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Abstract: The purpose of this study is to develop a novel welding torch with high wind resistance,
which can be used for welding outside a building under strong cross-wind. In this paper, a parametric
study was carried out using different torch nozzle designs and shield gas flow rates for their optimiza-
tion. The gas flow around the torch nozzle exit was visualized through the shadowgraph method to
evaluate the interaction between the shielding gas flow and the cross-wind. Nitrogen fraction in a
weld bead was measured for confirming the shielding effect. Furthermore, CFD simulation was also
carried out for obtaining shielding gas flow velocity at the torch nozzle exit. From the result of the
above experiments and simulation, effective parameters for improving the shielding effect against
the cross-wind were comprehensively discussed. As a result, the nitrogen fraction was found to be
decreased by increasing the averaged vertical gas velocity at the torch nozzle exit. For achieving this,
it is especially effective to decrease the nozzle diameter or increase the gas flow rate.

Keywords: cross-wind; CO2 arc welding; nitrogen; shielding ability

1. Introduction

Gas Tungsten Arc Welding (GTAW) and Gas Metal Arc Welding (GMAW) are called
gas-shielded arc welding [1,2] and can be applied to advanced materials joining [3,4]. In
this welding process, a shielding gas such as argon gas or CO2 gas is introduced to the
arc discharge region to prevent inclusion of the surrounding air into the molten metal
produced by the arc heat input [5]. In order to maintain the toughness of the weld metal, it
is indispensable to prevent the inclusion of nitrogen gas caused by shielding failure [6]. The
most important factor to reduce this shielding ability is the wind occurring in the welding
environment [7], which is a particular problem when welding is carried out outside of a
building. Accordingly, improvement of the shielding ability is one of the most important
issues in gas-shielded arc welding.

Regarding the improvement of shielding ability in the gas-shielded arc welding,
research is conducted mainly using visualization of gas flow and computational fluid
dynamics (CFD) simulation as tools. Dreher et al. proposed a method for visualizing the
shield gas flow and analyzing the amount of oxygen brought to the molten pool from the
surrounding air through the arc with the aim of improving the shielding ability of GMAW
of aluminum [8]. The gas flow pattern was analyzed in detail by CFD simulation, and the
validity of the simulation results was verified through visualization of gas flow by Particle
Image Velocimetry and the Schlieren-technique. The shielding ability was evaluated by
the oxygen concentration on the surface of the base metal measured by the lambda sensor
principle. Through the study using this advanced visualization system, a torch design with
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high shielding ability was proposed. Suzuki et al. examined the effect of cross-wind on
wind-toughness in GMAW by Schlieren observation [9]. In this study, cross-wind with a
wind speed of 2 m/s or less was used. By the Schlieren observation, it was achieved to
visualize the behavior of the crosswind in the vicinity of the arc. It has been shown that
the cross-wind bends the laminar gas flow region, creating a path for the atmosphere to
enter the arc. Cai et al. proposed a novel gas nozzle shape that can improve the shielding
ability of narrow-gap laser-metal inert gas (MIG) hybrid welding by CFD simulation [10].
It was shown that by using the square-outlet nozzle with boss or circle-outlet nozzle with
boss, a sound weld without porosity can be formed. In recent years, Pie et al. designed
three spiral-diffusion nozzles with different structures through CFD simulations with the
aim of reducing the amount of shield gas used in GMAW in a cross-wind environment
and improving welding quality [11]. These nozzles were prototyped by 3D printing with
304 stainless steel and used in welding experiments. As a result of evaluation by strength
test and impact test, the optimum nozzle design was proposed. In most previous studies,
the cross-wind velocity was assumed to be approximately 2~3 m/s at the maximum,
supposing welding inside a building.

The purpose of this study is to develop a novel welding torch with high wind re-
sistance, which can be used for welding outside a building under a strong cross-wind
environment exceeding 5 m/s. In this paper, a parametric study is carried out using
different torch nozzle designs and shield gas flow rates for their optimization. The gas flow
around the torch nozzle exit is visualized through the shadowgraph method to evaluate
the interaction between the shielding gas flow and the cross-wind. After welding, nitrogen
fraction in a weld bead is measured for confirming the shielding effect. Furthermore, CFD
simulation is also carried out for obtaining shielding gas flow velocity at the torch nozzle
exit. From the result of the above experiments and simulation, effective parameters for
improving the shielding effect against the cross-wind are comprehensively discussed.

