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Abstract

In this study, numerical investigation has been performed on the evolution of weld pool geometry with moving free surface dur-

ing low-energy density laser welding process. The free surface elevates near the weld pool edge and descends at the center if dr/dT is

dominantly negative. It is shown that the predicted width and depth of the weld pool with moving free surface are a little greater

than those with flat weld pool surface. It is also believed that the oscillation of the weld pool surface during the melting process

augments the rate of convective heat transfer in the weld pool. The present analysis with moving free surface should be considered

when Peclet number is greater and Weber number is much smaller than one since the deformation of the weld pool surface is notice-

able as Pe number increases and We number decreases, especially when
ffiffiffiffiffi
Pe

p
=We is greater than the order of 10.
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Keywords: Laser welding; Free surface flow; Marangoni convection; Continuum surface force
1. Introduction

Lasers are very efficient means in performing precise

industrial welding process, because they have a number

of attractive features such as high welding strength, high

welding speed, and minimal heat-affected region than

TIG(tungsten inert gas) welding, CO2 welding, and

other welding processes. Incident laser beam is partially
reflected off the target surface, and the remains are ab-

sorbed by the target material, which consequently raises

the temperature of the target surface above melting

point. According to the power density of the incident

laser beam, laser welding process is generally divided

into low-power density laser welding and high-power

density laser welding (Bauerle, 1996). In low-power den-

sity laser welding as shown in the Fig. 1, the weld pool is
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created by melting the material and the fluid flow in the

weld pool is driven dominantly by the spatial variation

of the surface tension in the weld pool surface caused

by the large temperature gradient. The weld pool cre-

ated by low-power laser welding has no keyhole forma-

tion. The width of the weld pool by low-power laser

welding is wider than that by high-power laser welding.

The depth of the weld pool generated by low-power
laser welding is shallower than the one by high-power

laser welding. During laser welding processes, the fluid

flow and heat transfer in the weld pool significantly

affect the width and depth of the weld pool. Studies have

shown that the modeling of the laser welding process

is very complex since its modeling includes the pheno-

mena such as thermal conduction/convection in phase-

change system and fluid flow with free surface effects.
There are many previous works (Duley, 1999; Chan

et al., 1984; Basu and Debroy, 1992; Kim and Sim,

1997; Robert and Debroy, 2001) dealing with the shape
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Fig. 1. Schematic representation of the melt pool dynamics in

conduction welding.

Nomenclature

a coefficient of solution matrix

cp specific heat (J/kg K)
dr/dT temperature coefficient of surface tension

(N/m K)

dh grid size (m)

f volume fraction of material

Fsa surface tension force per unit area (N/m2)

Fsv surface tension force per unit volume (N/m3)

g volume fraction of liquid material

k thermal conductivity (W/m K)
L latent heat of fusion (J/kg)
~n normal vector

p pressure (Pa)

r coordinate in radial direction

r0 radius of laser beam (m)

S source term

T temperature (K)

t time (s)
t̂ unit tangential vector

u velocity (m/s)
~u auxiliary velocity computed from incremental

changes in un (m/s)

z coordinate in vertical (axial) direction

[f] jump in VOF function

Greeks

a thermal diffusivity (m2/s)

j curvature of surface (m�1)

r surface tension (N/m)

l dynamic viscosity (kg/m s)

Subscripts

nb neighboring nodes to node point

p node point

r radial direction

s tangential direction

z vertical (axial) direction

Superscripts

m current iteration time level
m + 1 next iteration time level

n previous time level

n + 1 current time level
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and size of the weld pool in relation to various laser

parameters with non-deformable weld pool surface.

Recently, Marathe and Ravi (2004) performed numeri-

cal modeling of Marangoni convection with free surface
in the Arbitrary Lagrangian Eulerian frame and it was

applied laser melting problem. However, the effects of

free surface evolution and dimensionless parameters

during laser welding have not been extensively examined

up to now.

