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Abstract
The flow behavior of the shielding gas has been a key factor to improve the quality of products manufactured by the selective
laser melting (SLM) technology as it is a major mechanism to remove the ejected metal particles away from the working plane. In
this study, to obtain a proper flow field, computational fluid dynamics (CFD) with the application of the Taguchi method was
employed to investigate the flow field across the working chamber, with the variations in the geometries of the blowing nozzle,
the widths of the suction tunnel, the suction-to-plane distances, and the Reynolds numbers of the blowing flow. The simulation
was first verified with experimental measurements. The ejecting motions of the metal powders were also taken into consideration
to study the interactions between the shielding gas and the ejected particles. The results demonstrated that axis switching as well
as the suction-to-plane distance are the important factors for improving the particle removal efficiency during the SLM operation.
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Axis switching

1 Introduction

Selective laser melting (SLM) is a turning process of additive
manufacturing (AM) and has gradually taken over the tradi-
tional processes owing to its rapid prototyping, less material
consumption, light material weight, and fine mechanical prop-
erties. The most dramatic industry in global AM development
is aircraft manufacturing, rising by 10% in 17 years [1, 2]. The
manufacturing process of SLM fuses the metallic powders by
the high-energy laser beam layer by layer inside the working
chamber with filling the well-controlled inert gas. However,
the ejected powders from the melting mechanical part result in
a significant instability of the process and this degrades the
quality of the final SLM product [3].

Several parameters would increase the instability of the
melting flow including the balling effect, melt splashing, etc.
[4, 5]. Porosity and surface roughness are two primary targets
determining the quality of the product produced by SLM

[4–7]. In order to obtain lower porosity and surface roughness
for better product quality, one of the most crucial factors is the
efficiency of the shielding gas [4, 7]. The functionalities of the
shielding gas in SLM are not only for preventing the metal
powder oxidation but also for providing the transportation to
remove the ejected powders [8]. Ladewig et al. [3] conducted
the experiments on an EOS Eosint M280 and indicated the
detailed theoretical basics regarding the process by-products
and their influences. They proposed that an undirected flow or
a lower flow velocity caused beam attenuation and material
re-deposition owing to the insufficient removal of the process
by-product, resulting in the balling effect. Bidare et al. [9] also
pointed out that an inward flow of the ambient gas with rapid
momentum transfer was produced due to the intensive evap-
oration of the metal vapor in the plume region. The particles
entrained by the flow are either removed or consolidated onto
the track.

According to the authors’ previous study [10], the design
concepts for conducting the shielding gas were similar to the
air curtain. The shielding gas was introduced into the working
chamber through a vertical downward-blowing nozzle on the
top of the working chamber and was drawn away downstream
by two parallel suction tunnels. Parameters which affected the
flow behaviors of the air curtain included geometries and
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numbers of the blowing nozzle, pressure difference, tempera-
ture difference, Reynolds number, and so on [11–15]. Besides,
the properties of the ejected particles should also be carefully
taken into consideration in order to accurately discuss the
interactions between fluids and particles.

Owing to the difficulties of experimentally observing the
flow behaviors inside the SLM chamber, computational fluid
dynamics (CFD) can be applied to deeply analyze the interac-
tions between the shielding gas and the ejected particles.
Masmoudi et al. [16] applied a CFD analysis to study the melt
pool behaviors during the SLM operation and pointed out that
the volume of the evaporated material can be controlled by
adjusting the pressures of the shielding gas. Ferrar et al. [7]
investigated the effects of the inert gas flow within the SLM
process through CFD and found that the porosity can be im-
proved by highly uniform flow. Aiming to systematically opti-
mize the efficiency of the shielding gas among various param-
eters in the SLM chamber, the Taguchi method of the robust
design, a well-known statistical method has been applied. For
example, Calignano et al. [17] used the Taguchi method to
investigate the degree of influence of each factor on surface
roughness and obtained the optimal design of the direct metal
laser sintering (DMLS). Kumar et al. [18] changed various
control parameters including laser power, laser scan speed,
and mass flow rate through the Taguchi method in order to
predict the deposit depth in the direct metal deposition
(DMD). According to the studies above, it was expected that
a proper design of the SLM working chamber for obtaining
appropriate flow behaviors can be achieved through the appli-
cations of CFD and the Taguchi method. However, a defined
indication for determining the quality of the flow inside the
SLM chamber and thus for judging the quality of the SLM
process still remains the scientific gap. Therefore, in this study,
a definition was added as a discriminative index, and the parti-
cle removal efficiency was used to determine the quality of the
SLM process.

