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Abstract

Achieving high-fidelity simulation of the directed energy deposition process
requires an integrated approach that captures the critical coupling between
powder delivery and melt pool evolution. This paper introduces an innovative
coupled computational model that bridges this gap by simultaneously resolv-
ing the powder stream dynamics and the melt pool thermo-fluid behavior. The
novelty lies in its two-way interaction algorithm, where the powder particles
provide mass and enthalpy sink/source terms to the melt pool, while the pool’s
thermal field and surface morphology influence the particle adhesion and in-
corporation. Validated with synchronized experimental diagnostics, the model
quantitatively links process parameters (e.g., laser power, powder feed rate) to
resultant deposit qualities. Key findings include the identification of a non-
linear interaction window where powder flow significantly dampens Maran-
goni convection, thereby altering solidification patterns. Quantitative com-
parisons between the simulated bead geometry and experimental metallo-
graphic cross-sections demonstrate an exceptional goodness-of-fit, confirm-
ing the model’s predictive accuracy. Consequently, the proposed model serves
as a powerful virtual platform for defect prediction and precise process opti-
mization, marking a significant step toward robust and intelligent metal addi-
tive manufacturing.
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1. Introduction

Directed Energy Deposition (DED) stands as a cornerstone technology within
metal Additive Manufacturing (AM), enabling the fabrication of fully dense, high-
performance metallic components through the synchronized melting of delivered
feedstock (typically powder or wire) with a focused high-energy beam (e.g., laser,
electron beam) and subsequent layer-by-layer deposition [1]. A typical structure
of the laser nozzle used in DED systems is shown in Figure 1(a). Its unique capa-
bilities render it indispensable for applications demanding tailored material prop-
erties and geometric complexity, such as component repair and remanufacturing,
the production of functionally graded materials, and the rapid prototyping of
large-scale structures [2]. However, the DED process is governed by a complex,
transient interplay of multi-physics phenomena. As illustrated in the schematic
diagram of laser cladding in Figure 1(b), this includes the turbulent gas-powder
flow dynamics, the intricate interaction between the energy beam, the powder
cloud, and the substrate, and the rapid thermophysical processes within the melt
pool—encompassing heat and mass transfer, fluid flow driven by surface tension
gradients (Marangoni convection), and rapid solidification [3]. The dynamic cou-
pling between the incoming powder stream and the evolving melt pool directly
dictates critical outcomes: deposition geometry, microstructural characteristics,
the formation of metallurgical defects (e.g., porosity, lack-of-fusion), and ulti-
mately, the mechanical performance of the built part [4]. Consequently, develop-
ing a fundamental, quantitative understanding of this powder-melt pool interac-
tion is a pivotal scientific challenge. Addressing this challenge is essential to tran-
sition DED from a largely empirical, trial-and-error-based practice to a predicta-
ble and controllable manufacturing technology, thereby unlocking its full poten-

tial for high-integrity industrial applications.
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Figure 1. (a) Inside-beam powder feeding nozzle; (b) Laser cladding.

Investigations into powder flow simulation have extensively utilized Discrete
Phase Modeling (DPM) or Eulerian-Lagrangian approaches within Computa-
tional Fluid Dynamics (CFD) frameworks. These studies have successfully char-
acterized the influence of process parameters—such as carrier gas flow rate, nozzle

design, and stand-off distance—on powder stream convergence, focus, and spatial
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concentration distribution [5]. For instance, Liu et al. [6] provided a detailed anal-
ysis of powder concentration fields under different nozzle geometries. While in-
valuable, these models typically treat the deposition plane as a passive, static
boundary, neglecting the dynamic feedback from the actual melt pool’s morphol-
ogy and thermal field on particle impact, heating, melting, and assimilation. Mar-
chais et al. [7] utilized discrete element method (DEM) to simulate how particle
shape and rigidity affect the spreading mechanism. The research reveals that
spherical particles exhibit different flow dynamics compared to irregular ones
during the recoating process. Nan et al. [8] focused on the numerical modeling of
the spreading phase. The authors derive mathematical relationships between
blade velocity, gap height, and mass flow rate, offering insights into optimizing
recoater design.

