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This work presents a fully coupled Computational Fluid Dynamics and Discrete Element Method (CFD-
DEM) simulation of powder transport in continuous coaxial Laser Metal Deposition (LMD) nozzles, imple-
mented in Simcenter STAR-CCM+. The methodology integrates a Johnson-Kendall-Roberts (JKR) adhesive
contact model via custom field functions to represent cohesive particle-wall interactions influencing res-
idence times and temporal flow structure. A refined polyhedral mesh resolves internal channels and
external jet regions while maintaining coupling stability, with physics including two-species gas mixing

Ilf/f&’lvtviof;;e flow (argon/air), Gidaspow drag, Sommerfeld shear lift, and gravity. Validation at a representative operating
CFD—DPEM point (3 L/min carrier gas, 15 L/min shielding flow, Rosin-Rammler size distribution, 4.5 g/min feed)

yields spatial footprints, centerline peak acceleration of ~50 m/s?, and a 19% exit mass-flow irregularity
(2 ms moving average). The predicted mass-flow irregularity (19% vs. 16% experimental) and accelera-
tions agree closely with measurements, confirming rebound-driven intermittency and azimuthal redistri-
bution at distributor fins as the dominant unsteadiness sources. Conversely, the standoff underprediction
(10.2 mm vs. 16 mm) is traced to unresolved exit gas expansion under the incompressible assumption
and drag calibration for the particle-laden jet, defining concrete refinement priorities for predictive
simulation.

© 2026 The Society of Powder Technology, Japan. Published by Elsevier B.V. on behalf of The Society of
Powder Technology, Japan. This is an open access article under the CC BY license (http://creativecommons.
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org/licenses/by/4.0/).

1. Introduction

Directed Energy Deposition (DED) by Laser Metal Deposition
(LMD) relies on the controlled delivery of a metal powder stream
coaxial to the laser. Continuous coaxial nozzles are favored for
their azimuthal symmetry and robustness against tooling direction
changes, yet suffer from sensitivity to internal flow distribution
and exit acceleration that govern powder capture efficiency. LMD
is widely used for near-net-shape fabrication, repair, and func-
tional coatings across alloys and multi-materials [1,2]. Powder
feedstock handling, metering, and delivery have a direct impact
on deposition quality and efficiency [3]. Among nozzle families,
continuous coaxial nozzles are favored for symmetry, while dis-
crete coaxial designs can enhance catchment for specific standoff
and angle conditions [4,5].

In a continuous coaxial layout, two gas systems are typically dis-
tinguished: a conveying stream that entrains and accelerates pow-
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der from peripheral inlets and a shielding stream that protects the
optics and interacts with the external jet. The distributor and con-
verging sections must homogenize the azimuthal momentum to
avoid lopsided focusing and off-axis footprints. Geometric toler-
ances, pressure losses across fins and turning chambers, and the
ratio of shielding to conveying flow therefore play a central role
in powder capture. Small deviations in the internal momentum bal-
ance can translate into millimeter-scale shifts in the focal plane and
percent-level losses in powder utilization. In practice, operators
tune the usable standoff window by adjusting the flow split and
total gas rate, but this tuning is nozzle-specific and often empirical.

Design trade-offs are well known: continuous coaxial heads
maximize directional robustness for multi-axis paths, while
multi-jet (discrete) coaxial heads can deliver higher peak concen-
tration at the focus for a narrower process window [4,5]. Across
both families, the exit acceleration that the gas can impart to a
polydisperse powder -together with jet stability and the degree
of air entrainment- ultimately governs the stream convergence
and the usable catchment with the laser. Understanding these
mechanisms quantitatively, and how they respond to geometry
and operating point, motivates detailed simulation supported by
experiments [6].
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Powder-stream modelling typically couples the gas phase with
particle transport using Eulerian-Lagrangian approaches or
Eulerian-Eulerian alternatives. Recent works report accurate pre-
dictions of powder cone geometry and focal-plane concentration
maps for three- and four-way nozzles, with k- Shear Stress
Transport (SST) often selected for internal jets and separation
[7,8]. Earlier continuous-coaxial studies used one-way coupling
to estimate powder footprints at the focus [6]. Guan et.al. summa-
rize powder-laser interactions and parameter sensitivities [9].
More recent studies have extended nozzle powder-flow simulation
in several directions: Gao et al. analyzed the influence of nozzle
geometry on powder flow behaviors in DED, highlighting the sen-
sitivity of stream convergence to internal channel design [10];
Mukin et al. modeled the gas-powder jet formed by a single nozzle
tube in direct laser deposition, combining analytical jet theory
with particle tracking validated against optical measurements
[11]; Qin et al. characterized the spatial dynamic behavior of the
powder stream and individual particles during coaxial laser clad-
ding [12]; and Zhang et al. demonstrated active particle motion
control by ultrasonic fields in DED, illustrating the growing interest
in manipulating the powder stream downstream of the nozzle [13].
These works confirm a trend toward higher-fidelity, experimen-
tally anchored models of the powder stream, yet they largely treat
particle-wall interactions with simplified contact assumptions and
rarely report the temporal stability of the delivered mass flow.

