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Abstract. Metal-based Directed Energy Deposition, a key variation of additive manufacturing, has emerged as
a highly promising technology for space applications. Its ability to function e↵ectively in microgravity, along
with unrestricted object size and relatively fast production times, makes it particularly attractive for this sector.
However, the technology faces significant challenges, primarily concerning low dimensional precision and
recurring defects linked to insufficient control and understanding of powder delivery. Recognizing the need for
reliable, cost-efficient, and flexible software solutions, ESA advocates for the integration of Virtual Testing in
Process-Structure-Property (PSP) modelling as a viable complement to conventional experimental methods. In
response, a novel numerical framework is introduced, leveraging a full coupling of a Discrete Element solver for
powder phase modelling and computational fluid dynamics for gas phase modelling to increase the simulation
accuracy of powder stream dynamics.

1 Introduction

Metal-based Additive Manufacturing (AM), particularly
Directed Energy Deposition (DED), is a potentially dis-
ruptive technology for the space market in demand of
high-performance and low-weight structures for space-
craft [1, 2]. However, before the advantages of this tech-
nology can be fully harvested, the technology itself, as
well as our understanding of it must fully mature. Advanc-
ing AM and DED would not only strengthen the European
space program but also enhance the competitiveness of Eu-
ropean manufacturing on a global scale.

The inherently stochastic nature of the powder stream
in DED has long been linked to manufacturing inaccu-
racies and recurring defects [3–5]. Over the past two
decades, various models have been developed to improve
both predictive capabilities and the overall understanding
of material deposition in DED.

While most conventional approaches to DED powder
stream are analytical, modern state-of-the-art models are
predominantly numerical. These numerical approaches
primarily utilize computational fluid dynamics (CFD) to
solve the two-phase flow problem, where the dispersed
powder phase is modelled using an additional transport
equation [6–9]. These approaches typically employ one-
way coupling, meaning that while the influence of the car-
rier gas on the powder particles is accounted for, the reac-
tive forces exerted by the powder particles on the gas, as
well as inter-particle interactions, are disregarded. Many
of the usual assumptions made in analytical modelling are
⇤e-mail: tijan.mede@imt.si

not necessarily required when using advanced numerical
schemes and it has been shown that some of them — such
as linear particle trajectories and constant particle veloc-
ities — may not be warranted [10]. Inter-particle colli-
sions are often omitted from numerical models of powder
streams [4, 6–8, 11, 12] due to the relatively low volume
fraction of powder in the carrier gas flow [8]. However, re-
cent research suggests that particle collisions significantly
influence powder stream dynamics [13, 14]. It has been
proposed to expand the conventional CFD approach by de-
tecting powder particle collisions and resolving them us-
ing the Hertz theory [13] to overcome this deficiency.

The established CFD-based approaches for modelling
the powder stream in DED face the additional challenge of
accurately specifying boundary conditions for the powder
phase at the nozzle outlet. Some models assume a uniform
velocity field for both the powder and gas phases at the
outlet [6], while others include a limited section of the noz-
zle’s inner walls in the model to simulate powder-wall in-
teractions [4, 7, 8, 11, 12]. Consequently, the velocity dis-
tribution of powder particles at the nozzle exit is highly de-
pendent on several factors, including the selected bound-
ary conditions further upstream (often assumed as uniform
velocity), the restitution coefficient of particle-wall colli-
sions, and the assumed particle shape (typically spherical),
which vary significantly across di↵erent studies. Some of
these studies [4, 8, 11] concluded that particle velocity at
the nozzle outlet is size-dependent, with larger particles
losing momentum due to consecutive collisions with the
inner nozzle walls, while smaller particles with sufficiently
low Stokes numbers follow the carrier gas streamlines and
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retain their velocity. However, it is important to emphasize
that these findings are derived exclusively from numerical
simulations and are yet to be validated experimentally.