For melt pool simulation, researches have predominantly focused on contin-
uum-based approaches, solving coupled Navier-Stokes and energy equations to
elucidate the effects of laser parameters, scanning strategy, and thermo-capillary
forces on melt pool temperature distribution, fluid flow patterns, and geometry.
Kim et al. [9] systematically summarized the relationship between process param-
eters (e.g., continuous wave vs. pulsed lasers) and melt pool characteristics in Se-
lective Laser Melting (SLM), setting a foundation for parameter-optimization
studies. Subsequently, research focus expanded to capture the interplay between
powder dynamics and melt pool formation. The comprehensive review by Li et al.
[10] on particle-scale modeling highlighted the integration of the Discrete Ele-
ment Method (DEM) for powder recoating with Computational Fluid Dynamics
(CFD) for melting, providing a state-of-the-art overview of the multi-physics in-
volved in LPBF. Zhang et al. [11] developed a model that simultaneously captures
gas dynamics, melt pool flow, and powder spattering/entrainment, explicitly re-
vealing how these coupled phenomena lead to defect formation like lack-of-fusion
and particle inclusions. This represents a move from descriptive modeling to pre-
dictive, mechanism-driven simulation. Li et al [12] constructed three inter-re-
lated models—a comprehensive cladding model, a molten pool flow model with
user-defined functions, and a coupling model for residual stress analysis—to sim-
ulate the integrated thermo-fluid-mechanical behavior. Such work underscores a
strong domestic focus on developing practical, high-fidelity simulation tools tai-
lored to complex industrial AM processes.

Recently, some researchers have begun attempts at coupling these two phenom-
ena. Early coupling efforts often adopted “sequential” or “one-way” strategies. For
instance, Daniel Weisz-Patrault [13] represented a significant simplification
where the complex two-way mass, momentum, and energy exchange is reduced
to a one-way thermal input. Reviews of the literature up to this period often noted
that studies were “generally segregated with either solely powder flow analysis or
melt pool analysis”, highlighting the prevalence of these decoupled approaches.
Wang et al. [14] incorporated two-way coupling mechanisms, where the motion

of powder particles (e.g., via DEM) and the fluid dynamics of the melt pool (via
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CFD with VOF) are solved concurrently. In such frameworks, particles influence
the melt pool through mass and enthalpy transfer upon incorporation, while the
melt pool’s flow field and thermal gradient exert drag and heating forces on the
particles. Wong et al. [15] introduced an interface model for integration of molten
powder distributive properties into multi-phase simulation, and they proposed
new methods to quantify and integrate the effects of molten powder distribution
on melt pool characteristics, moving beyond earlier semi-resolved coupling tech-
niques. However, this simplification ignores the real-time, dynamic influence of
the formed melt pool on the surrounding flow field (e.g., thermal plume) and par-
ticle trajectories above it. It also cannot accurately capture the local disturbances
caused by particles entering the melt pool. Although a few studies have introduced
more sophisticated two-way coupling frameworks, limitations remain in terms of
model completeness, computational efficiency, or thorough experimental valida-
tion [16].

To address the identified research gaps, this study aims to develop a high-fidel-
ity, sequentially coupled numerical model to dynamically capture the complex in-
teraction between powder injection and melt pool evolution in the DED process.
The structure of this paper is as follows: Section 2 details the development and
numerical implementation of the coupled model. Section 3 introduces the exper-
imental setup. Section 4 presents and discusses the simulation and experimental

results. Finally, the conclusions are given in Section 5.

2. Computational Methods and Numerical Models

2.1. Gas-Powder Flow Simulation

In the gas-powder two-phase flow model, due to the low volume fraction of pow-
der particles, particle interactions and collisions are reasonably neglected. Based
on the multi-phase flow theory, the carrier gas is treated as the continuous phase
and solved under turbulent flow conditions, while powder particles are tracked as
discrete phases in a Lagrangian framework. The aim of this simulation is to obtain
the spatial distribution of the powder before entering the melt pool. This study
neglects the in-flight heating and phase change of particles caused by laser irradi-
ation but accounts for the force effects induced by the flow (e.g., drag, inertia, and
gravity).

Considering the geometric characteristics of the coaxial nozzle, a 2D axisym-
metric model was established. The continuous phase gas is solved using the steady
Reynolds-averaged Navier-Stokes (RANS) equations in the cylindrical coordinate
system (x,r),where x represents the axial directionand 7 represents the ra-

dial direction. The mass conservation equation is given by:

(o )+ () + 2 =0 (1)

PgV,
ox or r

The momentum conservation equations for the axial ( x ) and radial (7 ) direc-

tions are expressed as:
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In the above equations, v

X

ponents of the continuous gas phase, respectively. p, and p represent the gas

and v, denote the axial and radial velocity com-

density and static pressure. The viscous stress tensor components (7, 7,, 7,
7, ) account for the turbulent transport, where the term 7, /r specifically rep-
resents the hoop stress induced by the axisymmetric geometry. Finally, F and
F are the source terms representing the momentum exchange between the gas
and the discrete particle phase.