In this study, the free surface evolution is numerically

traced by using fixed meshes. The numerical results are

validated by comparing the experimental data for laser
spot welding on steel (Pitscheneder et al., 1996), gallium

(Limmaneevichitr and Kou, 2000) and alumina (Hirsch

et al., 1998) plate. The volume-of-fluid (VOF) method

(Rider and Kothe, 1998) and modified continuum sur-

face force (CSF) method (Brackbill et al., 1992) are em-

ployed in this study to incorporate Marangoni effect

with deformable free surface.
2. Numerical model description

2.1. Governing equation

The Eulerian finite difference model considered in this

work couples a two-dimensional axisymmetric Navier–

Stokes equation solver for fluid flow with free surfaces
using RIPPLE (Kothe and Mjolsness, 1991) and energy

equation with source-based solidification algorithm

(Swaminathan and Voller, 1993). The tracking of free

surface is given by the VOF transport equations with

piecewise-linear interface calculation (PLIC) method

(Rider and Kothe, 1998). The governing equations con-

sidered in this study are as follows:

Continuity equation:
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Momentum equation:
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In Eqs. (2), (3) and (5), Sur and Suz are momentum source

terms due to the surface tension effect and ST is an en-

ergy source term due to the absorption of incident laser

beam. In this work, a two-step projection method
(Kothe and Mjolsness, 1991) is introduced to solve the

continuity and momentum equation. In the two-step

projection method, Eqs. (2) and (3) are approximated

as follows:
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Eqs. (1), (6.2) and (7.2) can be combined into a single
pressure Poisson equation given below and tilde veloci-

ties, ~ur and ~uz, are obtained by the Eqs. (6.1) and (7.1).

1

r
o

or
r
1

qn

opnþ1

or

� �
þ o

oz
1

qn

pnþ1

oz

� �

¼ � 1

r
o

or
ðr~urÞ þ

o~uz
oz

� ��
dt ð8Þ

and it can be solved by using an incomplete Cholesky

conjugate gradient (ICCG) method. Volume-averaged
enthalpy method (Swaminathan and Voller, 1993) is

used to solve the energy equation and the velocity in

the solid phase is assumed to be zero. Eq. (5), subject

to appropriate boundary and initial conditions, can be

integrated fully implicitly as

aPT mþ1
P ¼ anPT

n
P þ

X
nb

anbTmþ1
nb þ qLðgnP � gmþ1

P Þ ð9Þ

where superscript m represents the current iteration level

and n represents the previous time level. The above sys-
tem of equations is non-linear since the liquid fraction

depends on temperature. A truncated Taylor series

expansion for gm+1 gives

gmþ1 ¼ gm þ dg
dT

T mþ1 � Tm
� 	

ð10Þ

Substitution of Eq. (10) into Eq. (9) yields a linear

source term in the temperature and results in the itera-

tive equation as follows:

aP þ qL
dg
dT

� �
Tmþ1

P ¼ anPT
n
P þ qL

dg
dT

Tm
P

þ
X
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At the surface of the weld pool, Marangoni effect is

incorporated by relating the shear stress to the spatial

gradient of surface tension as follows:

�l
dur
dz

¼ dr
dr

¼ dr
dT

dT
dr

ð12Þ

dr/dT is the temperature coefficient of the surface ten-

sion. In general, dr/dT is negative for pure material

but it can be positive for non-metallic components of

compound. It is difficult to directly use the boundary

condition given by Eq. (12) at the moving free surface.

In this work, the tangential CSF model is introduced
in Section 2.2. This model can convert the boundary

condition given by Eq. (12) to the volumetric source

terms in the momentum equation. Hence, it is conve-

nient to consider Marangoni effect at either the fixed flat

surface or the moving free surface using the tangential

CSF model.

2.2. Normal and tangential CSF model

The following CSF model interprets the surface ten-

sion effect as a continuum body force:

lim
h!0

Z
DV

~F svð~xsÞd3x ¼
Z

DA

~F sað~xsÞdA ð13Þ

~F sa is the surface tension for the unit surface area. In Eq.
(13), the normal surface force for the unit volume is

given as (Brackbill et al., 1992)

~F
ðnÞ
sv ð~xsÞ ¼ rjð~xsÞrf ð14Þ
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The tangential surface force for the unit volume can

be also written as

~F
ðtÞ
sv ð~xsÞ ¼

dr
ds

t̂ð~xsÞj~nð~xsÞj ð15Þ

where normal vector, ~n, is approximated by using the

grid size, dh (Brackbill and Kothe, 1996):

~n ffi ½f �
dh
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dh

ð16Þ

Eq. (15) is rewritten by using Eq. (16) as follows:
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.
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where (Sasmal and Hochstein, 1994)
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Using Eqs. (15) and (17), the volumetric momentum

source terms, Sur and Suz , that appeared in Eqs. (2)

and (3), are given as

Sur ¼ rjnr þrsrr=dh ð19Þ
Suz ¼ rjnz þrsrz=dh ð20Þ
rf
ac

e 
Te

ns
io

n 
x 

10
4 
(N

/m
K

)

