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ABSTRACT

In the present work a three-dimensional model has been developed to study shielding
gas flow and heat transfer in a laser welding process using computational fluid dynam-
ics. This investigation was motivated by problems met while using an optical system to
track the weld path. The aim of this study was to investigate if the shielding gas flow
could disturb the observation area of the optical system. The model combines heat
conduction in the solid work piece and thermal flow in the fluid region occupied by the
shielding gas. These two regions are coupled through their energy equations so as
to allow heat transfer between solid and fluid region. Laser heating was modelled by
imposing a volumetric heat source, moving along the welding path. The model was
implemented in the open source software OpenFOAM and applied to argon shielding
gas and titanium alloy Ti6AI4V base metal. Test cases were done to investigate the
shielding gas flow produced by two components: a pipe allowing shielding the melt,
and a plate allowing shielding the weld while it cools down. The simulation results con-
firmed that these two components do provide an efficient shielding. They also showed
that a significant amount of shielding gas flows towards the observation area of the op-
tical system intended to track the weld path. This is not desired since it could transport
smoke that would disturb the optical signal. The design of the shielding system thus
needs to be modified.
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and carbon dioxide are the most common shielding

This study was motivated by problems met in a man-
ufacturing context while welding titanium with a laser
welding tool. In this welding process a shielding gas
is brought by a pipe above the base metal around the
focal point of the laser heat source. The first reason
for using a shielding gas is to prevent the molten metal
from the harmful effect of the ambient air [1]. The oxy-
gen and nitrogen present in the air can cause slag
inclusions and brittleness, respectively. Helium, argon

gases in welding. Argon is an appropriate option for
sensible materials such as aluminium, stainless steel,
and titanium [1], since it does not react chemically with
welded materials. Argon is the shielding gas used in
this study.

When welding materials that are highly reactive with
oxygen, a shielding gas can also be used to form an
additional screen large enough to cover the part of
the weld already solidified but not yet cooled. In this
study a plate is fixed on the back side of the pipe (see



Fig. 1) to form an argon shielding screen covering
the weld and preventing titanium from oxidizing dur-
ing cooling. The welding apparatus is planned to be
equipped with an optical system intended to track the
welding path. The optical system must be mounted in
front of the welding tool to observe the front area of
the weld.

During welding smoke is emitted. This smoke is a mix-
ture of fine particles (fume) and gases produced in the
weld. It flows under the combined action of buoyancy
force and the surrounding shielding gas flow. The
problem motivating this study is that the smoke could
flow through the observation area of the optical sys-
tem used to track the weld path, and thereby affect
the accuracy of the path tracking. A better knowledge
of the shielding gas flow was thus needed.
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Figure 1: Schematic sketch of the shielding plate for
case 4
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Figure 2: shielding pipe for different cases

The present work was done to study the shielding gas
flow investigating both the shielding gas injected by
the shielding pipe and the extended shielding screen.
As these gas flows are partially hidden by the equip-
ment, a convenient way to study them was to per-
form simulations using computational fluid dynamics
(CFD).

Some studies based on CFD [2, 3] have been done
to understand the fluid dynamics of the shielding gas
during laser welding process. Hong et al. [2] consid-
ered argon and helium as shielding gas with three dif-
ferent ranges of flow rate through a circular pipe with
two different angles with the work piece. Tani et al. [3]
have tested four different types of gas with three differ-
ent pipe angles and three different flow rates to study
the influence of each parameter on the behaviour of
the shielding gas flow. Shuja et al. [4] used air for gas
injection rather than a usual shielding gas, and consid-
ered different welding speed. However, the influence
of the plate used to form an extended shielding screen
was not investigated by these authors.

The present work, was done using the OpenFOAM-
1.6.x OpenSource CFD tool (www.openfoam.com).
OpenFOAM is basically a general library of C++
classes for numerical simulation of continuum me-
chanic problems, and it is mainly used in CFD. The
simulation model implemented in OpenFOAM com-
bines heat conduction in a solid region (the work
piece) and thermal flow in a fluid region (occupied by
the shielding gas). A thermal energy equation is thus
solved in the solid region. In the fluid region a larger
set of equations including mass, momentum and en-
ergy conservation is solved. These two regions are
coupled through their energy equations so as to allow
heat transfer between solid and fluid region. This cou-
pling is also called conjugate heat transfer. The laser
is modelled as a heat source acting locally on the sur-
face of the work piece.