During SLM manufacturing, higher removal efficiency of
ejected powders leads to better quality of the product. As a con-
sequence, in order to establish the flow field with adequate mo-
mentum transfer to successfully remove the ejected powders, the
numerical simulations through CFD accompanied with L9 or-
thogonal array of the Taguchi design were conducted. Multiple
control factors such as the aspect ratios of the blowing nozzle,
thicknesses of the suction tunnels, suction-to-plane distances, and
Reynolds numbers of the blowing jet were considered.

2 Methodology

2.1 Numerical modeling

The commerc i a l so f tware CFD-ACE+ (ve r s ion
2016.0.0.11820) was used to simulate the behaviors of the

flow and particles inside the SLM working chamber. The
first-order upwind scheme and Semi-Implicit Method for
Pressure-Linked Equations Consistent (SIMPLEC) algorithm
were employed to solve the Navier-Stokes governing equa-
tions. The Energy Conservation Equation was mainly used to
discretize and solve the heat transfer mechanism. The discrete
particles were tracked through the computational domain
through solving the Lagrangian equations.

The grids were generated in CFD-GEOM (version
2016.0.0.17). The geometry of the physical domain, as shown
in Fig. 1, was sized at 700mm (length) × 1495mm (weight) ×
500mm (height), including one blowing nozzle on the top and
two suction tunnels at both sides of the working chamber. As
shown in Fig. 2, structured grids were generated for the entire
model apart from the irregular area such as the blowing nozzle
and the corners in the suction devices, for the purpose of
obtaining better convergence. The meshes along the Z-direc-
tion away from the working plane (Z ≥ 300 mm and Z ≥ −
300 mm) were gradually dispersed and reduced under the
power law to avoid computational expanses. Based on the grid
independence study carried out in our previous study [10], the
numbers of grids of 1,710,000 have been proved to obtain the
best match to the experimental results, which can be employed
in this simulation. Additionally, based on the cross-validation
results obtained from our previous studies [10, 19], Menter’s
Shear Stress Transport (SST) K Omega was chosen to be the
most suitable turbulence model to simulate the flow
phenomena.

2.2 Modules and boundary conditions

This study not only investigated the flow field but also
took the heat transfer and the motions of ejected powder
into consideration. The flow was assumed to be three

Fig. 1 Definitions of geometric parameters
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dimensional, steady, turbulent, incompressible, and ideal
gas. The computational settings conducted for the simula-
tion are summarized in Table 1. Nitrogen was designated
as the working fluid, and the density was assumed to
follow the incompressible ideal gas law. The specified
default reference pressure was set as 100,000 N/m2 (~
1 bar) which corresponded to the one reported by
Masmoudi et al. [16], proposing that higher ambient pres-
sure squeezed the volume and the velocity of the evapo-
rated material. Steady-state condition was used to analyze
the initial flow field, and the flow rates of the inflow and
outflow were fixed because the SLM chamber was de-
signed to be the circulatory system. Therefore, the veloc-
ities of the two outlets varied with the inlet velocities,
which depended on the various combinations of the
Reynolds numbers and the areas of the blowing nozzle.

The velocity inlet and pressure outlet calculated through
the Bernoulli equation were used for better convergence.
The obtained steady results of the flow behaviors were
imported into the transient state under 0.0001 s time step
as the initial condition to observe the gas-powder interac-
tions. The SUS-304 material was selected as the wall ma-
terial of the working chamber and was considered to be
adiabatic. The working plane was heated at a constant heat
source of 10,000 W/m2 before starting the manufacturing
in order to achieve the temperature of the actual SLM pro-
cess and eliminate the thermal stress. The spray module
was used to analyze the interactions between the shielding
gas and the ejected particles, using one-way (continuous
phase to discrete phase) to exchange the momentum, ener-
gy and mass. The equations between the flow and the
ejected particles are shown as follows:

