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ARTICLE INFO ABSTRACT

Keywords: Direct Laser Metal Deposition (DLMD) is a type of Additive Manufacturing (AM) that deposits blown metallic
Afiditi"e ma““facfu'riﬂg (AM) powders from a nozzle onto a substrate. These powders are then simultaneously fused together by a high
Direct laser deposition (DLMD) powered (0.1-1 kW, often ND:YAG) laser to form a deposited layer. Out of the various nozzle designs Continuous

Direct . Coaxial nozzles provide the most even spray profile due to their annular profile. This is at the cost of a reduction
Metal deposition (DMD)

Direct laser metal deposition (DLMD)
Metal

Additive manufacturing

Nozzle design

in spray focusing. In this paper, the authors use full factorial analysis of simulated gas-powder nozzle flows to
determine the impact of inlet pressure (1-10 kPa), powder inlet angle (0° — 25°), powder inlet offset (0-10 mm
offset from the centerline), and internal groove shape (no grooves, straight grooves, tapered grooves) on nozzle
focusing and powder velocity. It was determined that 1 mm wide straight grooves provided the best focusing,
with powder concentrations reaching from 0.3 to 0.45 kg/m° and particle cloud diameters reaching as low as 6
mm. CFD simulations showed that straight grooves drastically reduce tangential particle velocity components,
forcing powders to point towards the nozzle's focal point. A second batch of designs with a smaller nozzle angle
(from 17° to 12°) focused on examining other groove geometries, including wider straight grooves and helical
grooves. These simulations confirmed that narrow, straight grooves with uniform thickness provide improved
powder focusing by controlling powder exit trajectories. In addition, helical grooves with steeper helical angles
reduced the powder spray divergence. Finally, one control and the two best performing designs from each batch
were manufactured and tested in a lab setting to experimentally observe the overall spray profile. Both the
simulations and experiments showed an improvement in nozzle focusing with the addition of straight nozzle
grooves, with experimental results showing a 17-18 % decrease in the spray width compared to the control
nozzle.

1. Introduction

the nozzle, the process can be manipulated using a Computer Numerical
Control (CNC) machine [1] or a robotic arm [2], allowing for the

Direct Laser Metal Deposition (DLMD) is a spray-based additive
manufacturing (AM) process that delivers powders to a substrate such
that they can be fused together via a high-powered laser. To do this, a
powder-gas mixture is supplied to a nozzle and ejected from one or more
orifices such that the stream of powders intersects with the focal region
of the laser beam used. The energy of the laser beam melts both the
powders and the substrate below, creating a melt pool that cools and
solidifies into a deposited layer as the deposition head (nozzle + laser)
traverses along a predetermined path. Due to the relatively small size of
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manufacture of complex parts. This compact form also allows for this
process to be integrated into machines that also incorporate subtractive
manufacturing processes [3-5].

Because the nozzle directly supplies the powders to be deposited, the
design of the nozzle plays an important role in determining the shape
and resolution of the powder stream. As such, a variety of nozzle types
have been designed, studied, and commercialized for the DLMD tech-
nique. Three categories of nozzles are often used to describe the common
types of nozzle designs: Off-Axial [6], Discrete Coaxial [7], and
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Fig. 1. DLMD Nozzle types: (a) Off-Axial, (b) Continuous Coaxial, (c) Discrete Coaxial [6].

Continuous Coaxial [6]. Each nozzle type is illustrated in Fig. 1. Off-
Axial nozzles are characterized by a central laser beam positioned
vertically above the substrate, often with a shield-gas nozzle positioned
below the laser head to protect the equipment from rebounding pow-
ders. Powders are fed through a single nozzle not along the axis of the
laser beam; this nozzle is angled such that the powder stream intersects
with the laser such that a melt pool can be formed. The main drawback
of this system is that deposition quality and efficiency is dependent on
the deposition head's travel direction, often limiting the deposition
process to a single direction [6,8].In addition, compared to Coaxial
nozzles, the deposition efficiency suffers at higher powder feed rates [9].

Discrete and Continuous Coaxial (DC and CC) nozzles address the
problem of off-axial nozzles by providing multiple sources of powder
streams around the central laser beam axis. Discrete Coaxial systems
involve the incorporation of multiple nozzles or orifices around the laser
beam, each with an individual inlet and outlet such that the powder
streams do not intersect within the nozzle [6]. Meanwhile, Continuous
Coaxial nozzles distribute powder around an annular nozzle, with
powder streams of multiple inlets coalescing into a single powder stream
at the nozzle exit [6]. Oftentimes, a third annular exit is used to provide
additional shield gas to the powder stream to ensure no oxidation occurs
during the AM process. Both coaxial variants not only allow for omni-
directional deposition, but also can allow for a more compact design as
the powder feed is integrated around the laser head.

Out of all three nozzle types, Continuous Coaxial nozzles provide the
highest potential for improving the DLMD process. A comparison be-
tween Off-Axial and Continuous Coaxial nozzles showed that the latter
provided better overall deposition efficiency [9], whereas a comparison
between Discrete Coaxial and Continuous Coaxial nozzle suggest
improved deposition efficiency as well. The higher powder velocities
provided by Continuous Coaxial nozzle ensured that more powders
penetrated the melt pool rather than rebounding off the melt pool [10].
In addition, Continuous Coaxial nozzles can incorporate design features
such as grooves [11,12], off-axis inlets [12-14], flow straighteners
[13,14], and retraction/protrusion of nozzle inlets [15], along with
other changes in both internal nozzle features and standard nozzle fea-
tures such as nozzle angle and powder inlet angle. The flow of contin-
uous coaxial nozzles, however, is more complex compared the other two
types of nozzles, especially when there are numerous design features to
add to the flow complexity. As such, it is important to understand the
gas-powder flow within these nozzles and how changes to the nozzles'
design affect both gas powder flow and deposition quality.