The model for shielding gas flow and laser heat source
is discussed in section 2. In section 3, the test cases
and numerical settings are given. The first test cases
are done for pipes that are not equipped with a plate.
The angle between pipe axis and work piece is 60°.
The geometry of the first pipe simulated (see Fig. 2,
left) has an end opening normal to the pipe axis but no
lateral opening. This configuration cannot be used in
practice, as it would not allow the laser beam to reach
the work piece. This test case was however studied



since it gives information on the influence of the lat-
eral opening of the pipe on the shielding gas flow. The
second and the third pipe configuration tested have, in
addition of the end opening, a lateral opening allowing
the laser beam to reach the work piece (see Fig. 2,
centre and right). Their difference lies in the angle be-
tween the pipe end opening and the pipe section: 0° in
the second case, and 30° in the third case. In the last
test case, the shielding pipe is equipped with a plate
for forming an extended shielding screen. The plate
includes in its central part an injection screen to inject
shielding gas (see Fig. 1). The simulation results are
discussed in section 4.

2 Model

The domain plotted in Fig. 3, is divided into two differ-
ent parts: the solid part, and the fluid part. The solid
domain is made of Ti6Al4V alloy and the fluid part
contains pure argon gas. The fluid part contains the
shielding pipe and in case 4 the shielding plate too.

A 3D model was implemented to solve the flow dy-
namics and heat conduction equations in the fluid and
solid parts respectively. The following assumptions
have been made:

1. Based on the characteristic velocity and temper-
ature of this study, the maximum Mach number
of the fluid flow is Ma = 0.014. As the maxi-
mum Mach number is less than 0.3, the flow is
assumed incompressible.

2. As the fluid is argon, it is assumed to be Newto-
nian.

3. Inthe fluid part, the thermodynamic and transport
properties of the shielding gas are assumed to
be constant, since they vary very little over the
temperature range studied.

4. Assuming a smooth pipe wall, the shielding
gas flow rate and the pipe diameter lead to a
Reynolds number of Re ~ 3.5 x 10%. This means
a flow in transient regime. For simplicity, a lami-
nar flow is considered in the model.

5. The surface of the work piece is assumed to
be flat, melting is not considered, and thermody-
namic properties are assumed constant.

Figure 3: Schematic sketch of a section of the model

2.1 Governing equations in the fluid part

The system of equations governing the flow is the set
of steady laminar Navier-Stokes equations for an in-
compressible and thermal fluid. This set is expressed
in cartesian coordinates (z,y, z). In the sequel, = de-
notes the location along the welding direction, z along
the direction through the solid and y is the location per-
pendicular to the two former (see Fig. 3). The mass
conservation equation is given by
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where p/ is the fluid density and U; refers to the i*?
component of the fluid velocity. The conservation of
momentum is given by
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where p is the pressure and p is the viscosity of the
fluid. As argon is light, the gravitational force is negli-
gible. The conservation of enthalpy is given by
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where k7 is the thermal conductivity of the fluid and
h is the enthalpy. As can be seen, this equation im-
plies that there is no heat generation in the fluid. It
is because the heat is generated in the solid part and
transferred to the fluid through diffusion.



2.2 Governing equation in the solid part

The governing heat conduction equation accounting
for laser heating can be written as
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where U! is the i" component of the relative velocity
of the work piece with respect to the laser heat source.
p* is the solid density, c;, the specific heat at constant
pressure, K° the thermal conductivity of the solid ma-
terial, and @, the laser heat source.

The solution for the heat conduction equation for a
moving heat source was studied by VanElsen et al.
[5].

Figure 4: Heat source power density distribution [6]

A guassian laser energy distribution is commonly
used to model the laser heat source [6, 7]. In this
study the volumetric laser heat source Qs is modelled
according to Chuan et al. [6], i.e.
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where 7 is the thermal efficiency, P the laser power
and r. and r; are the half width of the weld at the top

and bottom surface, respectively. In this study, which
is concerned with full penetration laser welding, the
welding penetration H is the thickness of the work
piece, see Fig.4.

3 Cases and numerical settings

The parameters needed to set the test cases were
taken from the manufacturing application.  The
thickness of the work piece is 7mm, its length is
200mm and its half-width is 50mm. A pipe with
20 mm diameter is included in the model to inject
argon with the flow rate of 45 [/min. The pipe makes
a 60° angle with the horizontal line, see Fig. 5.
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Figure 5: Partial cross section of the model [mm]

The velocity of the moving heat source is
800 mm/min. The heat source models a TEMO00
laser source with a power of 2500 W. A thermal
efficiency of 100% is considered and the width of the
weld at top and bottom of the fusion zone are 7mm
and 3 mm respectively.
The density, viscosity and thermal conductivity of the
argon shielding gas are

pl =0.686 kg m™3,

p=0432x 107 kgm~! s,

k¥ =0.0338 W m~! K~1.
The density, specific heat and thermal conductivity of
the titanium alloy work piece are

p° = 4309 kg m™3

C,=T14J kg~' K1,

K =178 Wm™t KL
To study the shielding gas behaviour over the work
piece, four different cases have been tested. Three



cases aim at investigating the effect of the shielding
pipe outlet shape on the gas flow without shielding
plate, see Fig.2. The fourth case is inspecting the
influence of the shielding plate on the gas flow, see
Fig.1.