mp
d V

*

dt
¼ CDρ U

*

− V
*

 !
U
*

− V
*

�����
�����Ad

2
þ mpg þ Sm ð1Þ

where mp and V
*

are the mass and velocity vectors of the
particles, CD is the drag coefficient, ρ is the density of the

surrounding gas, U
*

is the density of the surrounding gas,
Ad is the particle frontal area, and Sm is the additional
mass source. The material of the powders was chosen as
titanium alloy, and the diameters of those before the pro-
cess were ≤ 35 μm. Previous literatures were referenced
for simulating the interactions between gas fluid and pow-
ders. Romano et al. [20] predicted the temperature distri-
butions of different material powders in the SLM process
and exhibited that the titanium had the highest local tem-
peratures approximately from 2660 to 3382 K. Ly et al.
[8] presented the ejecting velocities experimentally and
numerically and classified the ejected particles into three
types: 60% hot entrainment ejections with velocities of 6–
20 m/s, 25% cold entrainment ejections with velocities of
2–4 m/s, and 15% recoil pressure-induced droplet-break-
up ejections with velocities of 3–8 m/s. The ejection an-
gles depending on the scan speed of the laser beam
changed from nearly vertical to approximately 47°from
the vertical while increasing the scan speeds from 0.5 to
1.5 m/s. Furthermore, the diameters of entrained particles
were larger than the original size distributions due to the
recoil pressure. Qiu et al. [5] also proposed that the scat-
tering velocity rose from 2.2 to 15 m/s while the laser
scan speed was increased from 2.3 to 3.5 m/s. Table 2
summarizes the previous literatures on the powder prop-
erties used for simulating the ejected powders fused by
the high-energy laser beam in the SLM chamber [5, 8,
9, 20, 21].

2.3 Taguchi method

The Taguchi method was used to determine an optimal
design concept among all the design parameters for the
SLM working chamber. The L9 orthogonal array of the
Taguchi design has been applied in order to efficiently
explore a large number of parameter changes and estab-
lish the optimal design parameters. According to our pre-
vious results [10], the elliptical shape for the blowing
nozzle was selected owing to its better flow uniformity
and higher momentum exchange compared to other blow-
ing nozzle geometries. It was employed in this simulation
with different aspect ratios (ARs) as the major axis was
fixed to 300 mm, half of the length of the suction tunnel.
Figure 3 and Table 3 show the geometries of the elliptical
nozzle for three levels as well as four control factors

Fig. 2 Meshes and boundary conditions
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including the widths of the blowing nozzle (Wb), the
thicknesses of the suction tunnel (Ts), the suction-to-
plane distances (Ds), and the Reynolds numbers (Re).
The simulation layout for L9 is shown in Table 4.

The signal-to-noise (S/N) ratios are the log functions
regarded as the prominent targets to analyze the results.
The S/N ratio can be divided into three categories: the
smaller the better, the larger the better, and on target (min-
imum variation). Since the goal of this study was to re-
move most of the ejected particles, the larger the better
was used and S/N ratios can be calculated by

ηL ¼ −10log
1

n
∑ 1

�
y2i

� �� �
ð2Þ

where ηL denotes the S/N ratios, n is the number of tests,
and yi represents the observed values of the ith sample.

2.4 Particle removal efficiency

The particle removal efficiency is the primary indicator in this
study to explore the interactions between the ejected particles and
the flow field of the shielding gas. In the real SLM working
chamber, the number of lasers is increased from one to four since
the working chamber was scale-up. Hence, the working plane
explored was divided into four regions with an area of
250 mm × 250 mm each. As Fig. 4 shows, the titanium alloy
powders assumed to be fused by the laser beam were about to
eject with the physical property arrangements presented in