Initial Computational Fluid Dynamics (CFD) simulations of the
DLMD process were done using a 2D-Axisymmetrical scheme [15,16],
with the center axis located along the nozzle's center axis. The general
profile observed shows a powder stream that converges to a single point,
where there is a location with a minimum thickness and a maximum
powder concentration. This stream then diverges again. The general
profile is similar to analytical models used in the 90's [17,18]. Wen et al.
[16] divides the sections of the powder stream profile into three parts:
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pre-“waist”, “waist”, and post-“waist™. It is also observed that there can
be multiple regions of high powder concentration, allowing for a range
of stand-off distances to consider for operation. The location of this
focusing or “waist” region is dependent on nozzle geometry [15] as well
as the powder's coefficient of restitution [19,20] and powder size [20].
The introduction of the substrate also affects the location of maximum
powder concentration, as rebounding powders will intersect with the
powder stream a second time [21].

Although 2D-Axisymmetrical simulations gives a general under-
standing of the powder flow, a more in-depth understanding of the
powder flow inside the nozzle is found when a full 3D model is simu-
lated. Ibarra-Medina and Pinkerton [21] noted that when powders enter
the nozzle via an inlet whose axis intersects with the central axis, it will
impact the inner nozzle wall, resulting in the spreading of powders
within the nozzle. This allows for a more even powder distribution
within the nozzle, although it can be seen that concentration fluctua-
tions correspond to powder inlet locations. Meanwhile, if the inlets are
offset (do not intersect with the central axis), the powders will swirl
around the nozzle, resulting in a diverging stream [13]. In addition, it
has been noted that the powders will ricochet between the nozzle walls
until they reach the nozzle exit, resulting in a variation of particle exit
trajectories which affects the location of the peak powder concentration
region [20].

Due to the ability to change the nozzle model easily in simulation, it
is possible to investigate the impact of nozzle design on the powder
spray process. One of the first simulation papers by Lin [15] investigated
the effects of the relative configuration between the center nozzle exit
and the annular powder exit on powder flow, with one configuration
having the center exit protruding 2 mm from the nozzle tip, and the
other having the center exit retracted 1 mm from the nozzle tip. It was
determined that the retracted configuration created a focusing region
closer to the nozzle tip (5 mm), whereas the protruded configuration
created a focusing region father away (8 — 14 mm) from the nozzle tip.

J Zhang et al. [22,23] simulated and tested a continuous coaxial
nozzle in lab scale, with inlet angles nearly matching the nozzle's angle.
In addition, the outer wall of the cone was angled at 45°, and the inner
wall at 39.9°. This design allowed for good powder distribution within
the nozzle with only a few hot-spots. When analyzing the powder flow
within the nozzle, the powder velocity range was shown to increase half-
way into the nozzle. However, the exit powder velocity was shown to be
affected by powder mass flow rate when it increased the average powder
exit velocity. In addition, the exit powder flow was shown to have two
concentration peaks, with the second determined to be a result of par-
ticle collision. Xia et al. [14] simulated a DLMD nozzle that incorporated
an initial mixing chamber followed by a flow straightening section at
different gas flow rates and powder feed rates. The flow straightening
system allowed for even powder distribution within the nozzle. The
nozzle showed risks of clogging right after the flow straightening section
when low gas flow rates and high powder feed rates were supplied.

Another design aspect that was explored was the effect of nozzle
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Fig. 2. Illustration of a typical continuous coaxial DLMD nozzle.

grooves that run along the inside of the nozzle. Arrizubieta et al. [11]
proposed this solution in order to correct the powder trajectories from a
swirling powder flow described earlier. This allowed for the powder
flow to be focused again such that the powder stream intersects at the
central axis. The authors of this paper also investigated the effects of
grooves (both straight and tapered) on the nozzle's ability to focus the
powder stream [12]. In addition, the effects of inlet angle and inlet offset
were also examined. It was determined that 1 mm wide straight grooves
provided the best focusing out of all nozzle configurations tested, irre-
spective of inlet angle and inlet offset. Straight grooves drastically
reduced the tangential velocity component of the powders, ensuring that
their exit trajectories were directed towards the nozzle's central axis;
tapered grooves also provided better focusing, but less than the straight
grooves. The configuration of the nozzle inlets mainly determined the
overall powder distribution within the upper section of the nozzle before
they are funneled into the grooves. Results from previously cited
simulation models can be used as inputs for novel methods such as the
one developed by Sobahanieh et al. [24] to help determine the effects of
nozzle designs on laser attenuation and optimal nozzle standoff distance.
In their paper, it was shown that an increase in powder feed rate would
linearly increase laser attenuation, and that the optimal standoff dis-
tance should be where the powder stream and the laser focal length
intersect in order to ensure the maximum energy transfer to the melt
pool.