We therefore propose a comprehensive approach to
overcome the shortcomings and open challenges of the
current state of the art regarding the simulative models of
DED powder stream. A full coupling of Discrete Element
Method (DEM) to handle the powder phase and Compu-
tational Fluid Dynamics (CFD) to handle the gas phase
is proposed for improved accuracy of the blown powder
dynamics. The full coupling implies that the proposed
approach accounts for the drag force that the fluid exerts
on the powder particles, the reactive force that the pow-
der particles exert on the fluid as well as the inter-particle
interaction during powder grain collisions. The boundary
conditions for the powder phase at the nozzle outlet are
experimentally evaluated to determine the powder particle
velocity distribution as a function of powder grain size.

2 The powder phase

Open-source discrete element solver YADE [15] is em-
ployed to model the powder phase of the stream. Using
DEM enables us to leverage state-of-the-art computational
efficiency in granular dynamics and inter-particle interac-
tions, while the open-source nature of the platform pro-
vides the flexibility required for coupling with the CFD
solver. Given the high sphericity requirements for DED
powders, powder particles are initially modelled as perfect
spheres. However, the use of DEM allows for future mod-
ifications to incorporate particle non-sphericity if needed.

Powder particles are generated at randomly distributed
positions along the nozzle outlet, with a frequency deter-
mined by the specified mass deposition rate. The radii
of the generated particles are randomly assigned based
on the measured particle size distribution of the simulated
powder, while their initial velocities are sampled from an
experimentally determined velocity distribution (see sub-
section Powder boundary conditions). The gravitational
force acting on the particles is applied in accordance with
the orientation of the simulated DED head, and Cundall’s
non-viscous damping is set to zero. Perfectly elastic inter-
particle collisions are considered, incorporating both nor-
mal and shear contact forces [15].

Since DEM operates as an explicit numerical method,
a critical time step exists beyond which the simulation be-
comes unstable. To ensure numerical stability, the DEM
time step is set as a fraction of this critical value, prevent-
ing elastic waves from propagating beyond the minimum
distance between integration points.

2.1 Powder boundary conditions

The boundary conditions for the powder phase are experi-
mentally evaluated at the chosen DED deposition head by
implementing a combination of a high-speed camera and
illuminated plane (Fig. 1) to record the trajectories of the
power particles exiting the DED nozzle as published in
[16].

Figure 1. Experimental setup for measuring the powder bound-
ary conditions at the DED nozzle outlet.

It was shown that using a Gaussian distribution to
model the powder particle speed v and divergence angle ⇥
distributions produces an excellent fit with the measured
distributions. The powder particle size was shown to have
a strong influence on the particle velocities at the nozzle
outlet and needs to be accounted for in setting up the pow-
der boundary conditions. Powder particle initial velocities
at the DED nozzle outlet are thus modelled as Gaussian
distributions with particle size-dependent values for mean
values and standard deviations of particle speed and diver-
gence angle as elaborated in [16].

The powder boundary conditions do have a strong in-
fluence on the simulation results (particularly close to the
nozzle) and it should be mentioned that the validity of the
established boundary conditions across the entire range of
deposition head types and processing conditions is yet to
be validated.

3 The gas phase

Open-source CFD solver OpenFOAM is utilized to model
the gas phase of the powder stream. At the highest recom-
mended volumetric flux of carrier gas, the Reynolds num-
ber for the Argon flow through the channels of the selected
DED nozzle is Re ⇡ 2260 < 2300, indicating laminar flow.
However, assessing the Reynolds number of the carrier gas
flow relative to the powder particles is more challenging
due to the unknown velocity di↵erence between the two
phases. Since the flow velocity remains well below half
the speed of sound, assuming incompressibility is reason-
able [17]. Consequently, an incompressible, laminar flow
model is adopted at this stage.

To solve the continuity and momentum Navier-Stokes
equations, PISO pressure-velocity coupling is applied:

r · u = 0 (1)
@
@t (u) + r · ( uu) − r · (⌫ru) = −rp +

⇣
g + fhyd

⌘
,(2)

where u is the fluid velocity vector, t is time, p is pres-
sure, ⌫ is kinematic viscosity, g is gravitational accelera-
tion and fhyd is hydrodynamic body force per unit mass
(see Eq. 4).

Boundary conditions for the gas phase are set as fol-
lows (Fig. 2):

Figure 2. Fluid phase boundary conditions for the modelled sys-
tem.