Table 1 Computational parameters for simulating the working chamber

Modules Option settings

Flow turbulence Turbulence model SST K Omega

Wall function Standard wall

Time dependence Transient

Time step (s) 0.0001

Gravity in Y-direction (m/s2) − 9.81
Pressure (N/m2) 100,000

Fluid N2

Inlet boundary type Velocity inlet

Outlet boundary type Pressure outlet

Spatial differencing method—velocity 1st order

Spatial differencing method—turbulence 1st order

Linear solver AMG

Residual error 1 × 10−4

Min. residual 1E−018
Inertial relaxation 0.2

Linear relaxation 0.6

Heat transfer Fluid

Specific heat (J/kg-K) 1007

Thermal conductivity (W/m-K) 0.0263

Wall

Subtype Adiabatic

Thermal conductivity (W/m-K) 16.3

Thickness (m) 0.003

Roughness height (m) 1.5E−005
Heat source (W/m2) 10,000

Spray Drag between particle and fluid

Exchange heat with the surrounding fluid

Boundary treatment Stick

Injection frequency 5000

Table 2 Hypothetical properties of the ejected powders

Species Temperature Diameters Ejection velocities

Titanium alloy 3000 K 20~80 μm 2~15 m/s
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Table 2. The powders were initially spread all over the working
plane and were presented in four different colors which represent
four regions. A simplified number of particles was used to match
the simulation time and the computational specifications.
Although it cannot be exactly the same as the actual SLM pro-
cess, it was sufficient to exhibit the capability of particle removal
through the flow field at various regions. The removed particles
were characterized as those particles were carried away from the
working plane by the carrier flow. The removal efficiency (Rp) of
the ejected particles was defined as

Rp ¼ numbers of the removed particles

numbers of the initial spread particles
� 100% ð3Þ

3 Results and discussion

3.1 Cross-validation with experiment

The simulation carried out in this study was first validated
with the experiment conducted through particle image
velocimetry (PIV) measurement, the details of which can be

found in the authors’ previous study [10]. The simulated pa-
rameters were set asWb = 26 mm, Ts = 47 mm,Ds = 26.5 mm,
Re = 3600, and Reout = 6000 to verify with the experiment. In
this case, the flow rate at the outlet was greater than the flow at
the inlet. The Reynolds numbers at the outlet were defined as

Reout ¼ Vpd=v ð4Þ

where Vp is the velocities measured in the pipes at both
sides, d is the diameter of the pipe, and v is the air kine-
matic viscosity. Three regions from the blowing nozzle to
the working plane were selected according to the previous
study [22]: the region of flow establishment, the
established region, and the impingement region, as shown
in Fig. 5. The impingement region was chosen for this
cross-validation to investigate the particle removal effi-
ciency above the working plane. Figure 6 shows the cen-
terline velocity (V) distribution across the impingement

Fig. 3 Geometries of the elliptic
nozzle with three different minor
axis lengths. a Level 1, b level 2,
c level 3

Table 4 Full factorial designs with L9 orthogonal array

Number of samples Wb Ts Ds Re

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

Table 3 Control factors and levels

Parameters Level 1 Level 2 Level 3

Width of the blowing nozzle (Wb) (mm) 26 39 52

Thickness of the suction tunnels (Ts) (mm) 47 44 50

Suction-to-plane distance (Ds) (mm) 26.5 30 23

Reynolds number (Re) 27,000 40,000 54,000
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region, which was gradually decreased along the negative
y-direction and then the stagnation point was formed. Part
of the momentum was lost while most of the axial momen-
tum was transferred to the radial momentum. The compar-
isons of simulated and experimental velocity distributions
in the x-direction for the cases of x = 0.15 m, 0.20 m, and
0.25 m are shown in Fig. 7. The boundary layer grows as
the jet impinges onto the working plane. Meanwhile, the
flow was affected by the strength of the suction tunnel,
leading to the flow separation and movement along the x-
direction. It was found that the velocity (U) obtained the
maximum value at the impingement region further down-
stream where H was around 0.005 m. After that, the veloc-
ity started decreasing and slightly rolled up as it was close
to the suction tunnel. As shown in Figs. 6 and 7, the ve-
locity profiles at both x-dir and y-dir obtained through the
simulations agreed well with the experimental results.