In this paper, DLMD nozzle design parameters such as nozzle angle,
powder inlet angle, nozzle inlet offset, and internal nozzle groove ge-
ometry are studied using a combination of CFD and Design of Experi-
ments (DOE) full factorial analysis. By focusing on studying the nozzle
designs, it is possible to determine which design features will improve
powder deposition efficiency and reduce powder waste through the
improvement of powder focusing done by the nozzle. This will be done
in two batches. In this study, the first batch of 12 designs are analyzed,
characterized by input variable such as nozzle inlet angle, nozzle offset
distance, and internal nozzle groove geometry. In addition, nozzle inlet
pressure is used as a fourth input variable to provide a total of 24 cases
all run in CFD simulation. Output parameters of powder cloud diameter,
powder concentration, and max powder velocity are all obtained and
analyzed from 10 mm below the nozzle inlet. Although DOE has been
used to study and optimize the DLMD process, the focus of these studies
have been on process parameters such as with Moradi et al. [25] —
studying scanning speed, scanning pattern, and powder feed rate — and
with Nankali et al. [26] — studying laser power, laser focal plane
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Table 1
All design permutations that were tested. Each design was simulated at 2
different inlet conditions: 1 kpa and 10 kpa for both shield and powder inlets.

Design Powder inlet angle Inlet offset Grooves Groove type
©) (mm) @#)
1 0 0 0 None
2 0 10 0 None
3 25 0 0 None
4 25 10 0 None
5 0 0 12 Straight
6 0 10 12 Straight
7 25 0 12 Straight
8 25 10 12 Straight
9 0 0 12 Tapered
10 0 10 12 Tapered
11 25 0 12 Tapered
12 25 10 12 Tapered

location, and scanning speed. In addition, the outputs focus on deposi-
tion quality metrics such as deposition height, deposition width, surface
smoothness, geometric stability, and micro hardness. In the second
batch, four more designs are analyzed in CFD, this time focusing on
understanding how nozzle groove geometries not covered in the first
batch control powder exit trajectories. Finally, the best design from
beach batch (i.e. the ones that focus the powder the most) were manu-
factured alongside a control design, and their powder flows were
examined experimentally to validate the CFD models.

2. Nozzle designs

The overall base construction of the nozzle consists of three different
parts, which can be seen in Fig. 2. The outer section, colored yellow, is
mainly used to provide shielding gas to protect the powder stream, and
screws onto the middle section (blue). This middle section is used to
provide a mixture of powder and nonreactive gas such as Argon or Ni-
trogen, and screws into the inner section colored red. The innermost
section is used to provide a pathway for the laser beam as well as pro-
tective inner gas to protect the laser from powder reflection into the
nozzle. As for a continuous coaxial (CC) nozzle, a gap is provided in
between each section for where the gas and powder flow through the
nozzle and exit out the bottom, with each stream separated by a thin
wall.

The creation and simulation of nozzle designs were done in two
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Fig. 3. Variations in powder inlet position used for simulating the first batch of designs.

batches. The first one focused on 3 different design parameters and two
inlet pressures (1 kPa and 10 kPa), which is outlined in Table 1. The
configurations for the nozzle inlets, shown in Fig. 3, are only used in the
first batch of simulations. Because the inlets are the locations where
powders enter the nozzle chamber, it is important to examine how
changes in the nozzle inlet affects powder distribution, velocity, and
focusing. An inlet trajectory that is more closely aligned to the nozzle
exit angle will allow the powders to more easily flow into the nozzle, but
may affect annular powder distribution as the majority of powders will
stick closer to the nozzle outlet. Meanwhile, offsetting nozzle inlets from
the center-line will force the gas and powders to swirl around the nozzle
until they exit, which may provide either beneficial or detrimental ef-
fects to the nozzle's ability to focus depending on the powders' weight
and the strength of the gas flow.

The last design parameter is created by making groove patterns on
the outer cone face of the part colored in red in Fig. 2. The protruding
sections of the modified cone sit flush with the inner face of the middle
part, which in turn restricts the gas-powder mixture to flow into the
grooves towards the exit. By changing the groove design, it is possible to
affect the powders' exit trajectory and in turn the nozzle's ability to
focus. As such, a total of nine variations of this part (one without grooves
and eight with grooves) were created, all shown in Fig. 4. In Batch 1, two
of the variations were designed specifically to better accommodate for
the induced swirling flow from the offset inlets, while the rest were
designed with centered inlets in mind. All grooved nozzles contain a
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total of 12 grooves evenly spaced apart, with each endingina 1 mm x 1
mm profile at the nozzle tip.

Due to the large number of varying conditions in Batch 1, a full
factorial analysis was used, with the parameters outlined in Table 2. A
total of 4 factors and 9 levels were used, with the groove type having 3
levels instead of 2 as there were three different groove configurations to
be tested and analyzed. From there, an analysis of variance (ANOVA)
was performed, with the results outlined more in Section 5.

In Batch 2, the nozzle exit angle was changed to 12° compared to the
previous 17°exit angle, as this new profile would allow for an overall
more compact design than the previous batch. Aside from this, the only
design aspect that changed was the groove shape. Two designs (13 and
14) were focused on comparing groove width (1 mm wide vs 1.5 mm
wide). It is important to note that the number of grooves in design 14 is 8
compared to the more common 12. This change was made out of ne-
cessity, as each set of grooves still needed a reasonable amount of wall
spacing between each other to be reasonably manufacturable while still
keeping the nozzle exit width the same. The other two nozzles (15 and
16) examined helical groove patterns. These helical patterns are a more
controlled way to induce a swirling flow in the nozzles, as the shape of
the grooves affects the tangential velocity component of the powders
while reducing the overall variation in powder trajectories.

