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Abstract. Pneumatic conveying of fine powders is essential for many industrial processes, including
Laser Metal Deposition (LMD), a Direct Metal Additive Manufacturing (DMAM) technology that builds
solid objects layer-by-layer using a laser to melt metal powder. To optimize the process, it is necessary
to have a correct understanding of the powder’s behaviour under the process condition.

The coupled Computational Fluid Dynamics - Discrete Element Modelling (CFD-DEM) and Mul-
tiPhase - Particle In Cell (MP-PIC) are two popular Eulerian-Lagrangian models to simulate particle
laden flows. This study compares them to analyse powder behaviour in a small channel of LMD ma-
chines. Results from the two methods differ significantly, with CFD-DEM offering a more accurate
representation of the physical reality, while MP-PIC is more computationally efficient. The study finds
that the CFD-DEM method produces higher fluctuations in the solids flow rate due to the formation
of particle clusters, while MP-PIC displays a smooth and essentially uniform flow. The results suggest
that CFD-DEM should be used for more accurate and detailed studies of solids flow rate in pneumatic
conveying systems, while MP-PIC can be used for preliminary studies and design optimization.

1. Introduction

In industrial processes it is very common to use materials in form of fine powders. In Laser Metal
Deposition (LMD), a Direct Metal Additive Manufacturing (DMAM) technology, the desired solid object
is built by the layered deposition of metal in powder form molten by a laser. An accurate powder delivery
during the layer deposition is crucial for the manufacturing process. Observing manufactured parts from
the work of Dadbakhsh [1], and their roughness profile, we can assess the presence of hills and valleys in
the tool head’s direction of travel. Periodic flow phenomena are detectable at the nozzle exit, and flow
variation has been observed to have a measurable effect on the deposition quality [2].

Pneumatic powder feeders are the most popular for the feedstock handling in LMD systems. The
powder is gradually fed to the pneumatic conveying system using metering equipment, which provide a
uniform gas/powder mixture flow. Reaching the nozzle, several different configurations are possible: off-
axis, discrete coaxial, continuous coaxial, annular continuous and discrete laser beam [3]. This study aims
to find a base to describe the last part of the pneumatic conveying system, inside the nozzle conducts, as
represented by Fig.1.

The periodic variation over time of the powder fed to the process is certainly not the only factor
influencing part’s quality, however it might have a measurable effect. Previous studies on LMD equipment
consider time-averaged powder flows [4] [5], whereas the variability of the mass flow rate in pneumatic
conveying systems is a known and documented phenomenon [6] [7] [8] [9]. The pneumatic conveying flow
is influenced by a number of factors, which are abundantly discussed in literature [10] [11] [12], and are
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Figure 1. Example draft of a typical discrete LMD nozzle with four converging powder
conveying channels (highlighted in red), and a central hole for the laser to shine through
and for the shielding gas.

still under active investigation due to the great variability in the characteristics of powders and the levels
of detail needed by each application.

Variations in the pneumatic conveying flow can be self-induced and regular. This variation in particle
velocity and instantaneous powder mass flow rate directly affects the material deposition rate of the LMD
process. Zhou et.al [13] present a study for a bigger scale pneumatic conveying system, where pulsating
flow phenomena and periodic flow regimes can be observed in a pipe with a flat rectangular section,
both in the experiments and the simulation. The flow oscillations seem to be self-excited. In the CFD-
DEM dilute phase simulation of a horizontal channel by Zhao [14], where the Lagrangian phase is not
influencing the continuous phase, 1-way coupling, display a uniform particle motion and velocity driven
by the viscous effects. However, taking that influence into account, the fluid flow displays periodic bands
of particle concentration in the flow direction. Pulsations in the mass flow rate of pneumatic conveying
systems has been measured experimentally, Alkassar et.al. [15] experimentally analyzed a pneumatic
conveying pipeline with dilute flow and dune flow. The study showed regular pulsations in the pressure
along different position on the pipe, with wavelet analysis showing a dependence of the pulsations on the
solid loading and characteristics.