In dispersed multiphase simulation, point-particle Euler-
Lagrange with Reynolds-Averaged Navier-Stokes (RANS) turbu-
lence remains prevalent for engineering analysis [14,15]. Gas-solid
coupling depends on drag/lift closures; drag choice influences slip
at the exit and thus standoff [16]. Multiphase Particle-In-Cell (MP-
PIC) methods offer an Eulerian-Eulerian route for dense regimes
and large domains [17,18], but do not capture temporal variability
in pneumatic conveying [19]. Open questions include (i) compress-
ibility effects on exit acceleration and drag [20], (ii) contact/adhe-
sion influences on residence in distributor structures [21-23], and
(iii) quantifying temporal irregularities of the powder stream [24].

Most nozzle-focused works treat particle contacts with walls in
a simplified manner (purely elastic or with constant restitution).
However, even weak cohesive effects and tangential friction at dis-
tributor fins can alter residence times, local seeding, and the tem-
poral structure of the powder flow that emerges from the throat
[22,23]. DEM-enhanced formulations (CFD-DEM) allow these
mechanisms to be represented explicitly while reusing standard
drag/lift closures [15]. The present work includes a lightweight
adhesive contact model and extracts nozzle performance metrics
directly from the transient solution. The influence of the contact
treatment on the delivered powder flow is assessed in Section 3.3,
where the temporal irregularity of the exit mass flow—driven by
wall rebound and residence in the distributor—is quantified and
compared with experiments.

This paper focuses on the simulation aspects of a continuous
coaxial nozzle. First, we aim to assemble a STAR-CCM + setup tai-
lored to continuous coaxial heads that combines polyhedral mesh-
ing, RANS k- SST, and a Lagrangian particulate solver with DEM
contact augmented by a JKR-type adhesion term, targeting robust-
ness for long transients. Second, we aim to define process-relevant
metrics that can be computed automatically from the flow solution:
standoff distance from percentile-based focusing, linear and radial
footprint widths at the focal plane, particle acceleration/velocity
evolution along the centerline, and an irregularity index for exit
mass flow. Third, we compare the simulated trends with a compan-
ion experimental dataset [24] to identify modeling gaps—notably
exit compressibility and drag calibration—and to outline a practical
path toward predictive calibration for nozzle tuning. The compan-
ion study [24] documents the full experimental campaign (high-
speed imaging of the powder stream, standoff and footprint mea-
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surements, and time-resolved mass-flow estimation) on the same
nozzle and at the same operating point simulated here; the present
validation is therefore intentionally restricted to that single, fully
characterized operating condition, and extension to additional flow
rates and geometries is planned as future work.

The present work makes three methodological contributions to
multiphase simulation practice: (i) Integration of a JKR adhesive
contact model within a commercial CFD-DEM solver via custom
field functions, demonstrating how production tools can be
extended for cohesive particulate flows without source-code mod-
ification; (ii) A systematic framework for extracting process-
relevant metrics from transient particle fields that can be auto-
mated for parametric studies and nozzle optimization campaigns;
and (iii) Transparent documentation of modeling assumptions,
verification procedures, and quantitative impact on predictions,
enabling practitioners to assess applicability to their own systems
and identify refinement priorities. These contributions advance the
state of simulation practice for powder-based additive manufac-
turing by providing a validated, reproducible methodology with
clear guidance on model limitations and improvement paths.

2. Methods

This section is organized following the structure of the coupled
fluid-particle problem. SubSection 2.1 describes the computational
domain and mesh. SubSection 2.2 presents the governing equations:
the Eulerian gas-phase (fluid) equations first, then the Lagrangian
particle-phase (solid) equations with DEM contact, and finally the
interphase data transfer (two-way momentum coupling) and time-
integration scheme. SubSections 2.5-2.7 detail the boundary and
injection conditions, near-wall treatment, and the adhesive contact
model, and SubSection 2.8 defines the post-processing metrics.

2.1. Geometry and mesh

The computational domain comprises the internal channels
(four conveying inlets, lens shielding inlets, distributor fins, con-
verging throat) and an external cylindrical region for the free jet.
Fig. 1 shows a half-sectioned view of the nozzle with annotations
of the main features used in the simulations. It provides a clear
view of the internal structure: the annulus between the internal
cone and the outer walls forms the powder channel. A vertical-
channel distributor in the middle section has the objective to
homogenize azimuthal momentum and suppress swirl. The high-
power laser travels through the central channel, protected by a
continuous argon shielding stream; the focusing lens is mounted
at the top of the channel. The measurements are in mm, starting
from the bottom face of the nozzle (z = 0 mm) up to the top face,
for a total height of the simulation domain of 138 mm.