• for the nozzle outlet: fixed velocity (u = uin) and zero
pressure gradient (rn p = 0);

• for the free boundary: zero gradient velocity condition
(rnu = 0) and total pressure condition (p = p0 for out-
flow; p = p0 − |u2|/2 for inflow);

• for the solid walls: zero velocity (u = 0) and zero pres-
sure gradient (rn p = 0).

4 Coupling of the powder and gas phases

The typical mass deposition rates in DED fall in the range
10g/min < Φp

m < 50g/min, while the carrier gas volumetric
flow rate typically varies in the range 2L/min < Φ f

V <
8L/min. Depending on the utilized mass deposition rate
and carrier gas volumetric flow rate as well as material
density (typically in the range of 4000-8000 kg/m3), the
volume fraction of the powder at the outlet of the consid-
ered nozzle can be evaluated to 1.5 · 10−4 < ↵ < 6 · 10−3.
Depending on the powder particle diameter, which is
typically in the range 50 µm < dp < 150 µm, and fluid
velocity, Stokes number for the considered two-phase
flow will result in di↵erent values of the magnitude
S t ⇡ 104. The given range of powder volume fraction
and Stokes numbers suggests that the fluid forces on the
powder particles and the reactive force of the particles
on the fluid as well inter-particle interaction are relevant
[18]. The need for four-way coupling is additionally
supported by our recent study evaluating the relevance
of inter-particle interactions for the considered nozzle
and reporting large potions of grains being involved in
inter-granular collisions [14].

Adopting the Lagrangian point-force coupling ap-
proach, the hydrodynamic force Fhyd) on a particle is rep-
resented by a point force. Applying the Stokes drag force
formulation, the letter can be expressed as:

Fhyd = 3⇡µ f dpur, (3)

where µ f is the fluid dynamic viscosity, dp is particle
diameter and ur is the relative velocity between the car-
rier gas and the particle center. The reaction force of the
particle on the surrounding fluid is formulated as a body

force and applied in the cell, where the particle resides.
The hydrodynamic body force fhyd can thus be expressed
as:

fhyd =
−Fhyd

Vc⇢ f
(4)

where Vc is the cell volume and ⇢ f is the fluid density.

The coupling interface between Yade and openFoam
developed by Kunhappan et al. [19, 20] is used to perform
the simulations.

5 Validation

The particle trajectories measured far from the nozzle in
the high-speed camera experiment described in section 2.1
were compared against simulated results to validate the de-
veloped model on a Fraunhofer COAX 12V5 deposition
head at volumetric flow rate of Argon carrier gas 5L/min.
Ti-6AL-4V powder was separated into size fractions to ob-
serve the influence of particle size. An overlay of mea-
sured and simulated particle horizontal positions at a ver-
tical distance 11mm from the nozzle are displayed in Fig.
3. Visual inspection suggests a good fit between the sim-
ulated and measured data that can be quantified with the
following coefficients of determination R² for each particle
size: R²(0-45 µm )=0.93, R²(45-63 µm )=0.97, R²(63-75
µm )=0.98, R²(75-100 µm )=0.96, R²(100-125 µm )=0.93
R²(125-150 µm )=0.93.

Figure 3. Simulated and experimentally measured powder parti-
cle positions at a vertical distance 11mm from the nozzle. Solid
lines represent simulated distributions and dashed line represent
measured distributions for individual powder particle size frac-
tions.

6 Conclusions

The fully coupled DEM-CFD approach presented here
demonstrates our strategy to address some of the pressing
issues that still hinder the DED technology from achieving
its full potential. Given that poor dimensional accuracy
and structural defects in DED manufacturing are largely
attributed to inadequate control over the powder stream,
a deeper understanding of powder stream dynamics could
be crucial for improving process stability. The developed
computational strategy to simulating DED powder stream
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DED powder stream. A full coupling of Discrete Element
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is proposed for improved accuracy of the blown powder
dynamics. The full coupling implies that the proposed
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interaction during powder grain collisions. The boundary
conditions for the powder phase at the nozzle outlet are
experimentally evaluated to determine the powder particle
velocity distribution as a function of powder grain size.