The use of numerical models in pneumatic conveying has increased with computational technology.
Continuum-based models, such as the Two-Fluid Model (TFM), are widely used, but their effective
use depends on constitutive relations and developing a TFM model that can reproduce all flow regimes
and transitions remains a challenge. TFM studies focus on powders or fine particles, but mixtures of
particles require increased detail and adherence to experiments, which can be achieved using Lagrangian
models [16], which may be further classified by the type of coupling between particles and fluid:

One-way coupling: If the volumetric concentration of particles is low enough, the influence that
the particles exert on the fluid phase may be neglected.

Two-way coupling: In this case the force exerted by the particles on the fluid is no longer neglected.

Four-way coupling: In this case also particle-particle interactions are taken into account.

Existing literature on LMD nozzle systems which employs a Lagrangian model for the powder phase,
mostly analyzes the process using MP-PIC [17] [4] or Discrete particle Models 1-way or 2-way coupling
[17], motivated by the low particle loading in the system. Previous studies report how the particle-
particle interaction in CFD-DEM simulations leads to the formation of clusters [6] [18], and therefore
powder mass flow rate fluctuations. Even though the MP-PIC model find most of its applications in large
reactor models, it is used in the modelling of pneumatic conveying of solids [19].

The present work aims to compare ways of simulating their presence and emergence in the pipelines
within the Laser Metal Deposition (LMD) equipment, especially in the final length of thin tubing inside
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Figure 2. Lateral view of the simulation domain with velocity magnitude contours. The
complete domain is a simple, straight pipe. The image highlights the spatial distribution
of particles in the diameter.

the nozzle. Using OpenFOAM’s denseParticleFoam library [20], the objective is to compare a fully
coupled, unresolved CFD-DEM simulation with a less computationally expensive MP-PIC one [21] [22],
even though the latter requires more empirical parameters [23]. If the two methods are both compatible
with the phenomenon, their results should agree to a certain measure, otherwise one has to be preferred
over the other. Unresolved CFD-DEM solves the physical interactions between particles and between
each particle and fluid, in this case completing the picture to 4-way coupling, and for this reason it is
expected to be the one which gives the most physically accurate results, whereas MP-PIC should capture
more averaged behaviors.

Given the lack of experimental data, it is important to acknowledge the limitations of the present study.
The numerical models and assumptions made in this work aim to capture the behavior of the powder
flow in a simplified scenario, but may not fully reflect the complexity of the real system. It is possible
that other factors not considered in this study, such as particle shape or interparticle forces, could affect
the accuracy of the results. Therefore, further experimental validation would be necessary to confirm
the conclusions drawn from this work. Nonetheless, the present study provides valuable insights into the
behavior of powders in a laminar flow and the relative performance of different Lagrangian models in
simulating such systems.

2. Conveying pipe configuration

2.1. Simulation domain. LMD deposition nozzles can present in different designs, with different appli-
cations. This work is conducive to the analysis of more complex cases. Of particular interest are discrete
nozzles and continuous nozzles with internal channels. An example draft of such a nozzle is represented
in Fig. 1, where the four converging channels are highlighted.

The considered geometry is a straight pipe with circular cross-section, placed horizontally. The inlet
is on the origin, and the pipe is oriented along the positive Z axis in the reference frame XYZ, the flow is
introduced in the positive Z direction. For this comparison, gravity has the value of g = [0, —9.81,0] m/s?,
therefore acting in the radial direction negative Y. Typical LMD applications see the pipe close to vertical;
this can be obtained simply by changing the vector component values in the appropriate case file, but a
horizontal configuration simplifies the representation.

The pipe has a diameter of D = 1.25 mm and a length of L = 300 mm, resulting in an L/D ratio of
240, higher than Li et al.’s work on simulating powder stream characteristics in a laser metal deposition
nozzle using a 3D model [17]. In this case, the length was chosen to ensure the full development of
the flow conditions, as highlighted in Section 3.1. Since the OpenFOAM code is written for unresolved
simulations, the pipe was discretized with a mesh with cell volume larger than the maximum particle
size. Convergence of the fluid flow was verified for a mesh with 33600 elements, as shown in Fig. 3.