A polyhedral mesh was generated in STAR-CCM + with targeted
refinements in: (i) distributor channels, (ii) cone-to-throat annulus,
and (iii) exit region. The final mesh counts ~4.1 million cells, with

>99% polyhedra. Cell volumes range from 1.1x10™" to

3.5 x 107 m?, chosen to avoid parcels larger than the smallest
cells and to maintain stable two-way coupling.

Polyhedral elements provide superior adaptability and robust-
ness compared to purely tetrahedral meshes in complex, slender
passages; their convex angles reduce distortion-induced errors
and they often converge faster for a given accuracy target. Litera-
ture reports polyhedra as a strong alternative to hexahedra in res-
piratory aerosol transport, which is analogous in terms of slender
passages and recirculation pockets [25]. In the present case, the
polyhedral mesh enabled stable DEM coupling without excessive
cell count or distortion issues, while allowing for cells larger than
the parcels [19].
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Fig. 1. Half-sectioned view of the continuous coaxial nozzle geometry with key
features annotated. The internal cone, distributor fins, conveying inlets, and
shielding inlets are visible, along with the external cylindrical domain for the free
jet. The main nozzle axiz Z is indicated, dimensions are in mm.

40

The mesh must balance detail and computational efficiency,
ensuring that critical regions, such as the nozzle exit, are suffi-
ciently refined to capture important flow characteristics. Using
the provided geometry of the fluid domain, the mesh was gener-
ated using the advanced tools in STAR-CCM+. Gradual refinement
levels were defined in the critical regions:

e in the small distributor channels;

e in the small space between the cone walls;

o at the exit of the nozzle, where the flow transitions from a con-
strained to an open domain.

Fig. 2a provides an overview of the simulated nozzle’s mesh,
while Fig. 2b offers a detailed view of the refined mesh at the nozzle
exit.

(a)

Fig. 2. (a) Overview of the simulated nozzle’s mesh. (b) Detailed view of the refined mesh at the nozzle exit.
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The final computational mesh consists of a total of 4102881
cells, with 4085818 being polyhedral cells, alongside a small num-
ber of tetrahedral, hexahedral, wedge, and pyramid cells necessary
to adapt to the geometry; all face validity metrics are satisfied. The
containing prism for the mesh is 57.5 x 57.5 x 138mm in the X%, y,
and z directions respectively, with the origin placed at the center of
the nozzle’s bottom face. Cell volumes range from 1.09 x 10~ "*m?3

to 3.50 x 10~°m3; for comparison, a spherical particle with a diam-
eter of 100um has a slightly smaller volume of approximately

5.24 x 107°m3, so no parcel exceeds the smallest cells. A formal
mesh-independence study across multiple resolutions was not
performed owing to the cost of the coupled transient runs
(~3000 core-hours per case, SubSection 2.4); mesh adequacy is
instead supported by the refinement strategy targeting the
highest-gradient regions, the mesh-quality metrics above, and
the agreement of integral outputs with experiments. This is
acknowledged as a limitation in SubSection 3.4.

2.2. Governing equations and coupling

We solve the incompressible, isothermal multi-component
RANS system with an Eulerian gas phase and a Lagrangian partic-
ulate phase coupled via volume-averaged source terms. The for-
mulation is presented in the order fluid phase — solid phase —
interphase data transfer.

Fluid phase. The gas phase follows the standard continuity and
momentum equations with turbulent viscosity from the SST k-
model [26], which transports turbulent kinetic energy and specific
dissipation to capture the adverse pressure gradients in the con-
verging section. Species transport equations govern the mixing of
argon (from inlets) and air (ambient), with mixture properties
evaluated via mass-weighted combinations at 20°C and 1atm.
The incompressible assumption is justified a priori by the flow
regime: with the prescribed volumetric flows (SubSection 2.5),
the bulk gas velocity remains below ~10 m/s in the supply pipes
and reaches its maximum in the annular throat, where the local
Mach number is estimated at Ma =~ 0.1-0.3. In the internal chan-
nels, where most of the particle-flow structure develops,

Ma < 0.1 and density variations scale as Ap/p ~ Ma® <1%, which
is negligible. Only in the immediate exit region does the upper
bound Ma ~ 0.3 imply density variations up to ~5-9%, so a locally
reduced gas expansion (and hence particle acceleration) is
expected; this is discussed quantitatively in relation to the standoff
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prediction in SubSection 3.1 and listed as a refinement priority in
SubSection 3.4.