Once both batches were simulated, a total of three DLMD nozzle
designs were selected to be prototyped and tested, which are shown in
Fig. 5. Nozzle A in Fig. 5 was set as the control, while Nozzles B and C
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Control (No Grooves) Straight Grooves Tapered Grooves
Batch 1:
* 17° nozzle angle
* 1mm groove
width at nozzle
exit
* Accommodate
for offset inlets
Batch 2:
* 12° nozzle angle
+ Varying outlet
width
* Varying groove
exit position
Tmm Wide 1.5 mm Wide Tmm Wide Tmm Wide
Straight Straight 180° Helix 45° Helix
Fig. 4. Variations of the innermost nozzle part that defines the powder flow trajectory in the nozzle for both Batch 1 and Batch 2.
Table 2
Full factorial design for the analysis of the nozzle designs.
Factors Factor # of Levels Level values
codes levels
Inlet pressure A 2 -1,1 1000, 10,000
(Pa)
Inlet angle B 2 -1,1 0, 25
©)
Inlet offset C 2 -1,1 0,10
(mm)
Groove type D 3 -1,0,1 Straight, none, tapered

were selected from Batches 1 and 2, respectively. Nozzle A is similar to
many commercial continuous coaxial nozzles, with a completely
annular profile throughout the nozzle chamber. Therefore, this nozzle is
viewed as the control in this study, with Nozzles B and C compared and
contrasted in reference to Nozzle A. Nozzle B differs from Nozzle A
mostly via the addition of grooves on the inner cone of the nozzle. The
raised sections lay flush with the outer wall of the nozzle, producing
twelve channels that the powders are forced to pass through to the exit.
The grooves run all the way to the nozzle exit, producing twelve 1 mm x
1 mm wide exits placed radially along the nozzle exit. To facilitate the
funneling of powders into the grooves, the geometry includes a set of v-
shaped channels that lead into each groove. Aside from the grooves,
Nozzle B is unique in that this nozzle is made of brass instead of steel to
assist in heat dissipation during the DLMD process.

Nozzle C differs from both Nozzle A and Nozzle B in a variety of
ways. Firstly, the nozzle angle is steeper, measuring at 12° from the
vertical compared to 17° from the vertical for the other two nozzles. This
was done to provide a more compact form. In addition, the nozzle inlets
are angled at 50° compared to 25° from the horizontal. The groove ge-
ometry also varies in a few minor ways compared to Nozzle B. Firstly,
the grooves are shorter, measuring 25 mm compared to Nozzle B's 30
mm. The top of the raised section is also rounded, providing a different
profile for the powders to funnel into the nozzle structure. Finally, due to
manufacturing constraints, the grooves start out with a 1 mm width and
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Fig. 5. Prototyped versions of each nozzle that were both simulated and tested
experimentally.

Table 3
Outline of differences in design features of each nozzle.
Nozzle A B C
Nozzle angle 17° 17° 12°
Features No grooves  Straight grooves  Slightly tapered grooves
Top groove width N/A 1 mm 1 mm
Bottom groove width ~ N/A 1 mm 0.5 mm
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Fig. 6. Example of the meshed simulation domain for Nozzle B.

Table 4
Material properties used in the simulations of the nozzles.

Gas material ~ Gas density ~ Gas viscosity =~ Powder material =~ Powder density
(kg/m®) (kg/ms) (kg/m®)
Argon 1.6228 2.13e-05 Copper 8978

end with a 0.5 mm width, resulting in a small taper. A summary of the
differences between each nozzle is outlined in Table 3.

3. Simulation setup and theory

In the simulation, ANSYS Fluent 19.2 was used to perform 3D CFD
simulations of each nozzle. The inside geometry was created in reference
to each nozzle's CAD model, with each nozzle inlet set at 1-10 kPa of gas
pressure. To simulate a free-stream environment, a 50 mm x 50 mm
cylinder is attached to the nozzle's exit tip, with the boundaries set to
atmospheric pressure. An example of the meshed domain is shown in
Fig. 6. The entire domain is assumed to be consisting of only argon at-
mosphere, whereas the powders simulated are all copper. The specific
values of each material are outlined in Table 4.

To perform the simulations, the conservation of mass, conservation
of momentum, and standard k-¢ turbulence equations were used. These
equations are calculated using the 3D time invariant versions [27]. The
conservation of mass equation is used is:

ou 0dv ow
> + o + e 0 @
where u, v, and w are the gas velocities in the x, y, and z cardinal
directions, respectively. Essentially, the change in gas density over time
must be a result of gas entering or exiting the domain that is examined
such that no mass is lost.
The conservation of momentum equations used are:

a—"+ %+ oy _ 9P u @Jraz—“ +pg. + F, @
P\"ox véy "oz) T ox o’ oyt 07 Pe Tl

SN W i +azv+az +pgy +F, 3
P ™) o M e T T T
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In the above equations, F represents force terms such as gravity,

influence from particles, etc. p is again the gas density, y is the gas

viscosity, u, v, and w are gas velocity components in the x, y, and z
components, respectively, and P is the gas pressure.