The imposed inlet velocity set is in Tab. 1, the comparison is for the values Uy 4 = 10 m/s and
U, =5 m/s. The corresponding flowrates V; are calculated for the 1.25 mm diameter pipe. As found
in [4], the particles will be introduced with the same velocity as the gas, from the inlet plane, with
the injection rate Qp specified in particles per second. Considering the distribution shown in Fig. 4,
the expected mass flow rate of the powder is calculated and reported in the table as m,. The pipe
length was chosen to allow the transition from the virtual inlet conditions (both for particles and gas)
to the established flow [24]. In both cases the theoretical volumetric solid fraction being transported is

as =g/ (pSV_q) = 0.004, which is well within the dilute flow particle loading [25].
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Figure 3. End view of the pipe, with detail on the chosen mesh. Convergence analysis
of the fluid flow, verified for a mesh with 33600 elements, on the pressure p and the axial
velocity Ug.

In this discussion, the flow is modeled with four-way coupling to account for both particle-fluid and
particle-particle interactions. This modeling approach is crucial because it considers the forces exerted
by particles on the fluid, as well as the reaction of the particles to these forces. Neglecting these forces
would result in an incomplete representation of the physical phenomena within the system.

The coneInjection model, employing a disk injector, might be utilized to generate particle flow.
However, it lacks a mechanism to detect particle overlap within the disk, a phenomenon that occurs
randomly, particularly at high parcel flow rates and low velocities. It is advisable to incorporate an overlap
check functionality into the injection model. The occurrence of initial particle overlaps results in the
creation of stray particles with high transversal velocities, which can introduce uncontrolled disturbances
in the pipe. Another adverse consequence is the potential spike in the local Courant number, rendering
the simulation more unstable. It is recommended to mitigate this issue.

To circumvent these issues, particles are introduced into the system using the coneInjection model
in the point injector configuration. A hexagonal pattern composed of 99 points is uniformly distributed
on a disk located 1 mm ahead of the inlet patch. The diameter of the disk is 1 mm, slightly smaller
than the pipe diameter, to prevent initial overlaps between particles and the wall boundary. Particles are
injected with a uniform velocity and a randomized start of injection, resulting in a continuous stream of
particles. The diameter of the particles is randomly chosen to align with the size distribution model.

Table 1. Injection rates for gas [], and particles [],

Parameter Case A Case B Unit

U, 10 5 m/s

v, 0.74 0.37 1/min

Qp 300 x 103 150 x 10%  particles/s
1My 0.399 0.198 g/s

2.2. Models and parameters. A common shielding gas used in Directed Energy Deposition (DED) is
Argon, the considered fluid properties are resumed in Tab. 2 for the standard conditions of T' = 25°C
and p = 1 atm. Kussin and Sommerfeld [26] observed that the gas-solids interaction does not cause
turbulence phenomena, with a significant decrease in turbulent intensity for a range of particle sizes
which contains the ones considered in this study. Given the chosen flow velocities, shown in Tab. 1, the
Reynolds number is Re < 1000 for both cases, justifying the assumption of laminar flow.

The material under investigation is AISI 316L austenitic stainless steel gas-atomized powder (MetcoAdd™
316L), which is fully dense and spherical in shape. The sample was provided by a source which is cur-
rently using LMD equipment, and its manufacturer (Oerlikon metco) declares it to be suitable for DED
processes. The Particle Size Distribution (PSD) is represented by a Rosin-Rammler model and depicted
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Table 2. Carrier gas properties, Argon.

Parameter Value Unit
Pg 1.6355 kg/m?
Ly 2.2624 x 107°  Pa-s
Vg 1.385 x 107> m?/s

in Fig. 4. The median diameter of the powder is dsg = 66.9 pm, with minimum and maximum cutoffs
of 40 pm and 110 pm, respectively. The dictionary parameters used in the analysis are experimentally
determined by fitting the PSD of a powder sample, as shown in Fig. 5.

The powder properties were measured by Nan et.al. [27] and reported in Tab. 3. The coefficient
of restitution e = 0.9 indicates a relatively elastic collision between hard steel and glass, suggesting a
significant conservation of kinetic energy, minimal deformation and energy dissipation. This implies a
rigid interaction between the materials. This value applied for the MP-PIC cloud is used to determine the
empirical constant alpha related to the damping coefficient for the DEM cloud, according to the heuristic
relation provided by Tsuji et.al. [28]. The friction coefficient p is inferred from a DEM simulation to
match the experimental results in that specific application in the article by Nan et al. [27].