2 The powder phase

Open-source discrete element solver YADE [15] is em-
ployed to model the powder phase of the stream. Using
DEM enables us to leverage state-of-the-art computational
efficiency in granular dynamics and inter-particle interac-
tions, while the open-source nature of the platform pro-
vides the flexibility required for coupling with the CFD
solver. Given the high sphericity requirements for DED
powders, powder particles are initially modelled as perfect
spheres. However, the use of DEM allows for future mod-
ifications to incorporate particle non-sphericity if needed.

Powder particles are generated at randomly distributed
positions along the nozzle outlet, with a frequency deter-
mined by the specified mass deposition rate. The radii
of the generated particles are randomly assigned based
on the measured particle size distribution of the simulated
powder, while their initial velocities are sampled from an
experimentally determined velocity distribution (see sub-
section Powder boundary conditions). The gravitational
force acting on the particles is applied in accordance with
the orientation of the simulated DED head, and Cundall’s
non-viscous damping is set to zero. Perfectly elastic inter-
particle collisions are considered, incorporating both nor-
mal and shear contact forces [15].

Since DEM operates as an explicit numerical method,
a critical time step exists beyond which the simulation be-
comes unstable. To ensure numerical stability, the DEM
time step is set as a fraction of this critical value, prevent-
ing elastic waves from propagating beyond the minimum
distance between integration points.

2.1 Powder boundary conditions

The boundary conditions for the powder phase are experi-
mentally evaluated at the chosen DED deposition head by
implementing a combination of a high-speed camera and
illuminated plane (Fig. 1) to record the trajectories of the
power particles exiting the DED nozzle as published in
[16].

Figure 1. Experimental setup for measuring the powder bound-
ary conditions at the DED nozzle outlet.

It was shown that using a Gaussian distribution to
model the powder particle speed v and divergence angle ⇥
distributions produces an excellent fit with the measured
distributions. The powder particle size was shown to have
a strong influence on the particle velocities at the nozzle
outlet and needs to be accounted for in setting up the pow-
der boundary conditions. Powder particle initial velocities
at the DED nozzle outlet are thus modelled as Gaussian
distributions with particle size-dependent values for mean
values and standard deviations of particle speed and diver-
gence angle as elaborated in [16].

The powder boundary conditions do have a strong in-
fluence on the simulation results (particularly close to the
nozzle) and it should be mentioned that the validity of the
established boundary conditions across the entire range of
deposition head types and processing conditions is yet to
be validated.

3 The gas phase

Open-source CFD solver OpenFOAM is utilized to model
the gas phase of the powder stream. At the highest recom-
mended volumetric flux of carrier gas, the Reynolds num-
ber for the Argon flow through the channels of the selected
DED nozzle is Re ⇡ 2260 < 2300, indicating laminar flow.
However, assessing the Reynolds number of the carrier gas
flow relative to the powder particles is more challenging
due to the unknown velocity di↵erence between the two
phases. Since the flow velocity remains well below half
the speed of sound, assuming incompressibility is reason-
able [17]. Consequently, an incompressible, laminar flow
model is adopted at this stage.

To solve the continuity and momentum Navier-Stokes
equations, PISO pressure-velocity coupling is applied:

r · u = 0 (1)
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@t (u) + r · ( uu) − r · (⌫ru) = −rp +

⇣
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where u is the fluid velocity vector, t is time, p is pres-
sure, ⌫ is kinematic viscosity, g is gravitational accelera-
tion and fhyd is hydrodynamic body force per unit mass
(see Eq. 4).

Boundary conditions for the gas phase are set as fol-
lows (Fig. 2):

Figure 2. Fluid phase boundary conditions for the modelled sys-
tem.

• for the nozzle outlet: fixed velocity (u = uin) and zero
pressure gradient (rn p = 0);

• for the free boundary: zero gradient velocity condition
(rnu = 0) and total pressure condition (p = p0 for out-
flow; p = p0 − |u2|/2 for inflow);

• for the solid walls: zero velocity (u = 0) and zero pres-
sure gradient (rn p = 0).