Solid phase. The particle equation of motion for each parcel (in-
dex p, density p,, diameter d,) reads:

dx,

a = (1)
dvp o I:drag + I:lift + Fg + Fcontact o T 3

ra m, © M =GPt @)

Drag follows the Gidaspow model [27], which blends the Wen-Yu
correlation for dilute flows (€, > 0.8) with the Ergun equation for
dense regimes (¢; < 0.8), using the gas volume fraction ¢; and par-
ticle Reynolds number Re, = p,dp|lu — v, ||/

P -
1002 0 -, (u - vy) 2%m,

ife; > 0.8,

Fd = 2
T sty 175 il oy e ife, <08,
3)
24 0.687
CD_R—ep(1+0.15Rep ) (4)

where V, = ndf,/G is the particle volume. Lift uses a Sommerfeld
shear-induced formulation [15]. Particle contacts are resolved by
DEM with a linear-viscoelastic basis extended by JKR-type adhesion
to capture mild cohesion between metallic particles and walls (see
subSection 2.7 and Appendix A for full model description and
implementation). While the drag, lift, and blending correlations
are empirical in origin, each is applied within its established validity
envelope for the present regime: the particle Reynolds numbers
encountered here (Re, ~ 1-10%) and the predominantly dilute vol-
ume fractions (€; > 0.95 in most of the domain) fall inside the
ranges for which the Wen-Yu/Schiller-Naumann branch of the
Gidaspow correlation was derived, with the Ergun branch engaged
only in transient near-wall accumulations at the distributor [27,15].
The applicability of the contact-model parameters is addressed sep-
arately in SubSection 2.7 and Appendix A.

Interphase data transfer. Momentum and species sources from
particles are volumetrically distributed using the Cell Cluster
smoothing with characteristic length /. = 350 um to enhance sta-
bility while preserving locality. The coupling is two-way: the gas
exerts drag and lift on the particles, and the equal-and-opposite
reaction is accumulated per cell cluster and returned to the gas
momentum equation at each coupling step.

Time integration. Gas phase uses the Pressure-Implicit with
Splitting of Operators (PISO) algorithm with At =10"* s. The
Lagrangian integrator substeps to maintain local Courant < 0.35.
DEM contact time step is set as Atpgm = trayieigh/5, With Rayleigh
time

Po

tRayleigh =TR G17 (5)

for particle radius R = d,/2, shear modulus G, and Poisson correc-
tion 7.

2.3. Physics models and solvers

The physics selections summarized here complement the gov-
erning equations of SubSection 2.2; this subsection focuses on
the rationale for each modeling choice and the material properties
used.

Model selection rationale: The SST k- model was selected
over standard k-€ because it better captures adverse pressure gra-
dients in the converging section and provides superior near-wall
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performance without requiring fine prism layers [26]. The Gidas-
pow drag formulation was chosen for its ability to handle both
dilute (€, > 0.8) and moderately dense (€, < 0.8) regimes through
its Wen-Yu/Ergun blending, relevant near distributor fins where
local particle concentrations can vary significantly [27]. Polyhedral
meshing was preferred over hexahedral or tetrahedral alternatives
because it provides superior adaptability in complex geometries
with fewer cells, faster convergence, and reduced sensitivity to
stretching—critical for maintaining DEM coupling stability [25].
The All-y* wall treatment eliminates the need for inflation layers
that would create excessively small cells relative to particle sizes,
trading detailed boundary-layer resolution for robust coupling at
moderate computational cost.

Gas properties at reference conditions: Argon p = 1.6339 kg/
m3, u=22768 x 10°° Pas; Air p=1.1842 kg/
m>, it = 1.8551 x 107> Pas. The transient simulation is started from
a steady, gas-only initialization before particle injection is activated.

2.4. Computational environment and cost

Hardware and software: Simulations were performed on a
dual-processor workstation (2x Intel Xeon E5-2620 v4, 64 GB
RAM) running windows 11, using Simcenter STAR-CCM + version
2406. The solver was executed in parallel using 14 cores with
domain decomposition.

Computational cost: Each global time step (with Lagrangian
substepping and DEM contact) required approximately 40 s of
wall-clock time, equivalent to 560 core-hours per second of phys-
ical time. For ~2 s of physical time following initial transients, the
overall cost amounted to roughly 220 h wall-clock time (3080
core-hours). While expensive, this setup allowed extraction of con-
verged statistics for stream focusing, acceleration, and exit mass-
flow irregularities. The cost scales approximately linearly with
the number of particles and mesh cell count for the dilute regime
encountered here (€, > 0.95 in most of the domain).

2.5. Boundary and injection conditions

At the outer boundary, we apply a pressure outlet of 1 atm on
the external cylinder and allow backflow along the boundary nor-
mal. All walls are no-slip with turbulence wall functions. The
shielding gas enters through two velocity inlets that carry a total
of 15 L/min via 4.2 mm pipes. The conveying gas enters through
four velocity inlets that carry 3 L/min in total, also via 4.2 mm
pipes. Powder is injected from the conveying inlets as a random
surface source at a constant 4.5 g/min, with a Rosin-Rammler
PSD spanning 40-180 pm. The domain is initialized with Air
(Yair = 1); all inlets prescribe Argon (Y, = 1), and mixing proceeds
via the species-transport equations using an effective Schmidt
number.

To make the inlet settings explicit, we convert volumetric flow
to speed using U = Q/A (per pipe). All inlet pipes have a circular
cross-section of diameter D=4.2 mm = area

A=mn(D/2)* =1.385x 10> m?.

o Shielding inlets (2 pipes, total Q = 15 L/min = 2.5 x 10~ m?/s):
Qpipe = 1.25 x 10~* m3/s = U ~ 9.0 m/s (applied to each shield-
ing pipe).