OpenFOAM implements the MP-PIC (Multi-Phase Particle-In-Cell) model [29]. The MP-PIC method
treats a certain number of particles with the same physical properties as a parcel and calculates particle
collisions through solid-phase normal stress model. The explicit three-dimensional packing model used
in this work is described by Snider [21], and the particle stress is determined by using the implemented
Harris-Crighton model [30]. The latter relies on the knowledge of the void fraction, therefore it is not
suitable for fine meshes of the Eulerian phase for which cells might become fully occupied by a single
parcel.

CFD-DEM calculates the motion of particles by following Newton’s second law and quantifies the
interactions between particles or between particle and wall by soft-sphere models: this work uses the
spring-slider-dashpot (SSD) contact model available in OpenFOAM v9. It implements the no-slip model
of Mindlin, which combined with the Hertzian theory of contact between spheres results in a non-linear
spring model, to which dashpots are added in parallel to dissipate energy and account for the eventual
hysteresis of the materials [10]. The tangential forces are modeled using a dashpot in parallel to a linear
spring [28]. The SSD contact model parameters are set according to the AISI 316L powder properties
reported in Tab. 3. By adopting a soft-sphere approach rather than relying on hard spheres, one can
accurately capture the intricate dynamics of particle interactions and material behavior. This becomes
particularly significant when considering the eventual formation of dense clusters.

CFD-DEM coupled solvers can be classified as resolved or unresolved approaches. In resolved CFD-
DEM coupled solvers, the fluid force acting on a particle can be calculated by integrating the pressure
and velocity fields in its surface. This approach requires a dense grid to obtain accurate fluid flow in
CFD, which limits its applicability to particle-laden flow with a higher number of particles. In contrast,
the unresolved approach of the CFD-DEM coupled solvers uses an empirical drag model based on the
relative velocity and volume fraction of the fluid flow. Particle tracking is updated using an averaging
method in each cell, and a dense grid is not needed to obtain an accurate drag force [31].

The unresolved approach loses detailed information about individual particle behavior and interactions,
limiting the accuracy in representing phenomena like particle clustering, complex particle motions, and
inter-particle forces, especially for more complex particle shapes. Unresolved simulations rely on simplified
empirical drag models, which may not fully capture the range of particle behaviors and flow conditions.
The unresolved approach may not be suitable for studying fine-grained phenomena that require a detailed
representation of particle interactions. Despite these limitations, the unresolved approach is valuable for
studying bulk behavior, overall system dynamics, and macroscopic effects in large-scale particle-laden
flows.

This work is focused on particle unresolved CFD-DEM simulation, as resolved simulations are generally
avoided in the study of industrial equipment due to their impractical computational cost.

The external forces acting on both the MP-PIC parcels and DEM particles are compatible for this
study. In both cases, each Lagrangian discrete phase element is described by the same PSD and has the
same density, since in both cases each element describes a single particle. The drag model is the one
described by Gidaspow [32], which combines the Ergun dense phase model for volumetric fluid fractions
ag < 0.8, with the Wen-Yu disperse phase model. This is used and validated for spherical particles, for
any particle concentration up to close packing.
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Figure 5. SEM image of a powder sample, used to determine the PSD.

Table 3. DEM particles properties for SS316L.

Parameter Value Unit
pp 7980 kg/m?
v, 0.3 —

Ep,o 2.11x 10" Pa
E, 211x10" Pa
G, 811x10° Pa
e 0.9 —
a 0.12 -
po 0.52 —

An approximation of the critical time-step can be found in [10], considering the following equation:

TR TR i P
Atc — min — min _p 1
VR A Gp ( )
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where vp is the speed of Rayleigh waves, which is the mode that account for most of the energy transfer
in powders (67%) along with distortional (26%) and dilational (7%) [10]. Ryup is the minimum particle
radius, p, the density, v, is the Poisson’s ratio of the metal particles. G,, is the particle’s shear modulus,
calculated from the Young modulus E), as:

E
G = P . 2
P 2 (1 + Vp) ( )
The Rayleigh wavelength can be approximated with the following:
A =0.8766 + 0.1631v, (3)

According to this formula, for a minimum diameter of 40 pum, with common values for 316L stainless
steel from [27], would require At, = 2.13 x 1078 s. Such a small value would dilate the computation time
by orders of magnitude.