To accurately characterize the turbulent flow behavior within the nozzle and
the downstream free shear layer, the Shear Stress Transport (SST) k—® turbu-
lence model was employed [17]. This model utilizes a blending function to seam-
lessly transition from the standard k£ —® formulation in the near-wall region to
the &k —& behavior in the far field, thereby combining the advantages of superior
near-wall resolution and free-stream independence. The transport equations for

the turbulent kinetic energy (& ) and the specific dissipation rate (@ ) are ex-

pressed as:
0 0 MOk | = .
—\p ku, ) =— (,u+—’j— +G, - pf p ko (4)
éx,.( 8 ) 6)@{ o, 8xj} g &
0 0 L 0w | a - 2
—I\p,0u,)=—|| p+—+—|—|+—G, - pp, 0 +D 5
axi (pg z) axj |:(/’l O_@Jaxji| Vt k ﬂpg 2] ( )

where G, represents the generation of turbulence kinetic energy due to mean
velocity gradients. D, is the cross-diffusion term arising from the transfor-
mation of the &k —& model, which is essential for the blending strategy. o, and
o, are the turbulent Prandtl numbers for & and @, respectively. B and
S are model constants governing the dissipation of k¥ and @ . The coefficient
o is a model parameter related to the production of @ . u, represents the
mean velocity components in the x; coordinate direction. x is the molecular
dynamic viscosity. In the SST model, the turbulent viscosity x, is computed us-
ing a shear-stress limiting formulation to prevent the over prediction of eddy vis-

cosity in adverse pressure gradient flows:

Pk !
S R — (©)
Al 1 SF,
max| —,—=
aaw

where § is the strain rate magnitude and F, is a blending function that re-
stricts the limiter application to the boundary layer. " is the damping coeffi-
cient for low-Reynolds number corrections. The model constant g, was set to

0.31, and all other constants retained the default values in ANSYS Fluent.
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This study employs the FLUENT Discrete Phase Model (DPM) to simulate the
motion of powder particles inside and outside the nozzle, using Lagrangian track-
ing calculations to obtain the spatial distribution pattern of the powder that falls
onto the substrate/melt pool region. Due to the low volumetric fraction in the
powder delivery process, the dilute-phase assumption is applied. Only the inter-
actions between particles and gas, and particles and wall, are considered, while
particle-particle collisions and agglomeration effects are neglected (i.e., the parti-
cle collision and four-way coupling modules are not activated). In DPM, the gas
continuous phase is treated as an Euler field, while the powder particles are treated
as a discrete phase and tracked individually. The particle momentum equation is
as follows [18]:

P

du,
m F:FD+Fg+E)ther (7)

where m, denotes unit particle mass, u, denotes particle velocity; F;, repre-

sents the drag term, F, represents the gravitational term, and F; denotes

other
other optional forces (this study primarily focuses on drag and gravity).

To align with the wall temperature field in the “powder fall into the melt pool
criterion,” this study enabled the energy equation within the powder distribution
model and calculated the convective heat transfer between particles and gas. The

particle energy equation can be expressed as:

287

dT
mc d_thhA”(Tf_T”) (8)

In Equation (8), m,, c,,and 7, denote the mass, specific heat capacity, and
temperature of the discrete particle, respectively. The term #/ represents the
convective heat transfer coefficient, which governs the heat exchange rate between
the particle surface area 4, =7td12, (d, is the particle diameter) and the sur-
rounding continuous gas phase (temperature 7, ). To close the energy equation,
h is evaluated using the semi-empirical nusselt number ( Nu, ) correlation pro-
posed by Ranz and Marshall [19]:

Nu, = % =2.0+0.6Re!*Pr'? 9)
where k, is the fluid thermal conductivity, Re, and Pr denote the particle
Reynolds number and the Prandtl number [20], respectively.

To characterize the particle-substrate interaction during the DED process, a
temperature-dependent “capture-rebound” criterion was implemented [21] in the
DPM framework via a User-Defined Function (UDF). Unlike constant-velocity
threshold models, this approach incorporates the local phase state (solid, mushy,
or liquid) and the temperature-dependent surface tension effects. The liquid frac-
tion, f;, is first introduced to quantify the phase transition of the substrate sur-

face based on the local temperature T, :

Wi
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0 Twall <Tr
T.—-T
ﬁ: % TSSTwallST; (10)
1A
1 Twal] >T;

where 7, and 7, are the solidus and liquidus temperatures for 316L stainless
steel, respectively. These two critical temperatures define the lower and upper
bounds of the mushy zone, within which the solid and liquid phases coexist.