 Conveying inlets (4 pipes, total Q = 3 L/min = 5.0 x 10> m3/s):
Qpipe = 1.25x 107° m?/s = U ~ 0.90 m/s (applied to each con-
veying pipe).

The powder total mass flow is fed in equal proportions through
the conveying inlets: i, = 4.5 g/min = 7.5 x 107> kg/s, split evenly
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among the four conveying pipes = 11, pipe = 1.875 x 10> kg/s
each.

We characterize the powder size statistics with a Rosin-Ramm-
ler (Weibull-type) cumulative distribution, commonly used for
atomized metallic powders because it captures a rapid rise in fine
fractions followed by a long tail of coarse particles. The cumulative
passing fraction for size d is

RM):l—emDP<%)q, (6)

where dy is a characteristic scale (roughly the size at which
R =~ 0.63) and n controls the steepness of the curve (higher n yields
a tighter distribution). The experimental powder, characterized by
optical image analysis [28] and SEM image binarization [19], is well
fitted by dy = 63.65 um and n = 5.177. We truncate that theoretical
curve to the physically observed bounds [40,110] um to remove
extremely rare fines and coarse outliers that would add negligible
mass yet increase computational cost.

For the present simulation campaign we intentionally adopt a
simplified, coarser PSD (do =120um, n =10, truncated to
[80,150] um). This adjustment reduces the number of very small
particles that would demand tighter DEM and coupling time steps,
while still spanning the dominant momentum-carrying sizes rele-
vant for jet focusing. All quantitative results reported below refer
to this simulation-time PSD unless explicitly stated; where trends
are discussed qualitatively (e.g., sensitivity of standoff to drag) they
are consistent with the experimentally fitted, finer distribution.

The implications of this simplification can be bounded from the
particle equation of motion. The particle aerodynamic response
time in the Stokes limit scales as 1, = ppd;/(ls,u), so shifting the
mass-median diameter from ~ 64um to ~ 120 um increases T,
by a factor of ~3.5. Coarser particles are therefore less responsive
to the gas acceleration at the exit and to turbulent dispersion:
the simulated stream is expected to exhibit (i) a slightly lower exit
velocity gain for a given gas expansion, contributing to the standoff
underprediction, and (ii) a narrower dispersion halo, since the
omitted sub-80 um fraction is the most susceptible to lateral tur-
bulent transport and to adhesive wall interactions. Conversely,
the exit mass-flow irregularity metric is dominated by rebound
events and azimuthal redistribution of the momentum-carrying
(coarse) fraction, and is therefore expected to be less sensitive to
the removal of fines — consistent with the close agreement
obtained for that metric (Section 3.3). A comparative simulation
with the experimentally fitted PSD was not affordable within the
present computational budget (the finer sizes reduce both the
DEM and coupling time steps, multiplying the cost) and is identi-
fied as a priority for follow-up work in SubSection 3.4.

2.6. Near-wall treatment

No prism (inflation) layers were used at walls to maintain
numerical stability with DEM coupling and to avoid excessively
small near-wall cells relative to the largest parcels. The SST k-
model with All-y* treatment was selected accordingly. Given the
fine near-wall cell sizes from the polyhedral mesh, the effective
y* remained within the model’s acceptable range across the inter-
nal channels and the exit region. This choice trades detailed wall-
shear resolution for solver robustness while preserving integral jet
behavior and exit acceleration central to the present study.

2.7. JKR contact model
To represent mild cohesion between metallic particles and

walls, we implemented a Johnson-Kendall-Roberts (JKR) adhesive.
The elastic contact model within the STAR-CCM + DEM framework
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via field functions. The adhesive normal force augments the Hert-
zian term with a surface-energy contribution, producing the char-
acteristic hysteresis between approach and separation. In terms of
the effective modulus E*, reduced radius R, and instantaneous con-
tact radius a, the normal component reads

4E'a® = f
FN — |:3R*Hertz — \/WKRadhesion n
N——
— Cn (Vrel : ﬁ) ﬁ7 (7)

with surface energy I'y,, contact normal i, and relative velocity v,q.
The effective elastic properties are

. 1-v§ 1-v2 -

E = [ E; + E } , (8)
2(1 2- 2(1 2-v)]"
G* _ ( +V0)( V0)+ ( +V])( V]) , (9)
EO E]

1 1 1

R R + R’ (10
and the equilibrium (adhesive) contact radius is

1/3
(97T ,R?

ap = (T) . (11)

The tangential force uses a Mindlin-like spring with dashpot and a
Coulomb cap,

Fr = Frminain cappedby |[Fr|| < u|/Fy|l, (12)
ki < G*\/R oy, (13

with friction coefficient p, tangential overlap d;, and tangential slip
velocity v;. Normal and tangential damping are set from the desired
normal restitution e via the standard coefficient

B:lnie’ Cn o B/ kam, Cr o< B/ kem, (14)

(Ine)’ + w2

Frmindiin = —K: 6¢ + € Vi,

with reduced mass m*. Hysteresis is enforced by activating adhe-
sion once the contact radius exceeds a formation threshold
Urorm = (2/3)*ag ~ 0.76 a4 on approach [29], and allowing tensile
"pull-off” until a — 0 on separation; this yields the expected asym-
metric, non-conservative work loop for adhesive elastic contacts.