1

2

3

4

5

150 ppm Fe-S
2.3. Dimensionless parameters

There are two dimensionless parameters affecting the

shape of the weld pool: Peclet (Pe) number and Marang-

oni (Ma) number. They are defined as

Ma ¼
� dr

dT DTR

la
ð21Þ

Pe ¼ RV
a

¼ heat by convection

heat by conduction
ð22Þ

DT is the temperature difference between the edge and

center of the weld pool. R and V are the radius of the

weld pool and maximum surface velocity, respectively.

Weber (We) number is the additional dimensionless

parameter which determines the magnitude of the weld

pool deformation.

We ¼ qV 2R
r

ð23Þ
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Fig. 2. Temperature coefficient of surface tension for Fe–S as a

function of temperature and sulfur activity.
3. Results and discussions

The present numerical results are compared to the

experimental data. The numerical solution with non-

deformable weld pool surface is also validated to show

that our numerical model can accurately simulate low-

power density laser welding process. The results with
the tangential CSF model for both the flat surface and

the free surface are compared to those for the flat sur-

face with the boundary condition given by Eq. (12).
The Prandtl (Pr) number for the steel, gallium, and alu-

mina used in the analysis is 0.189, 0.024, and 3.17,

respectively.

3.1. Weld pool calculation for the steel

In this case, numerical calculation has been per-

formed for the CO2 laser welding experiment conducted

by Pitscheneder et al. (1996) Laser power distribution is

top hat and target is Böhler S 705 Fe–S. The surface ten-

sion and the coefficient of surface tension for steel is not

a constant but function of temperature and sulfur com-

position (Sahoo et al., 1988) as shown in Eqs. (24) and

(25).

r ¼ r0
m � AðT � T mÞ � RTCs ln 1þ klaie�ðDH0=RT Þ

h i
ð24Þ

dr
dT

¼ �A� RCs lnð1þ KaiÞ �
Kai

ð1þ KaiÞ
CsDH 0

T
ð25Þ

where r0
m, A, ai, Cs, DH0, and kl are the surface tension,

temperature coefficient of pure iron, thermodynamic

activity of sulfur, standard heat of absorption, and en-

tropy factor, respectively. Equilibrium constant K is

given as kle
�(DH0/RT). Fig. 2 shows the coefficient of sur-

face tension for 20 ppm and 150 ppm Fe–S with respect

to temperature. It is shown in Fig. 2 that dr/dT main-

tains negative value in the temperature range over
1700 K for 20 ppm Fe–S. The material properties and

other information pertaining to the simulation are given

in Table 1. The 30 · 35, 42 · 50, and 50 · 60 grid sys-

tems are used for grid dependency test and they have

non-uniform grid spacing with denser grids in the region

adjacent to the weld pool. Fig. 3 shows the weld pool



Table 1

Data used for calculation of velocity and temperature fields (Pitsche-

neder et al., 1996)

Property/parameter Value

Density (kg/m3) 8100.0

Melting point (K) 1620.0

Viscosity (kg/m s) 6.0 · 10�3

Thermal conductivity of solid and liquid (J/m s K) 22.9

Specific heat of solid (J/kg K) 627.0

Specific heat of liquid (J/kg K) 723.14

Latent heat of melting (J/kg) 250.8 · 103

Absorption coefficient 3.33 · 10�4

Beam radius (m) 1.4 · 10�3

Laser power (W) 5200

Target radius (m) 1.5 · 10�2

Target thickness (m) 1.5 · 10�2
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Fig. 3. Grid dependency of weld pool geometry for 20 ppm Fe–S with

irradiation time of 5 s.
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geometry for 20 ppm Fe–S with irradiation time of 5 s,

with respect to grid size. The numerical mass losses

of the target material during the calculation of free sur-

face deformation for the 30 · 35, 42 · 50, and 50 · 60

grid systems are very small, and they are �0.0017%,

�0.0001%, and �0.0002%, respectively. Fig. 4 indicates

the magnified free surface profile of the weld pool for the

20 ppm Fe–S for irradiation time of 5 s with respect to
grid size when dr/dT is dominantly negative. It is noted

that the free surface profiles converge as the grid systems

are denser and the weld pool surface elevates near the

edge and descends at the center. Thus, the result from

the 42 · 50 grid system, showing converged weld pool

shape and small mass error, is used for the following dis-

cussion. Fig. 5 presents the comparison of the predicted

weld depth and width to that of the experimental data.
The width and depth of the weld pool grow rapidly in

the early stage of the welding process and converges to
the quasi-steady state as irradiation time passes 5 s.