One of the more common sets of equations used for turbulence are
the standard k — € equations, developed by Launder and Spalding [28].
It is important for flows with high Reynolds numbers (Re > 4000 for a
pipe, where Re = pvL/u with L being a characteristic length or diameter).
The turbulent kinetic energy (TKE) equation:

opkv;) 0 [p, ok
S B 2 ous;Ss —
Ox; 0x; |0y Ox; + Ay pe )
The TKE Dissipation rate equation:
d(pev;) 9 [p, oe e’
— | = =—| +2C1-pS;S; — pe — Cap— 6
ox; 6x] G Ox; + 1ku vy ‘ 2pk (6)

where k is the turbulent kinetic energy, ¢ is the TKE rate of dis-
sipation,Sy = 1 (u; + uy) is the fluid strain rate tensor, the total viscosity
is defined.

by u = u¢ + py where y is a fluid's laminar viscosity, and y; = pCﬂkZ/s
is the turbulent viscosity. In addition, there are five constants that were
determined empirically [27,28] that are used in the standard k — ¢
model:

C1=1.44,C>=1.92, C, = 0.09, ok = 1.0, and o = 1.3. ok and o, are
the Prandtl numbers for k and ¢, respectively.

To simulate the powder flow, a Lagrangian approach is used. It was
determined by Wen et al. [16] that the low concentration of powder
within the flow allows for the use of this method. The force balance
equation used for the powder flow is as follows:

v, S T
my— == Cop(V = %)) [V =¥, {+%+? @

where mj, is the mass of the particle, v, is the particle velocity, Cp is the
particle's drag coefficient, A, is the particle's cross-sectional area, g is
gravity, p is the particle's density, and F represents all other forces acting
on the particles. One of the important forces that will be considered in
many simulations in this paper is the momentum transfer between
particles and the shield gas, as both powders and gas influence each
other in the flow. This transfer force F;, is as follows:

18uCpRe
Fp = Z < (W (Vﬁ - V) + F()l/rer)/DUlWl,,At)

where d,, is the particle diameter, Fopr represents any other force
transferring momentum to the particles, m, is the powder mass flow rate,
and t is the time step.

Various drag coefficient models have been presented over the years
in order to provide a model that allows for a better understanding of
powder flow through various apparatuses. One of the most common
methods used was an equation developed by Morsi and Alexander [29],
which assumed the particles are spherical. This equation is used for all
simulations within this paper. The equation is as follows:

®

as
=a +7+7

Cp
Re = Ré*

(C)]
where a;, ag, and ag are all curve-fitting constants that are outlined in
[29], each one varying based on the flow's Reynolds number.

Finally, to simulate the powders, a Rosin-Rammler particle distri-
bution is implemented:
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Table 5
Parameters for the simulated Rosin-Rammler Distribution.
Min Max Average Spread Number of
diameter diameter diameter parameter diameters
(um) (um) (um)
15 50 32.5 3.5 10
d n
F;= exp{ - (:) 10)
d

where Fy describes the powder mass fraction of particles greater than a
given particle diameter d, d is the average particle diameter, and n is the
particle spread parameter. The specific particle distribution parameters
used are listed in Table 5.

4. Experimental setup

The nozzles were tested in a free stream condition so that they can be
compared to the simulation results, as shown in Fig. 3. Each nozzle was
set up in a 3D-printed stand, with the tip of the nozzle clearly visible
underneath the stand. Copper powders were stored and supplied via a
Colombia Coatings powder keg and pump [30], with 100 psi of air
supplied to the air intake to be regulated by a set of 3 valves until a
consistent powder flow was produced. A metal tray was used to capture
and conserve powders for repeated testing. The overall focus was
observing the shape of the powder spray produced and comparing that
with the simulated results, as the nature of this test is less precise than
others available. A Canon EOS Rebel T7 was used with a 75-300 mm f
1:4-5.6 zoom lens, and was focused on the powder spray, which was lit
by a side light that the powder stream was visible.

To measure the shape of the spray, each image was examined with
image processing software (ImageJ). All three nozzles have a tip diam-
eter of 10 mm, and therefore can be used as a reference in order to
determine the size of spray parameters such as spray width, height of the
spray “waist,” and distance at which the powders begin to converge. To
mitigate variance, a total of 8 to 11 images were captured for each
nozzle. Spray width at the observed thinnest point was measured with
each image, then averaged to estimate the average focused spray width.

5. Results and discussion
5.1. Analysis of design features

In order to understand the impact of the design features outlined in
Table 2, three parameters were chosen for analysis: (i) the highest

A
e
0.45 4
0.40 4
0.35 4
0.30 4
0.25 4
0.20 4
0.15 4
0.10 4
0.05 4
0.00
-0.05 4

Particle Concentration (kg/m®)

-0.10 T T T T T T T T T T T T

6 1 2 3
Nozzle Design Number

Fig. 7.

A 1kPa
m  10kPa
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powder concentration value obtained from the simulation, (ii) the
diameter of the measured particle cloud in simulation, and (iii)
maximum particle velocity magnitude. All of these values were obtained
from a distance from 10 mm away from the nozzle tip, as this was
representative of a typical standoff distance for the DLMD process and
allowed for a common measuring point between all 24 cases. The
maximum powder concentration shows what the expected powder
concentration will be at the center of a focused powder spray, providing
a good idea of how much of the laser beam will be absorbed by powders.
As shown in Fig. 7a, the powder concentration decreases as inlet pres-
sure increases. This is understandable in a steady-state simulation, as
higher pressure corresponds to higher powder velocity, which in turn
means that the powders have less time to linger within a given volume
cell. The only exceptions to this are specifically nozzles 2 and 4, which
have no grooves but have offset inlets.