2. Experimental Method
2.1. Common Experimental Condition

In this subsection, common experimental condition for shadowgraph observation and
nitrogen fraction measurement is described. In the shadowgraph observation, the observa-
tion is carried out without igniting the arc as explained in the subsequent subsection.

A commercial welding torch with high wind resistance (WTCT-5073, DAIHEN Corpo-
ration, Hyogo, Japan) is used for the experiment. This torch is used for the strong wind
(5–10 m/s) like outdoors. The appropriate shielding gas flow rate for the torch is very
high (above 80 L/min). In standard indoor usage, the gas flow rate is generally set around
20–30 L/min for avoiding turbulent flow to enhance the diffusion of the surrounding gas
into the shielding gas region. However, in outdoor usage, it is necessary to increase the gas
flow rate even if the generation of turbulent flow is allowed. This is because it is primarily
important for the shielding gas to cover the molten pool surface to ensure the shielding
ability. Figure 1 shows a schematic of the welding torch design. In this study, three levels of
the nozzle length, the nozzle diameter and the orifice number, orifice diameter are used for
a parametric study. The design parameters of the welding torch are summarized in Table 1.
The nozzle length is 36, 47 or 58 mm with 47 mm as the standard condition. The nozzle
diameter is 13, 16 or 19 mm with 16 mm as the standard condition. The orifice number is
1 × 8, 2 × 8 or 3 × 8 with 2 × 8 as the standard condition. Here, “2 × 8” indicates that
8 orifices in each row and there are 2 rows (in total, 16 orifices). The orifice diameter is 1.5,
2.0 or 2.5 mm with 2.0 mm as the standard condition.

The contact tip-to-work distance (CTWD) is fixed at 20 mm. The shielding gas compo-
sition is CO2 and is introduced at a flow rate of 50, 70 or 90 L/min with 70 L/min as the
standard condition. The cross-wind is produced using a wind blower (YF-457A(K), YUASA
PRIMUS CO.,LTD., Tokyo, Japan) and its velocity is 5 m/s. Actually, in the applicable range
(5–10 m/s) of the wind resistance torch, we selected 5 m/s for the test. This is because
the wind velocity produced by the wind blower is stable at 5 m/s, and the variation of
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nitrogen fraction in the wind resistance test is little as a result. The appropriate range of
gas flow rate at 5 m/s is 80–100 L/min, but the gas flow rate is changed 50, 70 or 90 L/min
in this experiment for aiming a strict condition for wind resistance. This is for making the
influence of the torch specification noticeable.
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Figure 1. Schematic of welding torch design.

Table 1. Design parameters of welding torch.

Design Number Nozzle Length
(mm)

Nozzle
Diameter (mm) Orifice Number Orifice

Diameter (mm) Remark

1 47 16 2 × 8 2.0 Standard

2 58 16 2 × 8 2.0
Influence of nozzle length

3 36 16 2 × 8 2.0

4 47 19 2 × 8 2.0
Influence of nozzle diameter

5 47 13 2 × 8 2.0

6 47 16 1 × 8 2.0
Influence of orifice number

7 47 16 3 × 8 2.0

8 47 16 2 × 8 1.5
Influence of orifice diameter

9 47 16 2 × 8 2.5

2.2. Shadowgraph Observation

Figure 2 shows a schematic of the shadowgraph experiment to visualize the gas flow
pattern around the torch nozzle exit. The cross-wind, whose direction is perpendicular to
the welding direction, is produced using the wind blower. The experiment is carried out
without igniting the arc.
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Figure 2. Schematic and photograph of shadowgraph experiment, (a) Schematic, (b) Photograph.

In the shadowgraph experiment, a laser-assisted high-speed camera system consisting
of a pulsed laser unit with a wavelength of 640 nm (Cavilux HF system, Cavitar, Tampere,
Finland) and a high-speed camera (Memrecam Q1v, Nac Image Technology, Tokyo, Japan)
equipped with a bandpass filter for a wavelength of 640 nm is used [12]. An object lens
(Micro-NIKKOR, Nikon, Tokyo, Japan) with a focal length of 200 mm and a 1/4 focus ratio
is also used. The aperture value is f/22. The observation is carried out at a frame rate of
4000 fps and an exposure time of 20 µs. The pulsed laser is irradiated to the gas flow from
the welding direction to produce the shadowgraph image on the screen installed behind
the torch. The shadowgraph image on the screen is recorded with the high-speed video
camera. Table 2 presents the observation condition.
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Table 2. Observation condition.