In the StarCCM + field function implementation, the driving
variable for the contact is the contact radius a, as opposed to the
more common overlap-based formulation §,. This choice simplifies
the detection of the adhesion onset and pull-off conditions, as a is
directly available in StarCCM, and allows to leverage the existing
DEM contact framework with minimal modifications. The contact
radius is computed internally by STAR-CCM + based on the geom-
etry of the contacting bodies and their relative positions, ensuring
accurate representation of the contact mechanics. The downside is
tha the force-overlap relationship is shifted to be completely inside
the contact radius domain, but this small difference is acceptable
for the intended application.

In this study we used g =0.62,T;, =0.01 J/m?, and normal
restitution e = 0.9. These values are not arbitrary: the surface
energy I';; = 0.01 J/m? was estimated for the same class of gas-
atomized stainless-steel powder by the kinetic adhesion test
methodology developed by our group [30], which back-computes
the mesoscale surface energy from measured detachment veloci-
ties and lies within the range reported for lightly oxidized metallic
powders [21,23]. The restitution coefficient e = 0.9 is consistent
with the impact measurements of Odum et al. on metallic powder
rebound from DED nozzle materials [31] and with values com-
monly adopted for hard metallic microparticles [22]. The friction
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coefficient u = 0.62 corresponds to steel-on-steel dry sliding and
follows established DEM calibration practice for cohesionless bulk
metals [32,33]. Qualitatively, these parameters act on distinct
observables: I'j, chiefly affects residence times near fins and walls
(adhesion delays re-entrainment of slow particles), e controls the
energy retained in wall rebounds and hence the rebound-driven
intermittency of the exit flow, and u bounds lateral momentum
exchange during oblique impacts. The single-particle verification
of the implemented contact law, including the force-displacement
hysteresis loop and the energy dissipated per impact, is reported in
Appendix A (Fig. A.7).

2.8. Post-processing metrics

From the transient fields we compute: (i) standoff distance as
the axial location of minimum diameter enclosing 90% of particles;
(ii) stream width at standoff from the 50/90/99th percentiles of
radial and linear (X) distributions; (iii) particle axial velocity and
median acceleration along z; and (iv) exit powder mass flow with
2 ms moving-average RMS.

3. Results and discussion
3.1. Stream convergence and standoff

Fig. 3 shows the time-averaged side view of the particle proba-
bility density, with percentile bands. The simulated standoff dis-
tance is 10.2 mm from the exit, lower than the experimental
estimate (16 mm, [24]). We attribute the difference primarily to
lower predicted exit particle velocity due to limited gas expansion
in the incompressible RANS setup and potential drag underestima-
tion in the shear layer.

The plausibility of these two contributions can be assessed with
a simple ballistic estimate. For a particle leaving the nozzle annu-
lus with axial velocity v, and radial convergence angle 6 set by the
exit cone, the geometric focus lies at zf ~ re/tan @ measured
along the axis; the effective standoff additionally grows with the
ratio of particle inertia to the decelerating/entraining action of
the ambient jet. Because the convergence angle is fixed by the noz-
zle geometry, the standoff is mainly sensitive to how long the par-
ticles preserve their exit momentum. A locally compressible gas

50th Percentile
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expansion at the exit (with Ma ~ 0.1-0.3, corresponding to density
variations up to ~9%) would increase the gas exit velocity—and
thus the particle velocity at the focus—by up to a comparable frac-
tion; combined with the coarser simulated PSD, whose response
time is ~3.5x longer than the experimental one (SubSection 2.5),
the two effects act in the same direction and are consistent with
the observed ~36% underprediction. Isolating and quantifying each
contribution requires a compressible exit-region model and a PSD-
matched rerun, both of which exceed the present computational
budget and are deferred to future work.

Method: the particle distribution is accumulated over time on
x-z bins; at each axial position z, we compute the smallest diame-
ter enclosing 90% of particles (P90). The standoff is the z yielding
the minimum of this P90 diameter. Horizontal markers in Fig. 3
denote the +0.5 mm slice used around the identified standoff
plane for footprint statistics. Sensitivities: the P90-based standoff
is robust to outliers; it varies < 0.5 mm when the bin size is halved
and ~ 1 mm when P90 is replaced by P80/P95.

3.2. Velocity and acceleration along the nozzle

Particles exhibit broad directional dispersion near the inlets,
followed by alignment in the converging section. A sharp acceler-
ation peak (=~ 53 m/s?) occurs near the throat and exit (Fig. 4),
matching the order of magnitude inferred from experiments [24]
and supporting the adequacy of the chosen drag model. At the exit,
particles confined within the nozzle by the conveying gas encoun-
ter the higher-velocity shielding stream and experience rapid
expansion into ambient pressure, gaining significant momentum
critical for achieving the desired standoff and focusing characteris-
tics. The simulation underrepresents this acceleration due to the
incompressible RANS assumption, which limits gas expansion
and consequently constrains the predicted exit velocity and stand-
off distance. (see Fig. 5).