Considering that the capture mechanism is governed by the competition be-
tween particle inertia and capillary forces, the Weber number (We ) is introduced
to quantify this relationship. The formula is expressed as:
_ P pv;dp

(o2

We (11)

where v, denotes the impact velocity of the particle perpendicular to the melt
pool surface. p, represents the powder particle density. o refers to the sur-
face tension of the liquid metal. A higher Weber number indicates that inertial
forces dominate, facilitating particle entry into the melt pool.

Since the Weber number is inversely proportional to the surface tension o,
the significant variation of surface tension at high temperatures within the melt
pool fundamentally alters the capture threshold. Furthermore, within the solid-
liquid transition region (mushy zone), the dominant interaction mechanism
evolves from elastic-plastic impact on the solid substrate to viscous and capillary
damping in the liquid melt. To capture this physical transition, the critical normal
velocity, v, (T), is formulated by linearly interpolating between the reference
thresholds for solid and liquid phases based on the local liquid fraction. This as-
sumes that the surface’s energy dissipation capacity scales proportionally with the
phase change. Accounting for both this phase evolution and the thermal scaling

of surface tension, the expression is given as:

o(7)

ref

Ve (T) =[ v, + £1 (v =) | (12)
where f, isthelocalliquid fraction; v, and v, represent the reference critical
velocities for the solid substrate and the fully liquid melt pool, respectively. o (T)
is the temperature-dependent surface tension, and o, is the reference value at
the melting point. Consequently, a particle is captured (trapped) if its incident

normal velocity v, satisfies v, <v_. (T,

wall

); otherwise, it rebounds with a resti-

tution coefficient.

2.2. Molten Pool Dynamics Simulation

Based on the mass flux distribution obtained from the gas-powder flow simula-
tion, a two-dimensional (2D) multi-phase flow model was established to simulate
the molten pool evolution. This section gives the governing equations and mass
source implementation. The properties of the 316L stainless steel powder and sub-

strate adopted in this numerical model are summarized in Table 1 [22].
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Table 1. Properties of 316L stainless steel.

Parameter Symbol Value Unit
Density Py 7800 kg-m™
Specific heat capacity c, 0.212T+465.2  J-kg™' K™
Thermal conductivity k 0.01359T+13.77 W.m™'. K™
Viscosity H 1 Pa-s
Solidus temperature T, 1722 K
Liquidus temperature T, 1790 K
Solidification heat latent AH, 268,000 J kg™
Surface tension at the reference temperature c 1.959 N-m
Temperature sensitivity of surface tension j—;— —0.00043 N-m-K!
Particle size range d, 53-105 um

2.2.1. Governing Equations

The simulation employed the Volume of Fluid (VOF) model [23] coupled with a

melting and solidification model. The VOF method determines the free surface

by analyzing the fluid volume fraction, ¢, within the computational cells. When

the value of @, for a specific phase range between 0 and 1, it indicates the pres-

ence of a fluid interface.

The mass conservation equation governing the VOF model is expressed as:

o(e,p,)

5 +V-(aqupq):S

m

(13)

where p, is the density of phase g . u is the velocity vector. §, is the mass
source, which simulates synchronous powder feeding by applying a mass source
term at the phase interface.

The fluid in the model is assumed to be incompressible laminar flow. The mo-

mentum conservation equation is:

0 0 op 0t

—(pu, ) +—(puu, |=———+—=+pg, +F (14)
o) axj(p =% ax, 8T

where 7, represents the stress tensor, g, is the gravitational body force vector.
F, represents the external body forces, which encompass other model-dependent
source terms, such as those for porous media or user-defined sources. Finally, p
denotes the effective mixture density, defined as the linear summation of the pha-

sic densities weighted by their respective volume fractions:

p=2.a,p, (15)
q=1
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The energy equation is solved for the mixture phase. To model the laser heating,
a volumetric heat source S, is applied to the mixture energy equation:

@+V~(puT):V-(keﬁ»VT)+Sh (16)

where T is the temperature and k,, is the effective thermal conductivity, re-
spectively. The heat source S, isimplemented via UDF based on the laser beam
profile.

The solidification-melting model in FLUENT employs enthalpy technology,
with the enthalpy expression defined as follows:

p,c,Ts T<T,
T-T,

h(T)=1h(T,)+AH, s, T.<T<T, (17)
-1

h(T})-f—ppCp(T_T;), TZT;

where AH, represents the latent heat of fusion.