Case 1 includes the left pipe of Fig. 2 and no shielding
plate. This first pipe has an end opening normal to the
pipe axis but no lateral opening. This configuration
cannot be used in practice, as it would not allow the
laser beam to reach the work piece. This test case
was however studied since it gives information on
the influence of the lateral opening of the pipe on the
shielding gas flow.

As can be seen in Fig. 2 the shielding pipe of case
2 is based on case 1 but with the presence of an
additional opening on the wall of the pipe to let the
laser beam reach the base metal (see Fig. 2, centre).
The dimension of the opening is 13 mm x 20 mm.
Case 3 differs from case 2 by the shape of the outlet
of the pipe. (see Fig. 2, right). The angle between the
pipe end opening and the pipe section is equal to 30°
in the third case while it was equal to 0° in the former
cases.

The model in case 4 is implemented with the same
features as case 3, supplemented with a shielding
plate. The shielding plate has an injection screen
through which the gas flows at a rate of 45 I/min to
cover the welded part, see Fig.1. The injection screen
of the shielding plate has a length of 70 mm and an
half-width of 20mm. The geometry of the model is
illustrated by the cross-section in Fig. 5.

The meshes of cases 1 to 3 have about 3.3 million
cells. Case 4 has only about 1.4 million cells since
the region located over the shielding plate and behind
the pipe does not need to be included into the
computational domain.

3.1 Boundary conditions

Boundary conditions are applied for the fluid part, the
solid part, and the interface between them.

3.1.1 Fluid part

A parabolic velocity distribution is specified at the in-
let of the shielding pipe. To achieve the flow rate of
45 1/min, a maximum velocity of 4.77 m/s is em-
ployed.

In case 4, where the shielding plate is included, an in-
let boundary with uniform velocity of 1.9m/s is also
set at the injection screen to form a shielding screen
with a flow rate of 45 [ /min.

At the surrounding boundaries of the fluid part (on top
and sides), a zero gradient condition is used for the
velocity and the pressure is set to the atmospheric
pressure.

The inlet temperature of the shielding gas is at room
condition, that is 300 K. The same temperature con-
dition is applied to the fluid boundaries (on top and
sides) of the computational domain.

It was checked (running calculations with a larger
computational domain domain) that the size of the
computational domain is large enough to allow using
such boundary conditions.

3.1.2 Solid part

In the manufacturing application, cooling water was
flowing into a duct mounted under the work piece.
The water inlet temperature was 6° C. The details of
the cooling system were not included in the simula-
tion model. The cooling effect was accounted for in a
simplified way in the simulation test, assuming a fixed
temperature condition T' = 300 K at the bottom solid
boundary. This value was calculated using standard
analytic models for heat transfer in pipe flow. A zero
gradient boundary condition is employed for the tem-
perature at the sides of the solid part.

3.1.3 Interface between solid and fluid

At the interface between the solid and fluid regions, a
common no-slip boundary condition is set for the fluid
velocity.

Solid and fluid are coupled through their energy equa-
tions so as to allow heat transfer between solid and
fluid region. The energy equation in the solid region
governs the solid temperature, while the energy equa-
tion in the fluid region governs the fluid enthalpy. So
their coupling is not direct: the direction of the heat
flux is first determined. Then, the thermal coupling is
done setting automatically the fixed value or the fixed
gradient depending on the direction of the heat flux.
This boundary condition, called a conjugation bound-
ary for heat flux and temperature, is implemented by a
solver so called chtMultiRegionFoam in OpemFOAM
1.6x.



The open source software, OpenFOAM-1.6.x was em-
ployed to run the simulations based on above three-
dimensional configurations.

4 Results

4.1 Temperature distribution

Fig. 6 represents the temperature distribution over the
base metal and through the work piece in case 4. As
the model does not yet account for phase change, the
maximum temperature raises up to 2100 K which is
higher than the melting point of titanium alloy Ti6AI4V
which is about 1900 K.

The temperature distribution over the work piece along
the x-axis is plotted for case 3 and case 4 in Fig.7.
The x-axis is located at the intersection of the sym-
metry plane and the top surface of the solid region. It
can be observed in Fig. 7 that the weld temperature
decreases strongly, by about 1300 K, over a short dis-
tance from the laser heat source (40 < x < 90 mm).
In this region, the cooling rates of case 3 and 4 are al-
most the same. The extension of the heat affected
zone is less than 1/10"" of shielding screen area.
So the volume flow rate of argon flowing effectively
above the heat affected zone in case 4 is less than
4.5 [/min. A plot of the the velocity field in a cross-
section under the shielding plate in x = 50 mm shows
that above the weld (on the left hand side of Fig.8)
the velocity of the shielding gas is very small. The
shielding gas has thus in this region a poor ability to
cool down by convective heat transfer. As a result, the
presence of the shielding screen in this area does not
improve the cooling.

