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ABSTRACT

Directed Energy Deposition (DED) is an additive manufacturing process, which uses a concentrated laser beam to
create a melt pool on the substrate. A nozzle is used to carry metal powder within a gas flow until the melt pool,
concentrating the flow at the same point. Coaxial nozzles usually have also a shield gas flow to prevent oxidation
and an internal flow to protect the optical system. A right flow configuration must be selected to avoid high
turbulence at the nozzle exit, leading to an efficient, inexpensive, and high-quality process. Due to the complexity of
the process, CFD — Computer Fluid Dynamics are becoming necessary to understand the behaviour of those gas flows
in DED processes. CFD can offer results close to reality and may allow an optimization of the whole nozzle designs,
besides selecting the best gas flows for each application.

The present work develops a CFD simulation of the gas flow behaviour in a coaxial nozzle with three internal
annular channels (internal. carrier and shield). An initial set of gas flow was selected, based on previous experience
of the manufacturer, and then improved. It searches for the low gas consumption, to form a focal point coinciding
with the laser focus and a low velocity, which favours the deposition quality. To check the accuracy of the proposed
CFD model, experimental measurements of gas velocity were performed and compared with simulated results.
Keywords: Additive Manufacturing, DED, CFD

1 INTRODUCTION

Additive manufacturing is a process by which 3D object can be produced, starting directly from their 3D CAD. This
process is carried out by depositing layer by layer to form the desired geometry, without the need of various
manufacturing process and a number of tooling and jigs (1). Amongst existing variety of AM process, Directed Energy
Deposition (DED) is one of the best for metal deposition. That is defined as a process in which focused thermal energy
source, such as a laser beam, an electron beam or plasms arcs are used to melt metals, which are deposited (2). DED
has been widely acclaimed for its ability to create components with complex geometries, customized parts without
design restrictions, repairs worn components and modify components already manufactured (3). DED is also
considered a disruptive manufacturing method, since it allows the use of different materials in the same process and
compared to the traditional manufacturing process, is considered a more profitable process due to the short time it
demands and its flexibility (4). In DED process, two forms of raw material can be used; powder and wire. Powder
metal is the most used raw material due to its versatility and the fact that most materials can be transformed into
powder.

In processes using metal powder, a nozzle is responsible to deliver the powder into the melt pool, using inter gas
flows. There are, basically, two types: lateral and coaxial nozzles. Due to its easy fabrication, versatility for working
with metal powders and its geometry efficiency, coaxial nozzles have been the most used, lately. The coaxial nozzle
can be configured with two or three gas flows. Two flows, use carrier and shield flow. The most recent models
contain coaxial annular channels. Designs with three flows use nozzle, carrier and shield channels. The inner channel
comes out around the laser beam and it is used to protect the optical system. The carrier gas flows through a middle
channel and carries the powder flow to the melt pool. The shield flow comes an outer channel and is used to protect
the melt pool against oxidation. (Some author refers to the nozzle gas as axial gas and the shield gas as shape gas)
The combination of those three coaxial gas flows is strictly related with the DED process efficiency. They all must
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create a focal point, to deliver the right powder volume to the melt pool, created at the surface in which deposition
will occur. Additionally, the powder speed at the melt pool. the combination between feed speed and laser power
has to be enough to melt the whole volume of delivered powder. Therefore, to improve the AM process, it is
important to develop models to understand the gas flows and demonstrate how the efficiency of the process is
affected by them (5).

2 LITERATURE REVIEW

Lin (6) performed a numerical analysis, using two types of geometries nozzles. The first with an inward configuration
in the inner channel (Fig 1A) and the other with an outward configuration in the same channel (Fig 1B) using powder
size between 45 and 100 pym. It was concluded that the convergence point of powder-gas flow is affected by the
coaxial geometry. Using the outward configuration, a widely dispersed streamn powder was founded and a
convergence point at a distance of 5 mm, which was not very uniform. Using the inward configuration, the focal
point could not be visualized, due to the interaction between flows before the coaxial nozzle outlet. In both nozzles
it was observed that the powder concentration increased when the gas flow decreased.

Figure 1: A. inward configuration B. outward configuration

In (7) authors carried out a theorical-experimental analysis, measuring the outlet powder velocity in a coaxial
nozzle, finding that the highest speed was exactly twice the lowest speed, getting an average of 9.3 m/s. It was also
concluded that due to different gas flows, the particles can have a higher drag after the nozzle outlet.