Fig. 6 shows the comparison of the predicted aspect
ratio, defined as depth to width of the weld pool, to that

of the experimental data. The aspect ratio of the weld

pool is almost constant except during the early stage in

the welding process. It is shown that the width and depth

of the weld pool with deformation is a little larger than

that without deformation in transient state, but they are

a little smaller than that without deformation in steady

state. The oscillation of the weld pool is enhanced with
deformation of the weld surface. It is believed that oscil-

lation of the weld pool surface during the early stage of
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the melting process augments the convective heat trans-
fer rate in the weld pool. Fig. 7 indicates the comparison

of the weld pool size with and without free surface effect.

The results show that the shapes of the weld pool are al-

most identical but the weld pool width and depth with

free surface evolution are about 3% greater than those

without free surface evolution. The Pe number of the

steel weld pool is about 172 at 5 s and We number is

1.14. Fig. 8 shows the comparison of the predicted weld
geometry to that of the experimental data. It is shown

that our numerical method reasonably simulates the

low-power laser welding process by considering the free

surface motion of the weld pool.
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3.2. Weld pool calculation for gallium

Numerical calculation has been performed for the

CO2 laser welding experiment conducted by Limmane-

evichitr and Kou (2000). Laser power has a Gaussian

distribution and the target is gallium. The surface ten-

sion coefficient for gallium is assumed to be constant.

The material properties and other information used by

the simulation are given in Table 2. The 32 · 32,

37 · 37, and 52 · 52 grid systems are used for grid
dependency test. Fig. 9 shows the weld pool geometry

for gallium with irradiation time of 240 s with respect

to grid size. The numerical mass losses of the target

material during the calculation of free surface deforma-

tion for the 32 · 32, 37 · 37, and 52 · 52 grid systems

are 0.0116%, 0.0173%, and 0.0310%, respectively. Fig.

10 shows the magnified free surface profile of the weld

pool for gallium with irradiation time of 240 s with re-
spect to grid size. The result from 37 · 37 grid system,

showing converged weld pool shape and small mass

error, is used for the following discussion. Fig. 11 shows
Table 2

Data used for calculation of velocity and temperature fields (Lim-

maneevichitr and Kou, 2000)

Property/parameter Value

Density (kg/m3) 6100.0

Surface tension at the melting temperature (N/m s) 0.718

Surface tension coefficient (N/m K) �1 · 10�4

Melting temperature (K) 302.9

Viscosity (kg/m s) 1.94 · 10�3

Thermal conductivity of solid and liquid (J/m s K) 33.0

Specific heat of solid (J/kg K) 393.9

Specific heat of liquid (J/kg K) 409.7

Latent heat of melting (J/kg) 80 · 104

Beam radius (m) 2.95 · 10�3

Laser power (W) 15

Target diameter (m) 25 · 10�3

Target thickness (m) 10 · 10�3
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the comparison of the weld pool size with and without

free surface effect. The aspect ratio of the weld pool is

about 0.32 and the pool width and depth with free sur-

face evolution are about 10% greater than those without

free surface evolution. The Pe number of gallium weld

pool is 20 and We number is 0.12. It is evident from

the results of steel and gallium welding process that

the aspect ratio of the weld pool becomes larger if Pe
number decreases. The weld pool surface deformation

becomes larger if Pe number increases, but it is negligi-

ble ifWe number is greater than 0.1. Fig. 12 depicts the

comparison of the predicted weld geometry to that of
the experimental data. It is shown that the predicted

weld pool width agrees well with that of experimental

data, but the predicted weld pool depth is a little smaller.