In the context of DEM simulations for collision-dominated flows, reducing the Young’s modulus to
obtain a larger critical time-step is a common practice, since its impact on the results is limited [33].
Therefore, a reduced Young’s modulus of E, = 2.11 x 107 Pa has been adopted in our simulations, which
implies a critical time-step of At, = 2.13 x 107% s. However, when effects such as dense phase and
cohesion are present, certain parameters may need to be scaled accordingly [34]. In this case, the scaling
would be necessary only for the parameter «, related to the damping coefficient of the spring-slider-
dashpot model of the DEM case, calculated using according to the work by Tsiji et.al. [28]. Increasing
the order of magnitude of the elastic modulus to approach the measured one, adjusting the time-step and
« accordingly and setting a shorter simulation time, did not affect the general particle’s behavior.

Furthermore, in addition to the dynamic effect of the contact, the particle relative velocities should
also be considered when calculating the time-step. In the Rayleigh critical time-step, the particles may
travel a significant distance compared to their size. For instance, for a characteristic speed of V, = 10 m/s
and At, = 4.76 x 1076 s, a particle would move 47.6 x 1076 m.

In OpenFOAM, a separation margin between particles is used to approximate the contact. For the
collidingParcel type, a maximum distance Ad,,q, between centroids can be specified with
maxInteractionDistance, below which a collision is assumed to be taking place. This maximum distance
can be set equal to the maximum particles’ diameter. At this point, the particles enter within interaction
range, and the solver checks their reciprocal positions and velocities. To avoid skipping to the other side
of the interaction or obtaining excessive overlap, the sub-step advancements must be small enough. The
time-step is divided into a defined number of sub-steps defined by collisionResolutionSteps, increas-
ing the time resolution for each contact and allowing the simulation to use of a time-step At that is a
multiple of At.. Another Courant number can be defined based on the relative velocity of the particles,
the maximum interaction distance, and the global or base time-step. This Courant number ensures that
the particles will enter within the sphere of influence without skipping:

U, At
DEM p
Co = A (4)

where U, is the individual particle’s velocity.

2.3. Solution schemes. To aid with the comparison, solver settings were kept consistent between the
two simulations. Separate steady-state simulations were used to initialize the Eulerian phase flow, which
was then transferred to the transient case with mapFields.

The cloudProperties dictionary was used to define a cellPoint interpolation for both the velocity
U.air and phase concentration alpha.air for Eulerian field values interpolation to the Lagrangian phase,
as it demonstrated improved stability over cell interpolation. A semi-implicit Eulerian integration
scheme was employed for the Lagrangian phase.

To solve the pressure field, smoothSolver with a GaussSeidel smoother was used, as it was observed to
be more stable than GAMG. The latter sometimes caused pressure instability, leading to simulation crashes.
However, the filtered pressure values were found to be similar in both cases. GAMG with a GaussSeidel
smoother was used to solve the alpha field, while for the velocity field U.air, better residual stability
was obtained using PBiCGStab with a DILU preconditioner.

To ensure stability during the simulation, a time-step was chosen that guaranteed both a Courant
number Co < 1 for the Eulerian phase and CoPPM < 1 for the Lagrangian phase. The transient
simulation was performed using the PISO scheme with nCorrectors 3, which specifies the number of
pressure correction loops. The residuals were found to reach convergence at each time-step without any
issues.
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Figure 7. Linear fit of the pressure over the pipe length for CFD-DEM case A, at
Uy =10 m/s, and residuals.

3. Results

3.1. Evaluation of pressure profiles. To determine whether the simulation had reached the condition
of established flow, we evaluated the calculated inlet pressure. As depicted in Fig. 6, the pressure value
at the inlet exhibited a distinct oscillation until 0.005 s and 0.010 s respectively for the two velocities
considered. The two methods demonstrated almost no difference, and the reason for this can be attributed
to the fact that the Eulerian flow was initialized using a different steady-state simulation, and the resulting
values were mapped to the E-L case domain. Thereafter, the transient was governed by the rate at which
particles filled the pipe. The elbow on the diagram at 0.08 s and 0.15 s, respectively for the two velocities
considered and the CEFD-DEM case, was clearly linked to the instant at which the particle flow reached the
end of the pipe. As a result, these times were utilized to differentiate between transient and established
flow conditions.