3.2 Decay and spread of the main jet flow

The velocity decay and spread rate, which strongly depend on
the entrainment effect, are the primary characteristics for
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Fig. 7 Comparisons of the velocity profiles obtained through simulation
and experiment. a X = 0.15 m; b X = 0.20 m; c X= 0.25 mFig. 5 Schematic representation of the impinging jet

Fig. 4 Initial particle distributions over the SLM working plane
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Fig. 6 Centerline velocity distribution across the impingement region
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investigating the jet flow. The velocity decay is a phenomenon
in which the velocity decreases from the nozzle outlet to the
downstream. The spread rate (Ky) of the jet was defined as
follows:

Ky ¼ ∂X 0:5

∂Y
ð5Þ

These are the main concerns for understanding the flow
structure inside the SLM chamber. As shown in Fig. 8, it
can be seen that the centerline velocity slightly accelerated
after leaving the blowing nozzle, due to the vena contracta
effect. The velocity decays and spread rates were relatively
lower than the ones in the impingement region. The jet flow
started mixing with the ambient fluid and spread over inten-
sively. The vortices emerged thereafter. Hence, the velocity
decayed along the jet centerline and the radial momentum
increased while it developed further downstream. Moreover,
vortex rollups were delayed and energy dissipations reduced
owing to the high suction velocity [19]. Figure 8 presents the
velocity decay along the jet centerline with various minor axis
lengths of the blowing nozzle. The Wb were 26, 39, and
52 mm, corresponding to the ARs of 11.54, 7.69, and 5.77
respectively. Heating the working plane was also taken into
consideration.

It can be observed that the elliptic jet with a larger aspect
ratio has faster velocity decay and higher spread rates, which
were consistent with the previous studies [12, 22]. In addition,
the centerline velocity was slightly increased toward the work-
ing plane when the heating was applied to the plane due to the
heat convection. This resulted in relatively slower velocity
decay for the jet flow with heating compared to the one with-
out heating. Moreover, Reynolds numbers have little influ-
ence on the velocity decay and the velocity profiles with the
Reynolds numbers of 27,000 and 54,000 behaved similarly.

3.3 Optimization of the working chamber
through Taguchi analysis

3.3.1 Analysis of variance

Table 5 shows the simulation results of the removal efficien-
cies calculated through Eq. (3) as well as the corresponding S/
N ratios obtained using Eq. (2). Among the 9 cases designed
by the L9 orthogonal array, case 4 with Wb = 39 mm, Ts =
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Fig. 8 Mean streamwise velocity decay along the jet centerline at a Re =
27,000 and b Re = 54,000

Table 5 The results for removal
efficiencies and S/N ratio values Number of samples Control factors Rp S/N ratios (%) (dB)

Wb (mm) Ts (mm) Ds (mm) Re

1 26 47 26.5 27,000 75.00 37.40

2 26 44 30.0 40,000 81.55 38.05

3 26 50 23.0 54,000 77.98 37.52

4 39 47 30.0 54,000 82.14 38.19

5 39 44 23.0 27,000 70.24 36.61

6 39 50 26.5 40,000 76.19 37.55

7 52 47 23.0 40,000 75.00 37.05

8 52 44 26.5 54,000 75.00 37.35

9 52 50 30.0 27,000 73.81 37.27
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47mm,Ds = 30mm, and Re = 54,000, which has the largest S/
N ratio of 38.19 dB, obtained the best particle removal effi-
ciency of 82.14%. The average S/N response value for each
factor is presented in Table 6. To inquire the degree of influ-
ence for each factor, delta statistics (to indicate the relative
effect of each factor on the response) have been applied to
compute the rank, which is the maximum average S/N value
minus the minimum one. A larger delta value represented the
higher influence of the factor. Hence, rank 1 with the highest
delta value has the most significant influence. As shown in
Table 6, suction-to-plane distance (Ds) has the highest impact
on the particle removal efficiency, followed by the Reynolds

number and the width of the blowing nozzle. The thickness of
the suction tunnel, in this case, has the lowest impact on the
particle removal efficiency. Figure 9 shows the overall S/N
response graph, which was used to determine better control
factors for improving the removal efficiency. A larger S/N
ratio represented higher particle removal efficiency; therefore,
within the selected control factors, the predicted optimal pa-
rameters for the SLM chamber were determined as the width
of the blowing nozzle at level 1 (26 mm), the thickness of the
suction tunnels at level 1 (47 mm), the suction-to-plane dis-
tance at level 2 (30 mm), and the Reynolds number at level 3
(54,000).