This study employs a coaxial powder-feeding laser cladding nozzle. An incident
solid laser beam is transformed into a hollow annular beam by a conical lens and
an annular focusing lens. When the laser focal plane is located above the cladding
surface, an annular hollow spot is formed on the surface. According to [24], the

energy density distribution of the hollow laser source is expressed as:

7-2P Z[QI(xO—vxt)2+x2 —(zcotgz)+§Ro)}2

,t)= exps — (18)
a(x1) n(R§+2ROzcotq)) P R;

where P isthelaser power; 77 isthelaser absorptivity; R, isthe outer radius
of the laser beam at the focal plane; ¢ denotes the inclination angle of the hollow
laser beam relative to the horizontal direction; & is the energy-peak position co-
efficient; z is the defocusing amount; v, is the scanning speed; and ¢ is the

simulation time.

2.2.2. Mass Source Implementation Based on Particle Statistics
To bridge the macro-scale gas-powder flow and the mesoscale molten pool dy-
namics, a statistical mapping strategy was developed to quantify the spatial distri-
bution of powder particles arriving at the substrate. Based on the discrete trajec-
tory data obtained from the DPM simulation, the particle landing positions were
statistically analyzed to construct a probability density function (PDF), which was
then converted into a volumetric mass source term for the subsequent molten pool
calculation.

First, upon reaching a statistically stationary state of the powder jet, the landing
positions of particles on the substrate were sampled. A radial linear probability
density function, F,(r), representing the relative frequency of particles per unit

radial length, was derived as:

N(r
R(r)= ) (19)
ZNI-AI”
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where N(r) denotes the number of particles falling within the radial interval at
ryand R

Considering the axisymmetric nature of the annular powder feeding, P (r)

a1 the maximum radius of the powder spot.
was normalized to obtain the two-dimensional radial probability distribution
function, P, (r),which characterizes the spatial flux distribution on the substrate

surface:

n()- 5

2 (20)

Furthermore, by treating the deposition process as a nozzle scanning over a
characteristic plane with velocity v, , the spatial distribution of the mass input

flux, 7i(r),was determined by combining the powder feed rate (7, ) and pow-

der utilization efficiency 7,:
f(r)=n,ri, P (r) (21)

Finally, this distribution function was implemented into the VOF model via a
User-Defined Function (UDF) as a mass source term applied to the gas-liquid in-
terface region, thereby achieving one-way coupling from the gas-powder flow to
the molten pool dynamics.

3. The Experimental Setup
3.1. Numerical Implementation

3.1.1. Gas-Powder Flow Simulation Setup
To obtain the particle spatial distribution and account for the substrate tempera-
ture effect on capture efficiency, a 2D axisymmetric model was constructed for
the nozzle region. As shown in Figure 2(a), the computational domain spans a
height of 40 mm, with the fluid and solid domains extending to a radius of 10 mm.
It includes an upper fluid domain and a lower solid domain (10 mm thick 316L
substrate) to simulate the realistic temperature gradient and particle-wall thermal
interaction. The grid generation employed a uniform mesh size of 0.025 mm.
The nozzle inlets were set as velocity inlets with a carrier gas velocity of 1 m/s
and a shielding gas velocity of 2 m/s. The outer boundaries were defined as pres-
sure outlets. A coupled thermal boundary condition was applied at the fluid-solid
interface to enable heat transfer. The DPM approach was used to track particles
following a Rosin-Rammler diameter distribution. The powder feed rate was set

to 4 g/min.

3.1.2. Molten Pool Dynamics Simulation Setup
A 2D planar VOF model was established to predict the cross-sectional morphol-
ogy of the clad track. The computational domain Figure 2(b) was partitioned into
an upper air zone and a lower 316L substrate zone.

A structured quadrilateral mesh was generated with a refined global size of 0.02
mm to capture the air-metal interface. The top boundary was set as a velocity inlet,
while the sides were pressure outlets. The bottom and metal sides were treated as

walls.
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Figure 2. (a) 2D axisymmetric model for gas-powder flow simulation; (b) 2D planar VOF
model for molten pool dynamics.

The laser energy and powder mass inputs were implemented via UDFs. Specif-
ically, the annular Gaussian volumetric heat source (Equation (18)) was applied
to the mixture phase to generate the local melting pool and drive thermal expan-
sion. Simultaneously, the mass source term, derived from the statistics in Section
3.1.1 (Equation (21)), was applied exclusively to the metal phase continuity equa-
tion via a UDF. To prevent non-physical pressurization of the gas phase, an inter-

face-tracking gate was implemented to activate the source term strictly in cells
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where the metal volume fraction satisfied 0.5 <« <1. This criterion ensures that
mass is injected only into the liquid-dominated side of the interface. By avoiding
mass addition in gas-dominated cells (@ < 0.5 ), the formulation prevents the
solver from interpreting the added mass as a compressibility source in the light
air phase, thereby eliminating artificial pressure spikes. Consequently, the local
pressure field adjusts naturally to the liquid volume increase without numerical
divergence.