In addition, it is important to identify the settling length where the flow develops and the remainder of
the pipeline where the flow is fully developed in the longitudinal direction. Figure 7 shows the longitudinal
pressure of the CFD-DEM case A (U, = 10 m/s), averaged for ¢ € [0.1,0.2] s. The pressure demonstrated
a nonlinear behavior from the inlet to 0.2 m, representing the development of gas-particle flow. From
there to the outlet, the pressure profile becomes linear, indicating a fully developed flow. This was
assumed to be the settling length for all other cases.
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The inlet pressure profiles over time for the two methods are reported in Fig. 6 and demonstrate
substantial differences. The CFD-DEM simulated pressure presents an initial linear increase phase,
which is consistent with the pipe filling up with particles after injection. When this phase ends, there
is a plateau, indicating stable conditions. The pressure required to transport the material through the
pipe, as opposed to gas only, is approximately five times higher, as reported in Tab. 4, indicating that
the majority of the energy is required to push the particles through.

MP-PIC underestimates the value, being only around double than the empty pipe simulated condition.
This difference between the two methods cannot be ignored and could result in an underestimation of
the energy requirement for particle transport through pneumatic conveying. Tab. 4 shows the pressure
drop along the pipe at established flow conditions, evaluated through linear fit.

Table 4. Pressure drop along the pipe at the established flow conditions, evaluated
through linear fit (example in Fig. 7).

Slope [Pa/m]

Case A Case B
CFD-DEM 17584 6076
MP-PIC 8639 3293
empty pipe 3164 1465

3.2. Particle velocity distribution. In the context of the coupled CFD-DEM model, it has been
observed that after the stabilization period, the positions and velocities of particles along the pipe display
repeatable behaviors. This section focuses on the velocity distribution of particles along the pipe, which
has been analyzed at time t = 0.19 s to represent a fully developed flow. Figure 8 summarizes the
salient metrics of particle flow for the CFD-DEM case A. A comparison with the MP-PIC case A in
Fig. 9 reveals stark differences. As discussed in Section 3.1, there are differences in pressure profiles
between the two cases. The velocity diagram also displays distinct behaviors in the two cases. In the
CFD-DEM case, particles reach an average velocity of 3.040 m/s, and once the flow is established, the
velocity dispersion is relatively low, as evidenced by the error band displaying the standard deviation as
o = 0.61 m/s. The normalized probability density of the particle location histogram at the top clearly
shows that there are volumes with different particle concentrations along the pipe, which move along
with the flow. Conversely, the MP-PIC simulation under the same conditions fails to capture the same
behavior, as shown in Fig. 9, where the number of particles along the tube is relatively uniform and
transitions smoothly, as the particle velocity deviates less significantly from the inlet condition, thereby
not displaying the terminal velocity seen in the DEM case.

It is worth reiterating that drag is treated identically in both cases, and the difference in behavior
is attributed to the contact and compaction laws, indicating that the CFD-DEM approach provides
significantly more information in this case. Figure 10 highlights the difference between the two methods
for the inlet velocity of 10 m/s (top graph) and 5 m/s. The average value and dispersion, as the symmetric
standard deviation of a normal distribution, are calculated in 100 uniform intervals along the pipe length.
The particle velocity for the CFD-DEM simulations tends to a defined dispersion as they progress through
the pipe, reaching a stable value that is significantly lower than the inlet velocity after a length of about
0.20 m.

