0.2812
0.2109
0.1406
0.0703
0.0000

Figure B.144: Temperature field for Exp 3.1.
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Figure B.145: Velocity magnitude contour for Exp 3.1.
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Figure B.146: Temperature at the axis of symmetry for Exp 3.1.
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Figure B.147: Temperature at the cutline at r*=1 for Exp 3.1.
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Figure B.148: Temperature at the free surface for Exp 3.1.
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Figure B.149: Velocity at the free surface for Exp 3.1.
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Figure B.150: Radial velocity u at the cutline at r*=1 for Exp 3.1.
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Figure B.151: Convergence for Exp 3.2: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.152: Streamlines for Exp 3.2.
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Figure B.153: Temperature field for Exp 3.2.
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Figure B.154: Velocity magnitude contour for Exp 3.2.
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Figure B.155: Temperature at the axis of symmetry for Exp 3.2.
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Figure B.156: Temperature at the cutline at r*=1 for Exp 3.2.
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Figure B.157: Temperature at the free surface for Exp 3.2.
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Figure B.158: Velocity at the free surface for Exp 3.2.
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Figure B.159: Radial velocity u at the cutline at r*=1 for Exp 3.2.
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Figure B.162: Temperature field for Exp 3.3.
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Figure B.163: Velocity magnitude contour for Exp 3.3.
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Figure B.164: Temperature at the axis of symmetry for Exp 3.3.
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Figure B.165: Temperature at the cutline at r*=1 for Exp 3.3.
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Figure B.166: Temperature at the free surface for Exp 3.3.
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Figure B.167: Velocity at the free surface for Exp 3.3.
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Figure B.168: Radial velocity u at the cutline at r*=1 for Exp 3.3.
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Figure B.169: Convergence for Exp 3.4: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.172: Velocity magnitude contour for Exp 3.4.
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Figure B.173: Temperature at the axis of symmetry for Exp 3.4.
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Figure B.174: Temperature at the cutline at r*=1 for Exp 3.4.
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Figure B.175: Temperature at the free surface for Exp 3.4.
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Figure B.176: Velocity at the free surface for Exp 3.4.
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Figure B.177: Radial velocity u at the cutline at r*=1 for Exp 3.4.
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Figure B.178: Convergence for Exp 3.5: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.179: Streamlines for Exp 3.5.
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Figure B.181: Velocity magnitude contour for Exp 3.5.
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Figure B.182: Temperature at the axis of symmetry for Exp 3.5.
Temperature at the Cutline

0
0.2
04
0.6
0.8
1

T T T T T T T T T T T T T T T T T 1

0.1 0.2 03 0.4 05 06

Temperature [ K]
— Series 1

Figure B.183: Temperature at the cutline at r*=1 for Exp 3.5.
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Figure B.184: Temperature at the free surface for Exp 3.5.
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Figure B.185: Velocity at the free surface for Exp 3.5.
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Figure B.186: Radial velocity u at the cutline at r*=1 for Exp 3.5.
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Figure B.187: Location of the dimensionless parameters for Regime IV.
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Figure B.188: Location of the dimensionless parameters for Regime IV and the ex-
periment numbers.
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Figure B.189: Convergence for Exp 4.1: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.190: Streamlines for Exp 4.1.
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Figure B.191: Temperature field for Exp 4.1.
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Figure B.192: Velocity magnitude contour for Exp 4.1.
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Figure B.193: Temperature at the axis of symmetry for Exp 4.1.
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Figure B.194: Temperature at the cutline at r*=1 for Exp 4.1.
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Figure B.195: Temperature at the free surface for Exp 4.1.
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Figure B.196: Velocity at the free surface for Exp 4.1.
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Figure B.198: Convergence for Exp 4.2: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.199: Streamlines for Exp 4.2.
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Figure B.200: Temperature field for Exp 4.2.
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Figure B.201: Velocity magnitude contour for Exp 4.2.
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Figure B.202: Temperature at the axis of symmetry for Exp 4.2.
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Figure B.203: Temperature at the cutline at r*=1 for Exp 4.2.
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Figure B.204: Temperature at the free surface for Exp 4.2.
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Figure B.205: Velocity at the free surface for Exp 4.2.
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Figure B.206: Radial velocity u at the cutline at r*=1 for Exp 4.2.
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Figure B.209: Temperature field for Exp 4.3.
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Figure B.210: Velocity magnitude contour for Exp 4.3.
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Figure B.211: Temperature at the axis of symmetry for Exp 4.3.
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Figure B.212: Temperature at the cutline at r*=1 for Exp 4.3.
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Figure B.213: Temperature at the free surface for Exp 4.3.