In (8) authors used the FLUENT™ software. A numerical analysis was carried out in order to analyse the behaviour
of metal powder at different deposition heights, using nitrogen gas and 316L stainless steel particles of 45 um, in
average. The first simulation was done at free jet, them locating the substrate at a distance of 5, 10 and 20 mm
respectively. It was found that as the deposition distance increased, the powder concentration decreasing on the
substrate. Authors did recommend the use of depositions distances higher than 10 mm under those parameters tested.

In (9) authors used a coaxial nozzle with two annular channels. Was setup a standoff 11 mm, gas flow of 3 I/min
in the carrier and 2 I/min in the shield. A CFD analysis was performed using k- e turbulence model to simulate the
gas flow. It was found that the convergence point was formed at a distance of 13 mm. Experimentally, it was
measured the cross section at the depositions in relation with the powder supply. It was evidenced that the geometry
of the coaxial nozzle and the gas flow, offered a process with a 53% efficiency. Based on these results, the initial
coaxial nozzle was redesigned and validate numerical and experimentally, using the same gas flows. lts convergence
point was formed at 8 mm from the nozzle outlet, but this was formed out the laser beam. Carrier gas flow greater
than 3 I/min can create sputter on the substrate and could cause problems to the nozzle. Experimentally it was found
that this coaxial nozzle redesigned offered a higher concentration of metal powder with the same gas flows and
increase the efficiency of the process to 74.8%.

Koruba, Wall and Reiner in (10) carried out a numerical and experimental analysis of the inert gas on DED process.
using ANSYS software to simulate a coaxial nozzle with two annular channels; carrier and shield. Simulating different
gas flows, it was founded that as the shield gas flow increases, the focal point is disturbed up to a point where its
formation is not able. Using the same gas flows in carrier and shield, only the carrier outlet velocity increases, so the
particles will strongly collide with the substrate. Experimentally found that a high flow in carrier result in deposition
of higher dilution, deeper HAZ and lower hardness. A high flow in the shield gas, increases the rate of cooling but
there was risk of irregularities occurring in the deposition.

In (11) authors used three nozzles with different geometries and configurations. Nozzle A and B with three annular
channels: axial, shaping and carrier flows. Nozzle C with two channels: axial, carrier and shielding flows. A numerical
and experimental analysis was carried out. Using a pitot tube measurement of the outlet gas velocity in the three
nozzles were carried out. In nozzle C, it was possible to observe the variation of velocities up to the distance of 11
mm. At a distance of 1 mm, the gas flow was an annular structure, increasing the convergence until forming its
convergence point at a distance of 9 mm and a velocity of 1.85 m/s at this point. In nozzle B, it was founded that
the outlet velocity was affected by the carrier gas flow, a uniform velocity field was between 11 and 15 mm and its
maximum value was 6.11 m/s. In nozzle A, the outlet velocity was measured between 1 and 5 mm and the gas showed
a uniform annular structure, reaching a velocity of 20.5 m/s and showing that the axial gas flow affect the outlet
velocity of the carrier and shield gas. Numerically and using COMSOL™ software, it was found that the highest
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velocities were 4.49 m/s, 8.86 m/s and 58.9 m/s for A, B and C respectively. Estimating measurement errors between
30% and 50%. which may be associated with atmospheric conditions at the outlet of the nozzle, or errors in the
calibration of the pitot tube.

Computed Fluid Dynamics (CFD) is considered the art of replacing the differential equations of the physical aspects
of fluids flows with numbers and advancing these numbers in space/time to obtain a final numerical description of
the flow field of interest (12). The mesh in CFD simulation is a discrete representation of a geometric domain, which
typically includes content and environment form the real world. The creation of the mesh, and the appropriate
computational domain has been a challenge. since the complexity of the geometries, the type of flow and the
accuracy offered by the different types of meshes must be taken into account. The reliability of the resulted values
depends on this. (13)

Bearing that in mind, the present study aims at a numerical analysis of the behaviour of gas flows in a coaxial
nozzle applied to DED process. Using a CFD simulation, gas flows were observed on the three channels and different
sets of parameters were tested. Selecting one of the flow-sets experimental velocity measurement were performed
and compared with simulated results.