Particle cloud diameter, shown in Fig. 7b, is obtained by measuring
the diameter of the region that is 10 % of the maximum concentration
value. Although this diameter is generally larger than the majority of
laser diameters used in the DLMD process, it allows for an overall better
picture of the spray profile. Maximum concentration and cloud diameter
in tandem provide a clear visual of which nozzle design features improve
DLMD powder spray focusing. As seen with nozzles 5-8, 11, and 13,
nozzles with high powder concentration (above 25 kg/m®) have very low
particle cloud diameters, indicating good spray focusing. Nozzle 7 is the
best of the entire batch in this case, with the highest powder concen-
tration and the lowest (and most consistent) particle cloud diameter.
Meanwhile, nozzles 2 and 4 have the largest spray diameters and the
lowest particle concentration, irregardless of pressure, indicating that
nozzles with offset inlets that have no way to change particle trajectory
internally before they exit will not be able to focus powders.

Examining the simulated particle trajectories only further corrobo-
rated the results shown in Fig. 7. In general, the particle behavior can be
split into 4 distinct categories, which are outlined in Fig. 8. The first
category involves designs (1 and 3) that have no internal geometry as
well as inlets that point towards the nozzle's central axis. Although all
designs have powders impacting the central wall upon entering the
chamber, these designs do not have any way to correct for particle
spreading inside the nozzle, which can be seen in Fig. 8a. The resulting
exit trajectories show that although most of the powder stream is
focused, stray particles that gain a tangential velocity component due to
internal spreading do not focus.

A high tangential velocity component is what defines the second
category (designs 2 and 4), which have offset inlets that induce a
swirling gas-powder flow. Fig. 8b clearly demonstrates that high
tangential velocity component results in powders that exit the nozzle
away from the nozzle's central axis and thus do not focus. This behavior

u
A

1 kPa
10 kPa

uiuaiiié

0 T T T T T T T T T T T T

4 5 6 7 8 9 10 11 12

Particle Cloud

Nozzle Design Number

(A) Maximum particle concentration and (B) Particle Cloud Diameter of the first batch of nozzles, measured from 10 mm from the nozzle tip.
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Fig. 8. The four general spray shapes that appeared in the first batch of simulation trials: (A) semi-focused spray from nozzles without grooves and without offset
inlets, (B) unfocused spray from offset inlets, (C) highly focused spray from straight grooved nozzles, and (D) focused spray from tapered grooved nozzles.

explains the large particle cloud diameter measured in Fig. 7b, as this
type of design does not focus the powders. This behavior indicates a high
Stokes Number, which indicates that the particles tend to separate from
the gas flow as the gas flow is not strong enough to force the heavy
metallic powders to follow it. The Stokes Number is generally calculated
by:

ppd[%uo

Stk = ——
18|J,gl()

an
where pj, is the particle density, dj, is the particle diameter, uo is the gas
velocity far away from a given obstacle or geometric change, y is the gas
viscosity, and [y is the flow's characteristic length. For the smallest
particle diameter of 15um, a gas velocity of 10 m/s (the lowest
maximum gas velocity shown in Fig. 9), and a characteristic length of
1mm (the shortest distance between the inner nozzle walls), the Stokes
Number is calculated to be 52.7. This high stokes number means that
particle motion is highly dictated by the particle's momentum and
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interaction within the nozzle walls. In all simulations, particles bounce
between the nozzle walls as they travel towards the exit, and then follow
their exit trajectory.

The final two design categories from batch 1 all have internal nozzle
geometry that forces the powders to exit the nozzle towards the central
axis. The third category consists of all nozzles with straight grooves
(Fig. 8c), whereas the fourth consists of all nozzles with tapered grooves
(Fig. 8d). Comparing these two categories, the nozzles with straight
grooves consistently focus all the powders, whereas the nozzles with
tapered grooves show improved focusing compared to nozzles without
grooves, but are not as effective as the straight groove case. This effec-
tiveness is best illustrated in Fig. 9a-b, where straight grooves consis-
tently have the lowest concentration diameter and the highest peak
concentration values, tapered grooves showing slightly higher concen-
tration diameters and peak concentration values compared to the no
groove cases, and no grooves showing the highest variation in diameter
depending inlet position while also having the lowest peak concentra-
tion values for any offset value greater than zero.
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Fig. 9. The relationship between the factors in Table 2 for (A) Peak particle concentration, (B) Particle cloud diameter, and (C) Maximum particle velocity.

The effectiveness of straight grooves is largely due to their ability to
reduce the tangential velocity component of the powders. Constant
collision with the groove walls result in the particles being redirected
towards the nozzle exit, while the force the gas exerts onto the powders
increase the powder's velocity vector in that direction. The tapered
grooves, while still subjecting powders to a narrow stream of gas, do not
reduce the tangential velocity component of the powders quickly
enough, as the powders have more time to travel within the grooves
between bounces. This results in reduced focusing -effectiveness
compared to straight grooves.