Velocity Surface

T T T T T T T T T T T
0.5 1 1.5
Y[m]
— Series 1

Figure B.214: Velocity at the free surface for Exp 4.3.
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Figure B.215: Radial velocity u at the cutline at r*=1 for Exp 4.3.
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Figure B.216: Location of the dimensionless parameters for Regime V.
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Figure B.217: Location of the dimensionless parameters for Regime V and the exper-
iment numbers.
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Figure B.218: Convergence for Exp 5.01: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.219: Streamlines for Exp 5.01.
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Figure B.220: Temperature field for Exp 5.01.
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Figure B.221: Velocity magnitude contour for Exp 5.01.
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Figure B.223: Temperature at the cutline at r*=1 for Exp 5.01.
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Figure B.222: Temperature at the axis of symmetry for Exp 5.01.
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Figure B.224: Temperature at the free surface for Exp 5.01.
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Figure B.225: Velocity at the free surface for Exp 5.01.
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Figure B.226: Radial velocity u at the cutline at r*=1 for Exp 5.01.
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Figure B.227: Convergence for Exp 5.02: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.228: Streamlines for Exp 5.02.
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Figure B.229: Temperature field for Exp 5.02.
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Figure B.230: Velocity magnitude contour for Exp 5.02.
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Figure B.231: Temperature at the axis of symmetry for Exp 5.02.
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Figure B.232: Temperature at the cutline at r*=1 for Exp 5.02.
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Figure B.233: Temperature at the free surface for Exp 5.02.
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Figure B.234: Velocity at the free surface for Exp 5.02.
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Figure B.235: Radial velocity u at the cutline at r*=1 for Exp 5.02.
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Figure B.236: Convergence for Exp 5.1: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.237: Streamlines for Exp 5.1.
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Figure B.238: Temperature field for Exp 5.1.
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Figure B.239: Velocity magnitude contour for Exp 5.1.
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Figure B.240: Temperature at the axis of symmetry for Exp 5.1.
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Figure B.241: Temperature at the cutline at r*=1 for Exp 5.1.
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Figure B.242: Temperature at the free surface for Exp 5.1.
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Figure B.243: Velocity at the free surface for Exp 5.1.
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Figure B.244: Radial velocity u at the cutline at r*=1 for Exp 5.1.
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Figure B.245: Convergence for Exp 5.2: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.246: Streamlines for Exp 5.2.
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Figure B.247: Temperature field for Exp 5.2.
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Figure B.248: Velocity magnitude contour for Exp 5.2.
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Figure B.249: Temperature at the axis of symmetry for Exp 5.2.
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Figure B.250: Temperature at the cutline at r*=1 for Exp 5.2.
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Figure B.251: Temperature at the free surface for Exp 5.2.
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Figure B.253: Radial velocity u at the cutline at r*=1 for Exp 5.2.
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Figure B.254: Convergence for Exp 5.3: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.255: Streamlines for Exp 5.3.

291



ANSYS

2019R2

Temperature _
ACADEMIC

0.6488
0.5839
0.5190
0.4542
0.3893
0.3244
0.2595
0.1946
0.1298
0.0649
0.0000

Figure B.256: Temperature field for Exp 5.3.
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Figure B.257: Velocity magnitude contour for Exp 5.3.
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Figure B.258: Temperature at the axis of symmetry for Exp 5.3.
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Figure B.259: Temperature at the cutline at r*=1 for Exp 5.3.
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Figure B.260: Temperature at the free surface for Exp 5.3.
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Figure B.261: Velocity at the free surface for Exp 5.3.
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Figure B.262: Radial velocity u at the cutline at r*=1 for Exp 5.3.
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Figure B.263: Convergence for Exp 5.4: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.264: Streamlines for Exp 5.4.
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Figure B.265: Temperature field for Exp 5.4.
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Figure B.266: Velocity magnitude contour for Exp 5.4.
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Figure B.267: Temperature at the axis of symmetry for Exp 5.4.
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Figure B.268: Temperature at the cutline at r*=1 for Exp 5.4.
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Figure B.269: Temperature at the free surface for Exp 5.4.
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Figure B.271: Radial velocity u at the cutline at r*=1 for Exp 5.4.
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Figure B.272: Convergence for Exp 5.5: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.273: Streamlines for Exp 5.5.
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Figure B.274: Temperature field for Exp 5.5.
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Figure B.275: Velocity magnitude contour for Exp 5.5.
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Figure B.276: Temperature at the axis of symmetry for Exp 5.5.
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Figure B.277: Temperature at the cutline at r*=1 for Exp 5.5.
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Figure B.278: Temperature at the free surface for Exp 5.5.
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Figure B.279: Velocity at the free surface for Exp 5.5.

303




Velocity at the Cutline

-

-0.2

-0.4

X[m]

-0.6

.

T T T T T T T T T T T T T T T T T T ]
-0.005 0 0.005 0.01 0.015
Velocity v [ ms~-11]

— Series 1

Figure B.280: Radial velocity u at the cutline at r*=1 for Exp 5.5.
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Figure B.281: Convergence for Exp 5.6: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.282: Streamlines for Exp 5.6.
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Figure B.283: Temperature field for Exp 5.6.
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Figure B.284: Velocity magnitude contour for Exp 5.6.

Temperature at the Cutline

-0.2

-0.4

X[m]

-0.6

-0.8

Temperature [ K]
— Series 1

Figure B.285: Temperature at the axis of symmetry for Exp 5.6.
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Figure B.286: Temperature at the cutline at r*=1 for Exp 5.6.

Temperature at the Surface

—

\

e
w

Temperature [ K]

e
~

T . . : . : . . : . :
05 1 15
Y[m]

— Series 1

Figure B.287: Temperature at the free surface for Exp 5.6.
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Figure B.288: Velocity at the free surface for Exp 5.6.
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Figure B.289: Radial velocity u at the cutline at r*=1 for Exp 5.6.
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Figure B.290: Convergence for Exp 5.7: peak velocity values vs number of nodes in
logarithmic scale.
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Figure B.291: Streamlines for Exp 5.7.
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Figure B.292: Temperature field for Exp 5.7.
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Figure B.293: Velocity magnitude contour for Exp 5.7.
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Figure B.294: Temperature at the axis of symmetry for Exp 5.7.
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Figure B.295: Temperature at the cutline at r*=1 for Exp 5.7.
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Figure B.296: Temperature at the free surface for Exp 5.7.
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Figure B.297: Velocity at the free surface for Exp 5.7.
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