3 CAD AND NUMERICAL MODELLING

Using a Siemens NX 3D CAD software, a nozzle model was obtained together with a volume below to study the
free-flow of gas at outlet (Fig 2).

Figure 2: Coaxial Nozzle CAD (Nozzle, Carrier and Shield) with volume at exit.

The volume outside the nozzle has lower limit at 10 mm below the nozzle, which is the laser focal point and
where the substrate has to be positioned. Due to the annular geometry of the nozzle, just half of it was simulated,
and was setup a symmetry plane in the computational domain, improving computational efficiency. A refined mesh
was used to speed up the simulation and create a better gas flows visualization. In order to no disturb the gas flow,
no deposition surface was set below nozzle outlet (fig.2).

The numerical analysis was focused on the dynamics of the gas flow in a DED process. The initial assumption is
the following:

- The gas is treated as steady-state turbulent flow with constant velocity distribution in the inlet boundaries

- Boundaries inlet flow have the same gas source

- Constant gas density

- No-slip condition.

Due to the complexity of the geometry for the computational domain. a polyhedral mesh was chosen, which
offers a balanced solution to generating complex meshes. This mesh is relatively easy and efficient to construct, as it
does not require more surface preparation than the equivalent tetrahedral mesh. Besides, they contain approximately
five times fewer cells than a tetrahedral mesh for a given initial surface area.

Simulations were performed using a polyhedral mesh of 2,433,130 elements, being refined in the gas inlets, walls,
symmetry plane, and the bottom outlet (Figure 3). Different flow values were simulated in free jet at exit, to
understand and observe the gas behaviour after the nozzle outlet and to know the convergence points under different
flow conditions.

104



Numerical and Experimental Analysis of Gas Flow in a Coaxial Nozzle Applied to Directed Energy Deposition (DED)

Figure 3: Details of Polyhedral mesh refined used for the computational domain.

Solving gas flows in space-time usually requires very high computational times and for this reasons, different
turbulence model are available in the software used most of them based on the Reynolds-Average Navier Stokes
(RANS) models (14)

In RANS approximations all fluid instability is considered part of the turbulence and by averaging the non-linearity
of the Navier-Stokes equations it results in terms that must be modelled. The complexity of turbulence makes it
unlikely that a single RANS model can represent all turbulent flows and for that reason several turbulence models
based on RANS were developed. All these considered as engineering approximations and not as physical laws (15)
k-e is a two-equation turbulence model, which results in the transport equation for the turbulent kinetic energy K
and the turbulent dissipation rate €. In order to determine the turbulent viscosity of the eddy formed by a fluid that
is being analysed, it can be defined by the equations below. The turbulent eddy viscosity ut is calculated as:

ut = pCuf ukT (eq- 1)

Where p is the density, Cu is a model coefficient, fu is a damping function and T is the turbulence time scale.
The transport equations for the kinetic energy K and the turbulent dissipation rate € are:

% (pk) + V.(pkv) = 7. [(;t + gi) Vk] + P, —p(e—&y) +S; (eq.2)

& &£
e

% (pe) +V.(pev) = V. [(,u - i—;) F’s] +%C€1PE — Cafop (T— — T—z) + 5, (eq. 3)

Where v is the mean velocity, u is the dynamic viscosity. g, 0. C.1. and C; are model coefficients. P, and pe are

production terms. f5 is a damping function. S and S; are the user-specified source terms.
Variable &; is the ambient turbulence in the source terms that counteracts turbulence delay. The possibility to impose
an ambient source term also leads to the definition of a specific time-scale Ty, that is defined as:

k v
Ty = max (ES’ Ct\/;) (eq. 4)

where (; is a model coefficient.
The turbulent production is given by:

2 2 2
Gy = 1:S% — Epk'?.}j = E,ut(l?.gg) (eq.5)
The buoyancy production is given by:
—p Bt
Gy = B (VT.g) (eq.6)

B is the coefficient of the thermal expansion. For the constant density flows using the boussinesq approximation,
B is user specified, Pry is the turbulent Prandtl number, T is the gravitational vector [19].

The numerical solution was carried out using a Siemens STAR-CCM+™. 1t was considered an inert gas atmosphere
in the computational domain, which neglects the air-gas mixture. Inert gas was set with the argon industrial properties

- kg
p=169-5.
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Initially, Condition A was simulated as that recommended by the manufacturer of the deposition head. Then,
different sets were simulated always towards minimizing gas consumption and improving deposition quality. Table
1 shows the whole set of combinations simulated.