The transient calculation employed a fixed time step of Az =1x10"*s for a to-
tal duration of 0.5 s (5000 steps). The laser and powder sources were active for
0~0.3333 s and 0.0833~0.25 s, respectively, followed by a cooling period. Initiali-
zation was performed using the “Region Adaptation” method (Patch) to define
the initial air and substrate phases.

3.2. Physical Experimental Setup

The validation experiments were conducted using a LAM-150 V directed energy
deposition (DED) system (Latec, China), which integrates a fiber laser, a 3-axis
motion control unit, and a coaxial powder feeding system, as schematically illus-
trated in Figure 3. A coaxial nozzle was employed, with high-purity argon serving
as both the carrier gas for powder delivery and the shielding gas for melt pool
protection. The substrate was a 316L stainless steel plate with dimensions of 100
mm X 100 mm x 10 mm. Prior to deposition, the substrate surface was mechani-
cally polished to ensure uniform surface roughness and consistent wet ability. The
powder was dried and preheated at 200°C to mitigate moisture-induced agglom-

eration and porosity defects, thereby enhancing the process stability.

A

.

Figure 3. Schematic diagram of the DED experimental setup.

Powder tube ﬁ' %

'Q'Do.o.
n | Gos | LRSS —

tube  Doublé barrel
powder feeder

E———= W]

To acquire experimental data for geometric validation, single-track cladding
experiments were performed. Two levels of laser power, 500 W and 600 W, were

employed to assess the model’s accuracy under different thermal inputs, a scan-

DOI: 10.4236/jamp.2026.142035

659 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2026.142035

Y.D. Wei et al.

ning speed of v, and a laser spot diameter of 1 mm. The standoff distance from
the nozzle tip to the substrate was maintained at 10 mm. The powder feeding disc
rotation speed was set to 2 r/min, corresponding to a mass flow rate of approxi-

mately 4 g/min. The detailed processing parameters are listed in Table 2.

Table 2. Processing parameters used in experiment and simulation.

Parameter Symbol Value Unit
Laser power P 500,600 w
Scanning speed 2 4 mm/s
Laser spot outer radius R, 0.5 mm
Powder feed rate m 4 g/min
Standoff distance L 10 mm

Upon completion of the deposition, the specimen was sectioned, mounted,
ground, and polished according to standard metallographic procedures. The geo-
metric features, specifically the cladding height and width, were measured using
an optical microscope .

A critical aspect of the experimental design was the sampling location. The
cross-section was extracted at a distance of z, =1.5mm from the starting point.
The selection of this position is based on: thermal stability, avoiding the initial
transient “break-in period” when the molten pool is not yet stable, to ensure that
the measured geometric parameters reflect the quasi-steady-state deposition con-

dition.

4. Results and Discussion
4.1. Gas-Powder Flow Simulation and Effective Capture Analysis

To accurately predict the deposition morphology while maintaining computa-
tional efficiency, a sequential one-way coupling strategy was adopted. The specific
workflow is designed as follows:

1) First, the carrier gas flow was calculated using the steady RANS equations (as
detailed in Section 3) to establish a stable aerodynamic field for particle transport.

2) On the basis of the flow field, a Gaussian heat source was applied to the sub-
strate moving at a scanning speed of v_. The simulation was run until the laser
center reached the position of z, =1.5 mm. At this location, the temperature field
has stabilized, representing a typical quasi-steady melt pool environment during
the cladding process.

3) Finally, the temperature field and flow field were “frozen” at this instant.
Powder particles were then injected into this static domain to calculate their tra-
jectories and impact locations.

This approach allows for the precise identification of particle capture behavior
under realistic thermal conditions without the excessive computational cost of a

fully coupled transient multi-phase simulation.
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To determine the effective deposition, a temperature-dependent capture crite-
rion was applied along this radial direction. The local temperature 7'(r) ateach
particle’s impact location was evaluated against the melting threshold. Particles
are considered “effectively captured” only when they impact the region where the
substrate temperature exceeds the solidus temperature (7 (r) >T).