4 Coupling of the powder and gas phases

The typical mass deposition rates in DED fall in the range
10g/min < Φp

m < 50g/min, while the carrier gas volumetric
flow rate typically varies in the range 2L/min < Φ f

V <
8L/min. Depending on the utilized mass deposition rate
and carrier gas volumetric flow rate as well as material
density (typically in the range of 4000-8000 kg/m3), the
volume fraction of the powder at the outlet of the consid-
ered nozzle can be evaluated to 1.5 · 10−4 < ↵ < 6 · 10−3.
Depending on the powder particle diameter, which is
typically in the range 50 µm < dp < 150 µm, and fluid
velocity, Stokes number for the considered two-phase
flow will result in di↵erent values of the magnitude
S t ⇡ 104. The given range of powder volume fraction
and Stokes numbers suggests that the fluid forces on the
powder particles and the reactive force of the particles
on the fluid as well inter-particle interaction are relevant
[18]. The need for four-way coupling is additionally
supported by our recent study evaluating the relevance
of inter-particle interactions for the considered nozzle
and reporting large potions of grains being involved in
inter-granular collisions [14].

Adopting the Lagrangian point-force coupling ap-
proach, the hydrodynamic force Fhyd) on a particle is rep-
resented by a point force. Applying the Stokes drag force
formulation, the letter can be expressed as:

Fhyd = 3⇡µ f dpur, (3)

where µ f is the fluid dynamic viscosity, dp is particle
diameter and ur is the relative velocity between the car-
rier gas and the particle center. The reaction force of the
particle on the surrounding fluid is formulated as a body

force and applied in the cell, where the particle resides.
The hydrodynamic body force fhyd can thus be expressed
as:

fhyd =
−Fhyd

Vc⇢ f
(4)

where Vc is the cell volume and ⇢ f is the fluid density.

The coupling interface between Yade and openFoam
developed by Kunhappan et al. [19, 20] is used to perform
the simulations.

5 Validation

The particle trajectories measured far from the nozzle in
the high-speed camera experiment described in section 2.1
were compared against simulated results to validate the de-
veloped model on a Fraunhofer COAX 12V5 deposition
head at volumetric flow rate of Argon carrier gas 5L/min.
Ti-6AL-4V powder was separated into size fractions to ob-
serve the influence of particle size. An overlay of mea-
sured and simulated particle horizontal positions at a ver-
tical distance 11mm from the nozzle are displayed in Fig.
3. Visual inspection suggests a good fit between the sim-
ulated and measured data that can be quantified with the
following coefficients of determination R² for each particle
size: R²(0-45 µm )=0.93, R²(45-63 µm )=0.97, R²(63-75
µm )=0.98, R²(75-100 µm )=0.96, R²(100-125 µm )=0.93
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Figure 3. Simulated and experimentally measured powder parti-
cle positions at a vertical distance 11mm from the nozzle. Solid
lines represent simulated distributions and dashed line represent
measured distributions for individual powder particle size frac-
tions.

6 Conclusions

The fully coupled DEM-CFD approach presented here
demonstrates our strategy to address some of the pressing
issues that still hinder the DED technology from achieving
its full potential. Given that poor dimensional accuracy
and structural defects in DED manufacturing are largely
attributed to inadequate control over the powder stream,
a deeper understanding of powder stream dynamics could
be crucial for improving process stability. The developed
computational strategy to simulating DED powder stream
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addresses the main gaps in existing numerical models and
enhances predictive accuracy by introducing several im-
portant contributions to the field that give it edge over
the rival state-of-the-art approaches: (i) The applied La-
grangian point-force coupling expands the validity of the
method compared to the usually employed two-phase CFD
approaches, as it remains valid even for large Stokes num-
bers. The latter is very relevant considering the usual range
of utilised particle sizes in DED; (ii) Combining the cou-
pled DEM-CFD numerical model with the implemented
approach for measuring the powder particle velocities at
the nozzle outlet ensures that the powder boundary condi-
tion and its dependency on the particle size is accurately
represented; (iii) Powder particle collisions and their in-
fluence on powder stream dynamics are accounted for.
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