Additional observations: rebounds upstream of the distributor
lead to a wide velocity spread that tightens through the fins. A sec-
ondary acceleration feature is observed near z ~ —70 mm at the fin
entrance, followed by deceleration at the exit of the fin channels,
indicating energy exchange with the gas shear.

These features admit a consistent mechanistic reading of how
the internal components shape the powder stream. Upstream of
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Fig. 3. Side view of simulated particle distribution and percentiles; horizontal markers indicate a 1 mm slice around the standoff distance.
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Fig. 4. Axial particle velocity percentiles and median acceleration along the axis of the nozzle Z, see Fig. 1.
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Fig. 5. Instantaneous particle velocity vectors in the converging section and at the
nozzle exit, colored by velocity magnitude. The alignment imposed by the
converging annulus and the acceleration imparted by the merging shielding stream
are visible.

the distributor, particles arrive from the four conveying pipes with
large tangential velocity components and undergo repeated obli-
que wall impacts; each rebound redistributes momentum between
axial and lateral directions, producing the wide velocity spread vis-

ible in the percentile bands. The distributor fins then act as
momentum filters: within the narrow fin channels the gas velocity
rises locally (the secondary acceleration near z ~ —70 mm), parti-
cles are forced to align with the channel axis, and the lateral veloc-
ity variance collapses. On leaving the fins, the local gas
deceleration in the wider annulus transfers energy back from the
particles to the gas shear layer, explaining the deceleration feature.
In the converging throat, the continuous area reduction accelerates
the gas and, through drag, the particles—monotonically narrowing
the stream. Finally, at the exit, the merger with the faster annular
shielding stream provides the last and strongest acceleration
impulse, which sets the exit velocity and, together with the geo-
metric convergence angle, the standoff. Each mechanism thus
leaves a distinct signature in Fig. 4, and their sequence—rebound
dispersion — fin collimation — throat acceleration — shielding-
jet boost—constitutes the causal chain from geometry to powder-
stream focusing.

3.3. Mass flowrate estimation and flow irregularities

The instantaneous powder mass flowrate at the exit, m(t), is
recorded throughout the transient simulation using a method anal-
ogous to the experimental workflow [24]. The flowrate is com-
puted within a 1 mm thick slice located downstream of the
nozzle exit. At each discrete time step k, the mass flowrate is cal-
culated as:

N m; - v;
Az’

i=1

iy = (15)
where m; is the mass of particle i, ; is its axial velocity, and Az is the
slice thickness.

To characterize temporal fluctuations while filtering high-
frequency noise, we apply a centered moving average with a
2 ms window:

i 1 (w/2] .
Mk smoothed = W ) Z mk+j7 (1 6)
J=—1w/2]

where w is the window size (number of time steps). This window
length is chosen to retain physically meaningful pulsations (e.g.,
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from particle rebounding and distributor-fin flow redistribution)
while smoothing sub-millisecond stochastic variations.

We quantify the irregularity via the root-mean-square (RMS)
percentage deviation of the flowrate from its temporal mean:

(17)

where T is the total number of time steps over the statistically
steady portion of the simulation (after initial transients decay).
The resulting irregularity index is RMS;; = 19% (Fig. 6), consistent
with the experimental trend of 16% [24], indicating that the model
captures the dominant sources of unsteadiness: azimuthal flow
redistribution at the distributor fins and rebound-driven intermit-
tency near walls. Flow irregularities of this magnitude can affect
deposition quality, particularly in high-speed printing or when
dealing with small melt pools that are sensitive to rapid flow
oscillations.

The contact treatment is directly implicated in this metric. The
pulsation arises from two mechanisms that both depend on parti-
cle-wall interaction: (i) particles rebounding in the turning cham-
ber and at the cone walls arrive at the exit in intermittent clusters
rather than as a steady stream, with the restitution coefficient e
setting how many rebounds a particle undergoes before alignment;
and (ii) the JKR adhesion term allows slow particles to dwell briefly
on fin and wall surfaces before re-entrainment, spreading resi-
dence times and adding low-frequency content to m(t). Purely
elastic contact treatments, as adopted in most published nozzle
simulations [6,8,10], cannot reproduce the second mechanism
and generally report only time-averaged powder concentration
fields, without quantifying delivery irregularity. The close match
of the temporal irregularity index obtained here (19% vs. 16%)
therefore constitutes indirect evidence that the adhesive contact
treatment, with the independently measured surface energy [30],
captures the wall-interaction physics relevant to the temporal
structure of the delivered powder flow. A formal one-to-one com-
parison of identical simulations with and without adhesion would
isolate the contribution of 'y, quantitatively; this sensitivity study
is planned as future work.
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3.4. Limitations and sensitivities