Further away from the laser heat source (in 0 < z <
40 mm) the velocity of the shielding gas above the
weld is slightly larger, see Fig. 9 on the left. The cool-
ing by convective heat transfer is thus slightly larger.
Accordingly, in this region the solid surface tempera-
ture is almost 20K lower in case 4 than in case 3.

To conclude this part, the shielding plate does not pro-
vide any significant additional cooling of the weld. The
shielding plate was indeed designed to protect the
weld from the surrounding air, and not to further in-
crease the cooling rate.
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Figure 6: Temperature [K] distribution in the solid plate
- case 4
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Figure 7: Temperature at the solid surface at the
symmetry plane
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Figure 8: Velocity [m/s] in the cross section x = 50 mm
of the shielding plate, case 4. The left hand side is at
the symmetry plane. The right hand side is at the edge
of the shielding plate.



4.2 Velocity distribution

To compare the results obtained with the different test
cases, the magnitude of the velocity is plotted in the
symmetry plane.

Comparing Figs. 10 top and bottom reveals that the
velocity profile and magnitude in case 1 and case 2
have almost the same patterns and values. The argon
gas injected in the pipe is not pressurized. Pressure
gradients along the radial direction from pipe axis to
the surroundings are thus negligible at some distance
above the work piece. Closer to the work piece the
argon pipe jet is deflected because of the presence of
the base material surface. As the pipe end opening
and the work piece make an angle of 30°, the open
space is large enough for the argon jet to be deflected
without disturbing significantly the flow inside the pipe
and thus in the lateral pipe opening. So, with the
configuration of case 2, the opening on the pipe wall
does not affect significantly the shielding gas distribu-
tion compared to case 1. Increasing enough the vol-
ume flow rate of the shielding gas, or reducing enough
the angle between the pipe end opening and the work
piece, would change this result.

The magnitude of the velocity obtained with the test
case 3 is plotted in Fig.11. Fig.11 shows that when re-
ducing the angle between the pipe end opening and
the work piece down to 0°, the shielding gas flow
behaves differently and a higher velocity is achieved
over the base metal. So this pipe configuration is less
favourable than the configuration of case 2, since a
higher shielding gas velocity towards the front of the
weld will most probably entrain more smoke in the ob-
servation area of the optical system intended to track
the welding path.

The velocity fields of case 4, plotted in Fig. 8 and
Fig. 9, confirm that the protection against the oxidiz-
ing surrounding atmosphere is achieved by the shield-
ing screen since the shielding gas prevents the atmo-
sphere from flowing towards the weld.

Fig. 12 is a zoom at the junction between pipe and
shielding plate, showing the velocity vectors of the
shielding gas in the symmetry plane. It indicates that
part of the shielding screen (from the plate) flows to-
wards the pipe, joins the pipe flow and thus increases
the amount of gas flowing towards the front of the
weld. This flow can entrain even more smokes and
fumes towards the front of the weld and the observa-
tion area of the optical system.
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Figure 9: Velocity [m/s] at the symmetry plane case 4.
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Figure 10: Velocity [m/s] at the symmetry plane.
Top: case 1, bottom: case 2
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Figure 11: Velocity [m/s] at the symmetry plane case 3



Figure 12: Zoom of case 4 showing the velocity vectors
in the symmetry plane, at the junction between pipe
and shielding plate.

5 Conclusions

The flow of the laser welding shielding gas over the
base metal with both shielding pipe and shielding plate
has been studied. The present results confirm that the
shielding plate provides a good protection of the cool-
ing weld against the surrounding atmosphere.

The shielding screen produced by the plate has a neg-
ligible influence on the cooling rate of the weld.
However, the design of the shielding pipe and plate
(case 4, the case used in practice) is in conflict with
the requirements of the optical system for tracking the
welding path. A larger angle between end pipe open-
ing and work piece, as in case 2, leads to lower shield-
ing gas velocity towards the front of the weld com-
pared to case 3 (and 4), but this is not sufficient to
protect the observation area from the possible entrain-
ment of fumes by the shielding gas. Based on case 2,
more extended lateral openings on the pipe wall are
not expected to provide any significant improvement.
The design of the pipe and plate should thus be mod-
ified to deflect differently the shielding gas flow, away
from the observation area, while maintaining a proper
shielding. A solution could be to force a lateral flow of
the shielding gas by introducing pressure gradients.
Checking with CFD that a new design is suited will re-
quire a more detailed modelling of the flow, accounting
for turbulence, as the pipe flow is known to be tran-
sient (see section 2), and turbulence may also disturb

the observation area of the optical system for tracking
the welding path.
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