Figure 11 distinctly illustrates a crucial aspect regarding the necessary length to achieve a fully devel-
oped flow. The presented diagrams depict the average Y position of particles, binned into 100 segments
along the Z direction, for all considered cases. Given the assumptions of laminar flow and uniform velocity
injection, the particles tend to travel through the pipe relatively undisturbed in a metastable state. The
influence of gravity alters their trajectory, causing them to follow a parabolic path towards the bottom
of the pipe, where they subsequently rebound. During this rebound, they initiate disturbances in the in-
coming parcels, consequently unsettling the metastable equilibrium dictated by the simulation conditions.
The flow described in this study attains a developed state, herein referred to as the stable flow condition.
Initially, almost no interactions between particles happen, as they differentially accelerate or slow down
under the action of drag across the pipe diameter. The action of gravity is important, as it provides the
first disturbance to the system. As the gravitational settling takes place, more and more rebounds can
take place, resulting in a cascade effect that leads to the stable, pseudo-steady-state behavior previously
observed.
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Figure 8. Salient metrics of particle flow in CFD-DEM case A.
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Figure 9. Salient metrics of particle flow in MP-PIC case A.

3.3. Solids flow rate. The determination of the solids flow rate is crucial for understanding the material
available for deposition and capture over time in Laser Metal Deposition (LMD) processes. In this study,
the mass flow rate through the pipe was obtained by counting the mass of each particle escaping the
outlet boundary over time. The aim of this study was to investigate the uniformity of this value.

Figure 12 shows the resulting solids mass flow over time for both the CFD-DEM and MP-PIC methods.
The data was filtered with a moving average over 1073s. The 10m/s case is of particular interest and
is representative of the 5 m/s case. The graphs have been scaled in both axes to display an equivalent
picture. The first parcels arrive at around 0.01 s, which is the time needed to traverse the 0.1 m pipe at
the injection velocity of 10 m/s.

The CFD-DEM simulated case shows a noticeable delay between the first particles escaping the bound-
ary and the establishment of the quasi-periodic flow. This is due to the fact that the first few injected
particles can traverse the pipe in a diluted phase, without losing much energy. However, as the injection
progresses uniformly, the particles progressively slow down due to the impacts. When the flow is estab-
lished, Fig. 13 displays how the particles in progress form clusters, which move with the flow. These
clusters persist until the outlet boundary, giving rise to the solids flow irregularities that this study is
interested in.

The deviation from the average mass flow rate is expressed in terms of the Root Mean Square (RMS),
a statistical measure that quantifies the spread or variability of a set of values, or a continuous function,
around the average. Assuming a finite number n of virtual measurements, the i-th mass flow rate
measurement 7; and the average at the outlet ﬁout, the RMS value is defined as:
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Figure 10. Comparison of the established particle velocity profiles in MP-PIC and
CFD-DEM simulations, at t = 0.2 s for case A and t = 0.4 s for case B.
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The MP-PIC method displays a smooth increase to the average value, with low fluctuation after that.
On the other hand, the CFD-DEM method shows significant fluctuation in the solids flow rate due to
the clusters formed by the particles. The results are presented in Tab. 5, where the average and RMS of
the solids flow rates are evaluated at the pseudo steady-state conditions: from 0.1 s and 0.2 s for cases A
and B respectively.

3.4. Computation time. Table 6 reports the execution times of the presented simulations. It is easy
to see that the execution time of the CFD-DEM simulation is three to five times higher than MP-PIC,
is dominated by the solution of the Lagrangian domain, and shows a dependency to the number of
move-collide subcycles per timestep.
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Table 5. Solids flow rates values in g/s.

Case | CFD-DEM | MP-PIC
avg RMS avg RMS
A:10m/s | 0.3026 0.0829 (27.4%) | 0.3075 0.0145 (4.71%)
B: 5m/s | 0.1541 0.0244 (15.8%) | 0.1542 0.0078 (5.03%)
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Figure 12. Comparison of the solids flow rate over time for the two methods. Data
filtered with moving average over 2- 1072 s (A) and 4- 1073 s (B).
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Figure 13. Particle distribution along the pipe, three snapshots at different times for
the CFD-DEM case A (10 m/s).

With such a difference, MP-PIC remains an attractive alternative to simulate the pneumatic conveying
of fine particles. The presented case, however, shows a limit in its applicability, as it fails to capture the
very phenomenon under investigation: the variability of powder mass flow rate over time.

4. Conclusion

In this study, the flow irregularities in a short section of a metal powder feedstock delivery pipeline
for Laser Metal Deposition (LMD) were analyzed using two simulation methods available in OpenFOAM
v9: MP-PIC and CFD-DEM. The objective was to compare their ability to display periodic phenomena
that might appear in the feedstock delivery pipeline. The CFD-DEM method was expected to be more
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Table 6. Computation time of the presented cases, on a 4-core PC with an i5-4570 CPU.