Condition B used the minimum value for the nozzle, tested to save some argon gas and to observe its effect on
the overall flow configuration. By analysing the results up to that point, intermediate low values for nozzle and shield
gas were tested together with a slightly higher value for carrier, making condition C. Following conditions D, E and
F, were selected in attempts to achieve two simultaneous conditions: stablish a convergence point for the carrier flow
and minimizing the velocity at these points.

Table 1: Conditions to numerical analysis

Conditions Nozzle (It Carrier Shield
min) (It/min) (It/min)

4 EXPERIMENTAL SETUPS
The pitot tube was clamped in a 3 jaw chuck positioned at the origin of the X.Y machine axe. The chuck center was
found using the RENISHAW OMP 60 OPTICAL probe supplied with the machining center, ROMI hybrid D800
model.

The pitot tube was positioned directly into the fluid flow and flow velocity was measured. Using Bernoulli
principle pressure was measured using a micromanometer TSI 8705 and related with speed using equation (7):

= '@ (eq.7)

The pitot tube used has a single internal diameter of 1 mm and was connected with micrornanometer by a plastic
tube. (Fig.4)

\

W * = NO?:l!.E

e PITOT TURE

ey 8

MICROMANOMETER -

Figure 4: Setup experimental test

Flow velocities were measured in 1 mm intervals over the X and Y axe. an X-Y on the Z direction, the intervals were
at every 2 mm, from O to 10 mm below the nozzle. At each measuring point, a time of 20 seconds was given for the
argon flow and the micro manometer measurement to stabilize. Figure 5 shows the set up for measurements.

The experimental data were further processed using an interpolation function in  MATLAB™ and later plotted in
3D graphs for better examinations.
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Figure 5: Starting position of pitot tube in Y axes.

5 RESULTS AND DISCUSSION

5.1. Numerical Results

Figure 6 shows the gas flow simulation for condition A. The gas streams do not form a clear convergence point at 10
mm where laser focal point and the substrate is supposed to be located. It can be noticed that upon reaching the
substrate, the gas flow velocity is approx. 7 m/s, which can give an idea of what the velocity of the powder would
be upon reaching the melt pool at the substrate. Although the velocity is not very high and there is no convergence
point at 10 mm below the nozzle, deposition is possible with that set of flows.

To reduce gas consumption and reduce outlet velocity. condition B was configured using the nozzle minimum
flow rate (Figure 7). This configuration shows a convergence point at approx. 5.41 mm from the outlet nozzle and
a flow velocity at the substrate of approx. 3.14 m/s. This would be a better set of flows because it achieves a
convergence point and with lower velocity at the substrate. However, the nozzle flow at 2 I/min could risk the
optical system for long deposition times and such condition should never be used in real tests.

felocty. Magnitude (mis

0.0000 31429 62857 94286 12571 15714 18.857 22000

Figure 6: Simulation using condition A

Continuing with reducing the gas flow but avoiding the risk for the optical system, an increase in the gas nozzle
and carrier was performed. which was compensated with a reduction in the shielding gas flow. this being condition
C, shown in Fig 8. The gas velocity of the carrier gas is considerably increased, which gives a coaxial shape to the gas
flow and prevents the formation of the convergence point at 10 mm. It was also observed that the velocity of the
gas at the substrate is around 7.5 m/s. This is a comparable to Condition A.

Condition D is shown in Fig 9 in which one can see a better convergence point at 7.36 mm with velocity of
approx. 8.5 m/s at this point and maintained until reaching the substrate. Velocity at the substrate is higher than
Condition B, but still comparable with the others before.
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Velocity: Magritude (mis
0.0000  3.142%  6.2857 94286 125M 15.714 18.857  22.000

Figure 7: Simulation using condition B

falocity. Magntuda (m
0.0000 31429 62857 94286 12,511 15.714 18 857 22.000

Figure 8: Simulation using condition C

In an attempt to form a clear focal point, an increase in all flows was made. To compensate, a drastic reduction
in the gas shield was made to evaluate its behaviour under minimum flow. Such simulation is shown in Fig 10. In this
configuration, high exit velocities were obtained in the carrier, preventing the formation of the convergence point
before 10 mm. Condition E may cause some sputter in case of deposition. It was also evidenced that when the gas
flow shielding is very low, it may lead to oxidation preventing the use for practical depositions.