As observed in the simulation results, the particle stream is concentrated near
the nozzle axis (as shown in Figure 4). However, due to the Gaussian distribution
of the heat source, the high-temperature “capture zone” is also centered around
the axis. Consequently, particles impacting the peripheral regions, where the sub-
strate remains cold (7'(r) <7} ), fail to adhere and are treated as rebounding par-
ticles. This mechanism effectively filters the incident powder stream, ensuring that
only particles interacting with the molten pool contribute to the mass accumula-

tion.

Velocity Magnitude
[ms]

2.03e+00
1.83e+00
1.63e+00
F 1.42e+00
r 1.22e+00
1.02e+00
F 8.13e-01
- 6.10e-01
4.06e-01
2.03e-01
0.00e+00

T

Velocity

Figure 4. Gas-powder jet velocity field.

Following the particle tracking simulation, the spatial distribution of particles
falling into the molten pool was statistically analyzed under different thermal con-
ditions. Figure 5 presents the particle impact frequency distributions along the
radial direction for laser powers of 500 W and 600 W, respectively. This frequency
distribution is intrinsically based on the effective capture locations, filtering out
the rebounding particles and retaining only those that impacted the high-temper-

ature liquid/mushy zone.
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Figure 5. Frequency of powder distribution falling into the molten pool under different
laser powers: (a) 500 W; (b) 600 W.

Crucially, it is observed that for both power levels, the effective particle capture
is predominantly concentrated within the radial range of [-0.4, 0.4] mm. This

consistency indicates that the spatial profile of the mass source is primarily gov-
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erned by the aerodynamic convergence of the powder stream and the central high-
temperature region of the laser spot. Although the 600 W case generates a larger
molten pool, the effective mass input zone remains constrained within this spe-
cific focal area.

To convert the discrete statistical data into a continuous input for the VOF
model, the frequency histogram was fitted using a smooth curve. The resulting
radial shaping function f(r) (defined in Section 2.2.2) is then used to prescribe
the spatial profile of the mass source term in the molten pool simulation, thereby

specifying where material is added within the computational domain.

4.2. Molten Pool Dynamics Simulation and Effective Capture
Analysis

4.2.1. Bead Morphology and Geometric Validation

To rigorously validate the fidelity of the coupled model, single-track deposition

experiments were conducted under two different laser power levels (500 W and

600 W), as outlined in Table 2. The simulated molten pool morphology at the

steady solidification stage was compared with the experimental metallographic

cross-sections.

Figure 6. presents the qualitative comparison of bead morphologies between
experimental cross-sections and simulated profiles at laser powers of 500 W (a)
and 600 W (b). The VOF model successfully reproduces the characteristic “cres-
cent” shape of the cladding bead, accurately capturing the wetting angle at the

edges and the convexity at the crown for both cases.

351.91 um

1373.82 pm

500 pm

(a)

457.20 pm

1448.39 um

500 pm

(b)
Figure 6. Experimental bead geometries: (a) 500 W, (b) 600 W.
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To explicitly visualize the deposition morphology and extract geometric dimen-
sions, the volume fraction field of the molten pool was analyzed, as illustrated in
Figure 7. In the VOF framework, the computational domain consists of two im-
miscible phases: metal (Phase 1) and gas (Phase 2). During the initialization pro-
cess, the domain above the substrate was patched as the gas domain (Phase 2 vol-
ume fraction set to 1), visualized in blue, while the substrate was defined as the

metal domain.

Volume fraction (phase 1)
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8.00e-01
7.00e-01
6.00e-01
5.00e-01
4.00e-01
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0.00e+00

Contour-1

—~
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0.00e+00

Contour-1

(

Figure 7. Volume fraction contours of the metal phase in the VOF simulation: (a) 500 W;
(b) 600 W.

As powder particles enter the melt pool and fuse, the local volume fraction of
Phase 1 increases, expanding the metal domain into the gas region. The final de-
posited bead is represented by the red region (The metal volume fraction is 1).

This sharp phase contrast allows for a clear definition of the gas-metal interface.
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Consequently, the cladding height and width were measured by identifying the
boundaries where the metal volume fraction transitions from the liquid/solid
phase to the gas phase, corresponding to the marked dimensions in Figure 7(a)
and Figure 7(b).

Quantitatively, the bead height and width were measured to assess the predic-
tive accuracy.

At alaser power of 500 W: The experimentally measured bead height and width
were 351.91 um and 1373.82 pm, respectively. The simulation predicted a height
0f 336.61 um and a width of 1170.12 um. Consequently, the relative error is 4.35%
for the height and 14.83% for the width.

At a laser power of 600 W: With the increased energy input, the experimental
dimensions expanded to a height of 457.20 um and a width of 1448.39 um. The
simulation correspondingly predicted a height of 423.85 ym and a width of
1233.10 pm. The calculated relative errors are 7.29% for height and 14.86% for
width.