Welding Parameters Value

Camera Memrecam Q1-V
Close-up lens Micro-Nikkor 105mm 1:2.8

Frame rate 4000 fps
Aperture f/5.6

Exposure time 51 µs
Filter ND 4 + 640 nm

2.3. Nitrogen Fraction Measurement

The nitrogen fraction in the weld bead after welding is measured for evaluating the
shielding effect. A welding power source (DP-350, DAIHEN Corporation, Hyogo, Japan)
equipped with a wire feeder is operated in the Direct Current Electrode Positive (DCEP)
mode. The bead-on-plate welding is conducted on mild steel (SS400–JIS G 3101) plates
with dimensions of 300 mm × 100 mm × 9 mm. The welding torch is fixed. The base metal
is moved at a constant speed of 5 mm/s using an actuator. The welding current is 280 A
and the welding voltage is 30 V. Table 3 presents the welding condition.

Table 3. Welding condition.

Welding Parameters Value

Welding current 280 A
Welding voltage 30 V

Welding travel speed 5 mm/s

Figure 3 shows a schematic of sampling points for nitrogen fraction measurement.
The yellow parts in the figure are the sampling points. First, the weld bead above a height
of 2 mm is removed. Next, the samplings are performed at the center of the weld bead,
50 mm in front, and 50 mm in back. From three samples, a standard deviation and an
averaged value of the nitrogen fraction are calculated for each condition. The measurement
method of nitrogen fraction was based on the “Thermal conductimetric method after fusion
in a current of inert gas” [13].
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3. Simulation Model

The numerical simulation is also carried out for theoretical investigation. The simula-
tion is conducted using ANSYS Fluent 18.1 (Ansys, Inc., Canonsburg, PA, USA).



Metals 2021, 11, 1677 6 of 14

Figure 4 shows a schematic of a 3D simulation region with a width X of 50 mm, a
length Y of 100 mm, and a height Z of 79 mm. A plane symmetrical region is assumed and
only one side of the region is calculated for decreasing the computational load. The mesh
size is non-uniform and approximately 0.1 mm at a minimum. The CTWD is 20 mm. The
welding torch region is defined according to that used in the experiment. As shown in
Table 1, three levels of the nozzle length, the nozzle diameter, the orifice number, and the
orifice diameter are used.
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The shielding gas is CO2 at 300 K and introduced at the flow rate of 50, 70 or 90 L/min
from a mass-flow-inlet defined on the top boundary inside the torch. The cross-wind of
5 m/s is given at a velocity-inlet defined on the positive Y side boundary. The negative
Y and positive X side boundaries are a pressure-outlet. The negative X-side boundary is
the symmetrical plane. The bottom boundary corresponds to the base metal surface, so is
defined as a wall boundary.

The gas flow velocity distribution is calculated by solving time-dependent conser-
vation equations of mass, momentum, and energy presented below. The shear stress
transport (SST) κ-ω turbulence model [14] is used for the calculation. The mass density is
calculated as an ideal gas. The thermodynamic and transport properties of CO2 gas are
calculated [15–17] under the local thermodynamic equilibrium assumption [18].

Mass conservation:
∇ ·

(
ρ
→
u
)
= 0 (1)
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Momentum conservation:

∇ ·
(
ρ
→
u
→
u
)
= −∇p +∇ ·

→
→
τ + ρ

→
g (2)

Energy conservation:

∇ ·
((

ρ

(
h− p

ρ
+

u2

2

)
+ p

)
→
u
)
= ∇ · (k∇T) (3)

where ρ is the mass density,
→
u is the velocity, p is the pressure,

→
→
τ is the viscosity,

→
g is the

gravity, h is the enthalpy, k is the thermal conductivity, T is the temperature. Second order
upwind method is selected for spatial discretization. For the pressure-velocity coupling,
the SIMPLE scheme is used.