3.3. Weld pool calculation for alumina (Al2O3)

In this case, numerical calculation has been per-

formed for the CO2 laser welding experiment conducted
by Hirsch et al. (1998) Laser power distribution is top

hat and radiative heat transfer is considered on the weld

pool surface. The surface tension coefficient for alumina

is assumed to be constant. The material properties and

other information pertaining to the simulation are given

in Table 3. The 35 · 25, 44 · 34, and 50 · 40 grid sys-

tems are used for grid dependency test. Fig. 13 shows

the weld pool geometry for alumina at steady state with
respect to grid size. The numerical mass losses of the tar-

get material during the calculation of free surface defor-

mation for the 35 · 25, 44 · 34, and 50 · 40 grid systems

are �0.0001%, �0.0008%, �0.0007%, respectively. Fig.

14 shows the magnified free surface profile of the alu-



Table 3

Data used for calculation of velocity and temperature fields (Hirsch

et al., 1998)

Property/parameter Value

Density (kg/m3) 3000.0

Surface tension at the liquidus temperature (N/m s) 0.7

Surface tension coefficient (N/m K) �6 · 10�5

Liquidus temperature (K) 2327.0

Solidus temperature (K) 2101.0

Viscosity (kg/m s) 0.105

Thermal conductivity of solid (J/m s K) 5.44

Thermal conductivity of liquid (J/m s K) 4.8

Specific heat of solid (J/kg K) 1424.0

Specific heat of liquid (J/kg K) 1465.0

Latent heat of melting (J/kg) 1.05 · 106

Beam diameter (m) 2.2 · 10�3

Laser power density(W/m2) 64.0 · 106

Target diameter (m) 1.27 · 10�2

Target thickness (m) 1.27 · 10�2
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Fig. 13. Grid dependency of weld pool geometry for alumina at steady

state.
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mina weld pool at steady state with respect to grid size.

It is noted that the free surface profiles are almost the

same as those of the steel and gallium weld pool but

the deformation of the weld pool surface is clearly

shown in the welding process of alumina. For the fol-

lowing discussion, the result from 50 · 40 grid system,

showing converged weld pool shape and small mass

error, is used. Fig. 15 indicates that the comparison of
the weld pool size with and without free surface effect.

The width and depth of the weld pool with free surface

evolution are about 2–4% greater than those without

free surface evolution. The Pe number of alumina weld

pool is 53 and We number is about 0.01. While the Pe

number of alumina weld pool is smaller than that of

steel, the aspect ratio of the alumina weld pool, about

0.17, is smaller than that of the steel weld pool because
a small amount of heat, that could be transferred to the

alumina substrate by conduction, is removed by radia-

tion. It is evident that the weld pool surface deformation



Fig. 17. Comparison of the predicted weld geometry to that of the

experiment (Hirsch et al., 1998) for alumina at steady state.
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is obvious if Pe number is larger and We number is

much smaller than 1. In Fig. 16 the relation of the

dimensionless depression (depression/depth of liquid

pool) and dimensionless parameter,
ffiffiffiffiffi
Pe

p
=We, is plotted.

The dimensionless depression is about 0.0037 whenffiffiffiffiffi
Pe

p
=We is the order of 10. But it increases up to 0.01

when
ffiffiffiffiffi
Pe

p
=We is about 700. Thus, the weld pool surface

deformation should be considered when
ffiffiffiffiffi
Pe

p
=We is

greater than the order of 10. Fig. 17 depicts the compar-

ison of the predicted weld geometry to that of the exper-

imental data. It is shown that the predicted weld pool

shape agrees well with that of experiment and also the

calculated weld pool depth and width are 0.43 mm and
2.15 mm, which is similar to 0.3 mm and 2.1 mm ob-

tained from the experiment.
4. Conclusions

In this work, numerical analysis has been conducted

on the dynamics of weld pool with surface deformation
during low-energy density laser welding process. Modi-

fied CSF method is employed to incorporate Marangoni

effect with deformable free surface in fixed grid system.

The present numerical model reasonably simulates the

data from the experiment. The free surface elevates near

the weld pool edge and descends at the center of the

weld pool if dr/dT is dominantly negative. The pre-

dicted width and depth of the weld pool with moving
surface are a little greater than those with flat weld pool

surface. It is believed that the oscillation of the weld

pool surface during the melting process enhances the

rate of convective heat transfer in the weld pool. In

low-power density laser welding, the width of the weld

pool is wider and the depth of the weld pool is shallower

as the Pe number becomes larger. The present analysis

with moving free surface should be considered when
Pe number is larger and We number is much smaller
than one since the deformation of the weld pool surface

is noticeable as Pe number increases and We number

decreases, especially when
ffiffiffiffiffi
Pe

p
=We is greater than order

of 10.
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