The present CFD-DEM framework successfully captures domi-
nant powder-flow trends, yet several modeling assumptions war-
rant discussion. (i) Exit compressibility: The incompressible
RANS formulation underestimates gas expansion at the exit (local
Mach ~0.1-0.3), likely contributing to standoff underprediction
(10.2 mm vs. 16 mm experimental); compressible RANS treatment
in the exit region is recommended. (ii) Drag calibration: The Gidas-
pow correlation, while accounting for volume fraction effects, may
require tuning for polydisperse, particle-laden jets; clustering and
wake effects can modify the effective drag by 10-30% [15], and tar-
geted calibration against experimental velocities could improve
standoff accuracy. (iii) DEM contact parameters: Surface energy
(T'12 = 0.01 J/m?) and friction (¢ = 0.62) are reasonable estimates
but remain adjustable. (iv) Mesh and near-wall treatment: The
polyhedral mesh with All-y* treatment trades near-wall detail for
DEM coupling stability; wall-resolved LES would better capture
fine-scale interactions at higher cost. (v) Simplified PSD: The coar-
ser simulation PSD (dp = 120um vs. 63.65 pum experimental)
reduces computational demand but may underestimate fine-
particle effects on cohesion and dispersion. (vi) Turbulence disper-
sion: RANS gradient diffusion may underestimate lateral spread of
fine particles; stochastic or LES/DES approaches could improve
footprint prediction for sub-100 um sizes. (vii) Mesh indepen-
dence: a formal multi-resolution independence study was not
affordable for the coupled transient runs; mesh adequacy rests on
targeted refinement of the highest-gradient regions, quality met-
rics, and validation of integral outputs, and a two-level comparison
of exit velocity and standoff remains a recommended verification
step. (viii) Single operating point: validation is restricted to the
fully characterized operating condition of the companion experi-
mental study [24]; predictive capability across gas-flow splits, feed
rates, and geometries remains to be demonstrated.

3.5. Transferability and applicability

The simulation methodology is directly transferable to other
gas-conveyed particulate systems where temporal flow character-
istics and spatial distributions are critical, including alternative
LMD nozzle designs, directed energy deposition with different
energy sources, thermal spray processes, powder bed fusion with
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gas-jet delivery, and pharmaceutical powder dispensing. Adapting
the framework requires calibration of DEM contact parameters
(T'12, i, e) and drag models for different powder materials, while
compressible flow treatment becomes necessary for higher Mach
numbers exceeding 0.3. Dense loading scenarios with €, < 0.8 ben-
efit from the Gidaspow model’s automatic Ergun transition, though
additional subgrid closures may be needed for four-way coupling.

Practitioners should verify mesh quality metrics match those
reported here, conduct geometry-specific independence studies,
establish mass conservation within 1% before collecting statistics,
and validate at least two independent metrics against experimen-
tal data. The computational cost scales linearly with particle count
in the dilute regime: at 560 core-hours per second of physical time,
a 10-point design sweep requires about 3000 core-hours, accessi-
ble with modest HPC resources.

4. Conclusion

A coupled CFD-DEM model of a continuous coaxial LMD nozzle,
combining a polyhedral mesh, SST k- turbulence, Gidaspow drag,
and a JKR-type adhesive contact implemented via field functions in
STAR-CCM+, was compared against companion experimental data
at a fully characterized operating point [24]. The core quantitative
findings are:

1. Validated — temporal flow stability: the predicted exit mass-
flow irregularity of 19% (2 ms moving-average RMS) closely
matches the experimental 16%, and is mechanistically linked
to particle rebound intermittency and azimuthal redistribution
at the distributor fins, both enabled by the DEM contact treat-
ment with independently measured surface energy [30].

2. Validated — particle dynamics: peak particle accelerations of
~50 m/s?> at the throat/exit reproduce the experimentally
inferred order of magnitude, supporting the Gidaspow drag
and Sommerfeld lift closures in this dilute regime, and the sim-
ulation resolves the full causal chain of rebound dispersion, fin
collimation, throat acceleration, and shielding-jet boost.

3. Not yet validated — standoff distance: the simulated 10.2 mm
underpredicts the experimental 16 mm; a ballistic estimate
indicates that the incompressible treatment of the exit expan-
sion (Ma ~ 0.1-0.3) and the coarser simulation PSD (~3.5x
longer particle response time) act in the same direction and
are consistent with the discrepancy. Compressible exit-region
treatment and a PSD-matched rerun are the corresponding
model improvements still required.

4. Methodology: the automated extraction of percentile-based
standoff, footprint statistics, centerline velocity/acceleration
profiles, and time-resolved mass-flow irregularity from the
transient solution provides a reproducible performance-
assessment framework at a documented cost of ~560 core-
hours per second of physical time.

Remaining assumptions that require future verification include
the single-mesh resolution, the single validated operating point,
and the sensitivity of the results to the DEM contact parameters;
these are detailed in SubSection 3.4.
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