The results indicate that the simulated values are consistently slightly lower
than the experimental measurements. However, the maximum deviation for the
bead height is controlled within 8%, and the width deviation is stable around 15%.
This high level of consistency confirms that the VOF model, by explicitly resolving
the gas-metal interface evolution driven by the statistical mass source, can pre-
cisely reproduce the experimental bead geometry and mass accumulation process

across different processing parameters.

4.2.2. Analysis of Discrepancy and Governing Mechanisms

While the model demonstrates high fidelity, the systematic underestimation of
bead dimensions (Sim < Exp) can be attributed to the simplifying assumptions in
the multi-phase physics:

Underestimation of Width (Spreading Mechanism): The experimental width is
consistently larger (The relative error was 14.8%) than the simulated value. This
is primarily due to the surface roughness effect. The simulation assumes an ideally
smooth substrate surface, whereas the actual polished substrate possesses micro-
roughness. Physically, these surface micro-structures induce a capillary wicking
effect, where the micro-grooves create an additional capillary driving force that
pulls the liquid metal outwards. This phenomenon effectively enhances the wet-
tability and promotes mechanical spreading beyond the hydrodynamic limit of a
smooth surface. Additionally, the VOF mesh resolution (0.02 mm) may filter out
the microscopic precursor film at the wetting front, leading to a conservative pre-
diction of the spreading width. The width is dominated by the interplay of thermal
wetting and Marangoni convection, and the simulation captures the core flow but
underestimates the extreme peripheral spreading.

Underestimation of Height (Capture Efficiency): The simulated height is
slightly lower because the “capture-rebound” criterion implemented in the UDF
is strictly thermodynamic. In the simulation, particles impacting regions slightly
below the capture threshold (e.g., the semi-solid mushy zone boundary) are
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treated as rebounding. In the physical experiment, partially melted particles or
solid particles can adhere to the sticky semi-solid surface through mechanical in-
terlocking or sintering, contributing to additional height. The model’s strict filtra-
tion of these “cold” particles leads to a slightly lower calculated mass deposition.
Despite these minor deviations, the model captures the primary physical mech-
anisms—gas-powder interaction and melt pool thermo-fluid dynamics—making

it a reliable tool for process prediction.

5. Conclusions

In this study, a high-fidelity coupled numerical model was developed to investi-
gate the complex multi-physics interactions in Directed Energy Deposition (DED).
By integrating a Lagrangian discrete phase model (DPM) for gas-powder flow
with a Volume of Fluid (VOF) model for molten pool dynamics, the “process-
structure” relationship was quantitatively established. The simulation results were
validated against single-track 316L stainless steel deposition experiments. The
main conclusions are drawn as follows:

1) A physics-driven decoupled simulation strategy was successfully established.
By bridging the macro-scale powder transport and mesoscale melt pool evolution
through a statistical mapping method, the computational cost was significantly
reduced while maintaining high fidelity. The proposed “mass source implemen-
tation based on particle statistics” accurately converts discrete particle trajectories
into a continuous boundary condition for the VOF model, ensuring mass conser-
vation and strictly defining the material input zone.

2) A temperature-dependent capture criterion revealed the filtration mecha-
nism of the melt pool. The introduction of the Weber number-based criterion,
which accounts for the competition between particle inertia and capillary forces,
demonstrated that the effective capture zone is significantly narrower than the
geometric powder spot. Only particles impacting the high-temperature central re-
gion (where surface tension is reduced) are effectively incorporated, while periph-
eral particles rebound. This finding emphasizes that the “effective mass flux” is
thermally regulated rather than purely aerodynamically determined.

3) The discrepancy between powder flux width and bead width was elucidated.
Numerical and experimental results confirmed that the final bead width is signif-
icantly larger than the effective powder flux width (0.8 mm). This discrepancy
indicates that the deposition morphology is governed by a dual-mechanism: the
height is dominated by the localized mass accumulation from the captured pow-
der, while the width is primarily controlled by the thermal wetting behavior and
Marangoni convection driven by surface tension gradients.

4) The model demonstrates high predictive accuracy for deposit geometry.
Quantitative comparisons under different laser powers (500 W and 600 W) show
that the relative errors for bead height are controlled within 4.35% - 7.29%, and
the width error is consistent at approximately 14.8%. Although the simulation

slightly underestimates the dimensions due to the strict capture criterion and ideal
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surface assumptions, the exceptional goodness-of-fit validates the effectiveness of

the proposed coupled modeling strategy.
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