Case A Case B
timestep 5-107%6s 107°s
CFD-DEM
Execution time 170777 s 258370 s

Avg. number of parcels 16656 16650
Avg. move-collide subcycles per timestep 83 144

MP-PIC
Execution time 51704s 45082 s
Avg. number of parcels 11171 11574

Empty pipe
Execution time (simpleFoam) 13.16 s 13.72 s

accurate in representing the physical reality as it directly solves the contact physics, while MP-PIC was
less computationally intensive. The benchmark was carried out on the exact same domain, representative
of the last section of pipe at the end of the nozzle, and the simulations were conducted with material
parameters relative to a sample of powder used in LMD process.

The 4-way coupled, unresolved CFD-DEM simulation displayed a transient time to reach a quasi-
periodic transport and a stabilization length, which have been used to determine a quasi-periodic condi-
tion in the flow. Careful injection conditions of the parcels result in a meta-stable flow condition. The
effect of gravity as the main source of disturbance is highlighted, which drives the sistem to a stable,
pseudo-steady-state condition. Self-excited oscillations can be observed in the solids flow rate exiting the
conduct, with a noticeable amplitude that is compatible with a contribution to surface irregularities in
the LMD process. Waves of solids concentration can be observed along the pipe, developing as soon as
the powder starts interacting with the walls. No waves can be observed with MP-PIC simulations. At
quasi-periodic conditions, the pressure needed to transport the metal powder simulated using CFD-DEM
is around 4 times higher than the sole gas flow, while it is similar to the latter when simulating using
MP-PIC. The particle exit velocity is lower than the injection and the continuous phase, and it reaches
a quasi-periodic transport velocity which is maintained for the rest of the conveying length. MP-PIC
parcels do not display a significant change in velocity compared to injection.

The 4-way coupled, unresolved CFD-DEM simulation revealed a transitional phase before achieving a
quasi-periodic transport and stabilization length. Notably, precise injection conditions of the parcels were
found to induce a metastable flow state. The influence of gravity as the primary source of disturbance
was emphasized, ultimately leading the system to a stable, pseudo-steady-state condition. Interestingly,
self-excited oscillations were observed in the solids flow rate exiting the conduit, featuring a discernible
amplitude that can be a source of irregularities in processes that employ similar conveying systems, such
as LMD. Waves of solids concentration emerged along the pipe, in contrast such waves were absent in
MP-PIC simulations. Under quasi-periodic conditions, the pressure required to transport the simulated
metal powder using CFD-DEM was approximately five times higher than that of the gas flow alone.
Conversely, when simulating with MP-PIC the conveying pressure was underestimated at around double
that of the gas flow. The particle exit velocity remained lower than that of both the injection and
the continuous phase, achieving a quasi-periodic transport velocity sustained throughout the conveying
length. Notably, MP-PIC parcels exhibited a significant smaller change in velocity. These insights
provide valuable perspectives on the dynamic behavior of the system and have significant implications
for optimizing particle transport in similar contexts.

Given that unresolved CFD-DEM is expected to be more accurate in representing the physical reality,
it is recommended that this method be used for future studies on solids flow rate in pneumatic conveying
systems, even at the cost of much longer computation times. MP-PIC is a tempting alternative to be used
as a fast and efficient method for preliminary studies and design optimization, but the user must consider
its limitations. Overall, a better understanding of solids flow rate in pneumatic conveying systems can
lead to improved system design and efficiency [3,17].

Future work could involve studying the effect of different particle properties, such as shape, size, density,
and cohesion, on the solids flow rate in pneumatic conveying systems using the CEFD-DEM method. The
influence of varying gas flow rates, particle injection rates, and pipe geometries on the solids flow rate could
also be explored. In addition, it would be interesting to investigate the impact of particle clustering on
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the deposition quality of LMD parts, as well as the resulting surface roughness and mechanical properties.
Ultimately, a better understanding of these phenomena could lead to improved LMD process control, and
the development of more efficient and effective additive manufacturing techniques.
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