3.3.2 Confirmation test

The improvements of particle removal efficiency with appli-
cation of the optimal factors obtained in the last section were
verified in this section. Table 7 shows the comparisons of the
results between the simulated and experimental values. The
estimated S/N value bη using the optimal control factors was
calculated as

bη ¼ ηþ ∑
q

i¼1
ηi−η
� �

ð6Þ

Table 6 Mean S/N response table for Rp

Level The-larger-the-better S/N (dB)

Wb Ts Ds Re

Level 1 37.66 37.55 37.43 37.09

Level 2 37.45 37.34 37.84 37.55

Level 3 37.22 37.45 37.06 37.69

Delta 0.44 0.21 0.78 0.60

Rank 3 4 1 2
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Fig. 9 The effects of design
parameters on the average S/N
ratio for Rp
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where η is the total mean S/N ratios, ηi is the mean S/N ratio at
the optimal level, and q is the number of the design control
factor that affected the quality characteristics significantly. It
can be seen from Table 7 that the simulation results agreed
well with the experimental ones, confirming the optimal de-
sign through the Taguchi analysis. As a consequence, the in-
crement of the S/N ratio from the initial parameters (Wb =
26 mm, Ts = 47 mm, Ds = 26.5 mm, and Re = 27,000) was
0.95 dB, which improved the particle removal efficiency from
75 to 82.73%.

3.4 Axis switching

Axis switching is a universal phenomenon which can be
found in the slender geometry of the nozzle because the jet
expanding in the minor plane is higher than the one in the
major plane [11–13, 24]. To investigate the influences of the
axis switching on the flow behaviors inside the SLM working
chamber, the working plane was divided into four quadrants,
Q1, Q2, Q3, and Q4, each with a size of 250 mm × 250 mm at
H = 0.04m as shown in Fig. 10. Because of the axis-switching
phenomenon, the velocity distributions in Q2 and Q4 were
faster than those in Q1 and Q3, attributed to the stronger
momentum strength. The dominant quadrants in Q2 and Q4
of the elliptical jet spreading have also been observed by
Aleyasin et al. [12]. On the other hand, the weaker momentum
strength in Q1 and Q3 lowered the particle removal efficiency.

To improve the velocity gaps between Q1 and Q4 as well
as Q2 and Q3, the velocity settings of both suction tunnels
were suggested to be divided into two sections with two dif-
ferent outlet velocities by increasing the outlet velocities at Q1
and Q3 as well as reducing the outlet velocities at Q2 and Q4
meanwhile. Through the modifications of the outlet velocities,
the axis switching can be resolved and the particle removal
efficiency was increased by 1.2% (to 83.93%).

4 Conclusion

Continuing from the authors’ previous study, more influenc-
ing factors were taken into consideration for improving the
flow behaviors inside the SLM working chamber and this
improves the quality of the SLM manufacturing, including
the heating module, particle ejections, aspect ratios, and
Reynolds numbers. Through the CFD analysis accompanied

with the Taguchi method, optimal parameters (within the se-
lected control factors) for designing the SLM working cham-
ber were determined. The simulated velocity profiles with
SST K Omega turbulence model were first successfully vali-
dated with the experiment results. The aspect ratio of the
blowing nozzle was found to be significant to the flow devel-
opment. The elliptic jet with a shorter minor axis was ob-
served to have a faster velocity decay and spreading rate.
Through the optimizing analysis, the S/N ratio indicated that
the suction-to-plane distance has the greatest impact on the
particle removal efficiency.

Table 7 Optimizing responses
(max Rp), predicted and
experimental values

Optimal factors Predicted Experiment [23]

Wb (mm) Ts (mm) Ds (mm) Re Rp (%) S/N (dB) Rp (%) S/N (dB)

26 47 30 54,000 83.14 38.40 82.73 38.35

Fig. 10 Velocity distributions within the impingement region above the
working plane. a U, b velocity magnitudes of U, V, and W
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The proper conditions for enhancing the particle removal
efficiency were found to be 26 mm for the width of the elliptic
nozzle, 47 mm for the thickness of suction tunnels, 30 mm for
the suction-to-plane distance, and 54,000 for the Reynolds
number. As a primary characteristic, axis switching enhances
the jet mixing which appropriately benefits the flow field in-
side the SLMworking chamber. However, this leads to a non-
uniform momentum distribution across the working plane.
This defect can be improved by decreasing the suction
strength between the two dominant quadrants Q2 and Q4 as
well as increasing the suction strength between the other two
quadrants Q1 and Q3.
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