The presence of grooves also has a strong effect on particle velocity,
as demonstrated in Fig. 9c. The highest velocity values are all achieved
with straight grooves with high inlet pressure, regardless of inlet offset.
Similar behavior is found with nozzles with tapered grooves, but the
maximum velocity is around 10 m/s less than the straight groove case.
Groove-less nozzles show a less drastic correlation between velocity and
pressure. In nozzles with grooves, the cross sectional area in the nozzle
chamber is either gradually or abruptly reduced (depending on the
groove shape), and this continues up to the nozzle exit which also has a
reduced cross sectional area compared to the groove-less designs. A
reduction in this area will always result in an increase in gas velocity as
the volumetric flow rate through the nozzle must say the same. This
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increase in velocity corresponds to an increase to the force acting on the
powders, thus accelerating the powders to higher velocity. The abrupt
change in this cross sectional area in straight grooves corresponds to a
stronger increase in velocity and therefore a stronger force on the
powders.

Further analysis of the ternary plots in Fig. 9 shows another corre-
lation between inlet angle, powder focusing, and velocity. In all cases, a
steeper inlet angle corresponds with a higher peak powder concentra-
tion, a lower concentration diameter, and a lower maximum particle
velocity, with the reverse corresponding to a more shallow inlet angle.
Although the sample sizes are somewhat small for each case, these
correlations do still make sense. In the case of peak concentration and
concentration diameter, the steeper inlet angles are more aligned with
the overall nozzle angle. This means that the powders in the nozzle do
not spread as much within the nozzle upon impacting the nozzle wall, in
turn reducing the average powder's tangential velocity component. The
larger inlet angle also reduces the time the powders stay within the
nozzle, as they already have a stronger velocity component that is in line
with the nozzle angle. This means that the powders spend less time
within the chamber of the nozzle, reducing the amount of time the
powders accelerate.

Once the effectiveness of straight grooves were established, a new
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Fig. 10. Simulation results of the second batch of simulation trials: (A) 1 mm x 1 mm wide straight grooves, (B) 1.5 mm x 1 mm wide straight grooves, (C) helical

grooves with a shallow helix angle, (D) helical grooves with a steep helix angle.

batch of nozzle designs were created to explore different variations in
groove design as well as a change in nozzle angle. This simulation results
of the second batch of nozzles is shown in Fig. 10. The first point of
comparison is between nozzles 13 and 14, which vary the groove width.
The wider grooves in nozzle 14 result in a spray that is slightly wider
compared to nozzle 13, resulting in a lower peak concentration at the
focusing region. Similar to the tapered grooves of designs 9-12, the
powders have more room to travel in the lateral direction compared to
the narrow grooves, meaning that the tangential velocity component is
greater once the powders exit. Still, wider grooves may be a viable op-
tion to reduce powders clogging within the grooves without compli-
cating the nozzle geometry even further, and thus may be a candidate for
future investigation.

The final two nozzle designs, 15 and 16, were made to determine if
controlling the tangential velocity component could produce desirable
effects. The shallow helical angle of the grooves in nozzle 15 produced
results to designs 2 and 4, but with a reduced outer spray width. This

angle was still too great to provide any proper focal point for the laser to
melt powders onto, and as such is not a desirable design. Nozzle 16,
however, produced unique results. With a steep helical angle, the
powders produced a spray that provided much more even powder dis-
tribution in a large area of the spray. Although grooves do not allow for
much variation in powder trajectory, there is still some variation present
due to the stochastic nature of powder sprays. With a steep helix angle,
the powder sprays from each groove overlap slightly to produce an wide
spray pattern of more even concentration. Although design 16 is not
focused, this spray pattern could be useful for applications that desire a
more even powder spray distribution. In addition, the reduction in
powder concentration will reduce effects of laser attenuation. If powder
feed rate is needed to be higher and waste is not as much of a concern,
then design 16 may be beneficial in some applications of DLMD. In
addition, if the laser beam is both wide and powerful, then this type of
design may allow for wider deposited layers, reducing time that the
DLMD system needs to operate at the cost of spray resolution. This paper
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focuses on improving DLMD spray focusing, and as such design 16 was

not considered in the experimental validation stage.
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5.2. Simulation of manufactured nozzles and experimental validation

Examining the powder stream trajectories of each nozzle, as shown
in Fig. 11, itis clear that Nozzle A does not focus as well as Nozzles B and
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C, with multiple powder path lines diverging from the overall nozzle
focus. It is important to note that Nozzle A and Nozzle B share all but one
geometric design feature, the presence of flow-straightening grooves.
This can easily be attributed to how the powders travel within the
nozzle. While the majority of the powders exit the nozzle wall and flow
downward, many powders also travel in unintended directions, gaining
a tangential velocity component that is not fully reduced by the time the
powder exit the nozzle. The initial powder flow characteristics of Noz-
zles B and C are also very similar to Nozzle A, where the powders impact
the inner wall of the nozzle and spread outwards. The steeper inlet and
nozzle angle of Nozzle C does show a small reduction of powder
spreading, but does not eliminate it and the tangential velocity
component. What does eliminate the tangential velocity component,
however, is the addition of grooves in Nozzles B and C. The grooves force
the powder trajectories to follow the geometric path to the nozzle exit,
resulting in improved focusing with a large reduction of powder
deviance.

Similar to the particle streamline results, the particle concentration
maps in Fig. 12 show where and how well each nozzle focuses the
powders. Nozzle A, with no grooves, does appear to have a focusing
region starting at the 8 mm mark and ending at around the 11 mm mark,
with the overall shape of the powder stream being wider than Nozzles B
and C. This indicates that the powders are less focused without the
addition of grooves. Nozzle B, on the other hand, has a highly defined
focusing region at the 9-12 mm range, with powder concentrations
reaching above 0.5 kg/m>. This concentration value is even higher than
the peak concentration of Nozzle C. This can be attributed to larger
range of powder focusing shown in the contour, with a peak located at
around 13 mm from the nozzle tip. The steeper nozzle angle reduces
powder concentration peaks as the powder spray is more spread out
throughout the spray profile.