4. Results and Discussion
4.1. Shadowgraph Observation

Figure 5 shows the results of the shadowgraph observation. Figure 5a compared
design numbers 1, 2, and 3 in Table 1 to present the influence of nozzle length. The gas flow
was seen to be slightly bent by the cross-wind when the nozzle length was long. Figure 5b
similarly presents the influence of nozzle diameter. The gas flow was swept away in a
larger nozzle diameter. Figure 5c,d present the influence of orifice number and orifice
diameter, respectively. The gas flow was found to be very slightly bent for smaller orifice
number and diameter. Figure 5e presents the influence of gas flow rate. The gas flow was
swept away for a smaller gas flow rate. From the above result, the smaller nozzle diameter
and the larger gas flow rate are predicted to improve the shielding effect.
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4.2. Nitrogen Fraction Measurement

Figure 6 shows the results of nitrogen fraction measurement. Figure 6a shows the
influence of nozzle length. The nitrogen fraction increased from 0.016 to 0.048%mass with
the nozzle length. Figure 6b shows the influence of nozzle diameter. The nitrogen fraction
more largely increased from 0.008 to 0.072%mass with the nozzle diameter. Figure 6c
presents the influence of the orifice number. The nitrogen fraction slightly decreased from
0.034 to 0.021%mass with the orifice number. Figure 6d presents the influence of orifice
diameter. The nitrogen fraction slightly decreased from 0.037 to 0.019%mass with the
orifice diameter. Figure 6e presents the influence of gas flow rate. The nitrogen fraction
steeply decreased from 0.074 to 0.005%mass with the gas flow rate. In summary, the nozzle
diameter and the gas flow rate especially affect the nitrogen fraction. This result agrees
with the tendency seen in the shadowgraph observation.
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4.3. Numerical Simulation

Figure 7 shows the calculated gas flow velocity distribution on the symmetrical plane.
The maximum value in the contour is set to 20 m/s even though the real maximum value
exceeds this value, in order to clearly present the small velocity region around the nozzle
exit. The gas flow velocity was seen to largely exceed 20 m/s around the orifices and
suddenly decrease to about 10 m/s after passing through the orifice due to horizontal
expansion of the gas flow and also diffusion of the momentum caused by high turbulent
viscosity. Around the nozzle exit, the gas flow velocity became 5~10 m/s.
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Figure 8 shows averaged vertical gas flow velocity at the nozzle exit calculated from
the velocity distribution shown in Figure 7. Here, the vertical gas flow velocity is evaluated
because this is considered to be related to the wind resistance. From the result, it was found
that when the nozzle diameter decreased or the gas flow rate increased, the vertical gas
flow velocity at the nozzle exit clearly increased. The nozzle length, the orifice number,
and the orifice diameter were found to hardly affect the vertical gas flow velocity.
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Finally, the relationship between the nitrogen fraction and the averaged vertical gas
flow velocity at the nozzle exit is summarized in Figure 9. The nitrogen fraction is found to
be decreased by increasing the averaged vertical gas flow velocity. The nitrogen fraction
was largely decreased when the averaged vertical gas flow velocity exceeded the cross-
wind velocity of 5 m/s. A sufficient decrease in nitrogen fraction was obtained if the
averaged vertical gas flow velocity became more than 150% of the cross-wind velocity. For
achieving this, it is especially effective to decrease the nozzle diameter or increase the gas
flow rate.
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5. Conclusions

This study aims to develop a novel welding torch with high wind resistance. In this
paper, a parametric study was carried out using different torch nozzle designs and shield
gas flow rates for their optimization at the high wind velocity (5–10 m/s) like outdoor
conditions. The main conclusions are drawn as follows:
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1. The result of the shadowgraph observation presented that the smaller nozzle diameter
and the larger gas flow rate prevented the bending of the shielding gas flow.

2. The result of nitrogen fraction measurement showed that the smaller nozzle diameter
and the larger gas flow rate decreased the nitrogen fraction. Not noticeable, the
amount of nitrogen tended to decrease slightly, with the decrease in nozzle length
the increase of orifice number and orifice diameter. Then, the result of the nozzle
diameter and the gas flow rate agreed with the bending tendency of the shielding gas
flow seen in the shadowgraph observation.

3. The result of the CFD simulation showed that when the nozzle diameter decreased
or the gas flow rate increased, the vertical gas flow velocity at the nozzle exit clearly
increased. The nozzle length, the orifice number, and the orifice diameter were found
to hardly affect the vertical gas flow velocity.

4. The main factor that governs wind resistance is the gas flow velocity in the vertical di-
rection at the nozzle exit. The nitrogen fraction is found to be decreased by increasing
the averaged vertical gas velocity. The nitrogen fraction was largely decreased when
the averaged vertical gas flow velocity exceeded the cross-wind velocity of 5 m/s. A
sufficient decrease in nitrogen fraction was obtained if the averaged vertical gas flow
velocity became more than 150% of the cross-wind velocity. For achieving this, it is
especially effective to decrease the nozzle diameter or increase the gas flow rate.
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