Condition F, shown in Fig. 11 was intended to reduce the carrier velocity, test the same amount of gas flow in
nozzle, and a slight increase the shielding flow. The formation of a focal point below 10 mm was not achieved, but
the gas consumption was significantly reduced. The velocity when reaches the substrate is between 2.7 and 4.12 m/s,
which can be considered a very low velocity and could offer smooth depositions and improve the process efficiency.

However, experimental confirmation will have to be done.
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ty: Magrifiuoe (r

0.0000 31428 62857 94286 12571 15714  1B.857  22.000

Figure 9: Simulation using condition D

alovity: Magrfuds (m/
0.0000 3.1429 6 2657 94286 12571 15.714 18.857 22.000

Figure 10: Simulation using condition E

00000 31429 62857 94286 12571 15714 18857 22,000

Figure 11: Simulation using condition F
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5.2. Experimental Results

Figures 12 to 17 shows gas flow measurements in a 3D shape at 0, 2. 4. 6, 8 and 10 mm form the nozzle, performed
for Condition E. It can be observed that velocity is not uniform around the nozzle. In addition, maximum velocity
values are different at extremes. The same pattern was found with increasing distance from the nozzle. Besides that,
the actual concentration of the gas flow tends to be off centre, at 10 mm by about 1 mm in each axis.

Velocity [m/s)

Distance Y [mm) s Distance X [mm)

Figure 12: gas velocity measured at O mm from the nozzle

Velocity [m/s]

Distance Y [mm]

- & -

Distance ¥ {mm] R Distance X [mm)] Distance X [mm]

Figure 13: gas velocity measured at 2 mm from the nozzle
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Figure 14: gas velocity measured at 4 mm from the nozzle
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Figure 16: gas velocity measured at 8 mm from the nozzle
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Figure 17: gas velocity measured at 10 mm from the nozzle
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Figure 18: A comparison of numerical and experimental gas velocity values at 10 mm distance from the nozzle.

Some clear differences of velocities comparing numerical analysis (Fig. 10) and experimental measurement (Fig
17) can be observed. However, both results describe a velocity field with the same shape, i.e., describing a hat top
function. Flow velocity measurements using a Pitot tube, based on the Bernoulli equation is more appropriate for
flows with higher Reynolds number (16). In low Reynolds number, the viscosity has a strong effect on the flow
pattern, therefore limiting the use of the Bernoulli equation. However, this equation is based on an invaluable model,
which makes these measurements sufficient for the description of velocity fields (17).

The major differences between CFD and experimental results, can also be due to calibration errors, taking into
account that it had not internal aspect ratio diameters, a possible bad location of the static pressure intake and the
difference in the densities air-argon presents in outlet coaxial nozzle, could cause errors in the measurements.

Such result indicates that CFD computational models can be used for describing gas flows behaviour at the exit of
coaxial nozzles and, therefore, can be a valuable tool for improving nozzle efficiency in DED processes.

6 CONLSUSIONS

A CFD model was developed and used for analysing gas flows in a 3-channel coaxial nozzle applied to DED process.

Different gas flow sets were simulated. An experimental work was also carried out to compare simulated and

experimental flow velocities. From all those studies the following conclusions were possible:

o  CFD analysis indicated that gas flows are sensitive parameters and they may affect the deposition quality and
process efficiency. Small variations in the inlet gas parameter, significantly affect outlet velocities and can
drastically gas flow field, particularly focal point formation and carrier speed at the substrate.

e It was found that Condition A (Fig. 6) offers an excellent set of gas flow with a focal point and relatively low
velocity at the substrate. Gas consumption is slightly high and could be lowered.

e Condition B (Fig 7) showed some advantages in terms of gas consumption and focal point formation, but it is
not recommended because optical system could suffer in long time depositions.
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Regarding all the other conditions tested. it can be stated that it is not recommending using a shield gas lower
than 8 I/min for a height deposition of 10 mm, or higher. Shield outlet velocity is easily affected by the carrier
gas flow creating turbulence and it may not reach the substrate with sufficient speed to produce the expected
protective atmosphere.

Although experimental velocity values were higher than those obtained from CFD simulation, the speed fields
were similar indicating the same tendency. Bearing that in mind, CDF can be a valuable tool for studying and
improving nozzle designs and the DED process as a whole.
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