Experimental results of Nozzle A, as seen in Fig. 13, shows the
powder streams begin to converge at around 7 mm from the nozzle tip,
with the thinnest point of the spray located at around 10 mm. The ideal
focus region is located between 9 mm and 12 mm from the nozzle tip,
around the location of the thinnest region. The spray profile of Nozzle B
is similar to spray profile to Nozzle A, with the thinnest point of the
spray located around 10 mm from the nozzle tip. In addition, the spray
begins to converge at around 7.5 mm. This spray also has an estimated
focusing of region at the 9-12 mm location. In Nozzle B, faint streaks can
be observed in the section between the nozzle tip and the stream
convergence point, indicating that the grooves initially isolate the
powder streams before convergence. These streaks are more
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prominently shown in Nozzle C, where they are more visible near the
nozzle tip and converge at around the 9 mm point. The narrowest region
of the powder stream is at around 15 mm, while the focusing region is
estimated to be between 11.5 mm and 18 mm from the nozzle tip. As
predicted in the simulations, the longer focusing region and further
away waist location is attributed to the decrease in nozzle angle.

Simulation results for each corresponding nozzle show good corre-
lation with the spray shape for Nozzles B and C, with the thinnest lo-
cations of the spray located at around 10 mm and 15 mm, respectively.
However, Nozzle A produces a more defined spray shape in testing
compared to the powder streamlines and concentration map. This is
likely because the experimental setup can only capture parts of the spray
profile with higher powder concentrations, whereas simulations can
track every particle simulated and show their trajectories. In addition, it
can be seen that air from the nozzle kicks up deposited powders within
the collection tray into the air, creating noise that could obscure evi-
dence of single powders diverging from the stream.

Despite these differences, examination of the sprays does show that
the Nozzles B and C provide improved powder focusing. Measurements
of the spray widths, shown in Fig. 14, reveal that Nozzles B and C have a
smaller minimum average spray width, with the average being 1.25 mm
and 1.23 mm, respectively. Nozzle A, meanwhile, has an average spray
width of 1.51 mm, meaning that there is more divergence in powder
trajectories without nozzles with grooves. This reduction of the mini-
mum spray width (about 17.218.5 %) while also examining the overall
spray shape shows that the addition of grooves within nozzles improves
powder focusing. In addition, a steeper nozzle angle provides a larger
powder focusing region, which may allow for more flexibility in DLMD
operation while also allowing for more compact nozzles.

6. Conclusions

In the present study, a total of 16 designs were analyzed through CFD
analysis and Full Factorial DOE analysis. In addition, three designs were
manufactured and tested empirically to validate the CFD simulations.
Through the simulations, it was determined that collision of the particles
from the inlets onto the nozzle inner wall resulted in particles spreading
throughout the nozzle. Although the gas flow and nozzle walls are able
to direct the particles towards the nozzle exit, a typical continuous co-
axial DLMD nozzle is unable to fully focus these powders as they are
allowed to have a circumferential velocity component to their trajec-
tory. This results in some powders not completely converging with the
rest of the powder stream, effectively widening the powder spray area
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and potentially reducing powder deposition efficiency. Important results
from these tests include the following: e By using a flow-straightening
geometry feature such as internal grooves, the circumferential velocity
component is greatly minimized, improving powder focusing and
reducing spray width at the focal point. CFD Simulations show that
straight grooves of uniform width provide high powder concentration
(0.25-0.45 kg/mg) at low inlet pressures (1 kPa), and correspondingly
have narrow powder cloud diameters (6 — 8 mm). This effect does not
change drastically with a change in nozzle angle. e Instead, the only
important characteristics that are affected is the powder focal point
location and ideal focus region. A 17° nozzle angle with grooves will
have a powder focal point at 10 mm from the nozzle tip, whereas a 12°
nozzle angle with grooves will have a powder focal point at 15 mm. The
corresponding ideal focus regions are 9-12 mm for the 17° nozzle, and
11.5-18.5 mm for the 12° nozzle, meaning that a steeper nozzle angle
will provide more room for error in standoff distances. e Empirical
observation of the powder spray profiles confirmed the effectiveness of
flow-straightening grooves in improving powder focusing, with grooved
nozzles reducing average spray widths by around 0.25 mm compared to
the control nozzle. This improved focusing comes at the cost of
increasing powder velocity, with maximum powder velocities reaching
up to 40 m/s at high inlet pressures. This increase velocity could result in
powders rebounding off the melt pool or splashing into the melt pool. As
such, inlet pressure or inlet gas flow rate must be controlled to ensure
high powder catchment efficiency.

Despite the evidence, this work can further be improved by inte-
grating them into a full DLMD system, laser included. This will allow the
authors to create deposition samples that can be analyzed and compared
with each other. Obtaining deposition results will help determine the
spraying resolution: thickness, depth into the material, and height and
deposition quality of each nozzle, allowing for a better understanding of
how geometry features that improve powder focusing affects the overall
DLMD process. In addition, this work can be integrated into models that
incorporate CFD analysis into simulating powder-laser beam in-
teractions to help determine how to optimize parameters such as powder
feed rate and laser beam power.
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