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A B S T R A C T

Powder-based directed energy deposition (PB-DED) has emerged as a promising additive manufacturing tech
nology for large-scale metal components, yet its process fidelity is plagued by the complex interplay of particle- 
laden flow, laser energy distribution, and melt track hydrodynamics. To overcome limitations of existing models 
that oversimplify these multi-physics phenomena, this study presents a high-fidelity, multi-phase computational 
framework based on a semi-resolved Computational Fluid Dynamics and Discrete Element Method (CFD-DEM) 
coupling. The framework integrates (i) a kernel-based semi-resolved CFD-DEM coupling algorithm for accurate 
particle-fluid momentum and heat exchange; (ii) a temperature-dependent multiphase Volume-of-Fluid (VOF) 
method capturing melting, solidification, and dynamic wetting via a generalized contact angle model and a 
phase-transition model; (iii) a conjugate heat transfer formulation enabling bidirectional thermal coupling be
tween particles, melt pool, and substrate; and (iv) a ray-tracing laser model that resolves multiple reflections and 
energy absorption across both discrete particles and the diffuse melt pool surface. The framework is rigorously 
validated against four benchmark cases, demonstrating exceptional accuracy in predicting powder stream 
focusing, laser-particle interaction, melt pool dynamics, contact-angle-dependent wetting, and final melt track 
morphology. Beyond quantitative validation, the simulations provide mechanistic explanations for PB-DED de
fects, including the balling effect and discontinuous interfaces. Leveraging full-process GPU acceleration, the 
framework enables large-scale simulations of multi-laser, multi-powder-stream PB-DED on standard desktop 
hardware, achieving unprecedented computational efficiency and scalability. This work establishes a robust, 
predictive computational platform for defect analysis, process optimization, and digital twin development in 
metal additive manufacturing.

1. Introduction

Powder-based directed energy deposition (PB-DED) has emerged as a 
versatile metal additive manufacturing (AM) technology, distinguished 
by its capability for large-scale component fabrication, high-value part 
repair, and the production of functionally graded materials [1]. Unlike 
laser powder bed fusion (LPBF), PB-DED offers superior deposition rates, 
greater flexibility in material feedstock, and compatibility with 
multi-axis robotic systems [2,3], making it particularly suitable for in
dustrial applications in aerospace [4,5], infrastructure [6,7], and med
ical implants [8,9], where customization [5], lead-time reduction [10], 
and material efficiency [11] are critical. However, the industrial 

adoption of PB-DED is hampered by its inherent complexity. The process 
involves highly coupled multi-physics phenomena [12,13], including 
powder-gas flow, laser-particle interaction, melt pool dynamics, and 
thermal-induced phase changes, that collectively govern deposition 
quality, microstructural evolution, and the formation of defects such as 
porosity and balling [14,15]. Achieving a predictive understanding of 
these interactions is essential for robust process control and represents a 
fundamental challenge in the field [2].

Substantial experimental efforts have been directed at addressing 
this challenge [16,17]. In-situ monitoring techniques, including coaxial 
optical imaging, thermography, and pyrometry, have been employed to 
capture melt pool characteristics and enable closed-loop control 
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[18–20]. Complementary approaches using acoustic emission (AE) 
sensors and microphones offer cost-effective detection of anomalies [2, 
21–23], while high-speed X-ray imaging provides unparalleled, direct 
observation of subsurface phenomena such as pore formation and 
migration [24,25]. Despite its success in LPBF [26,27], the application 
of such high-fidelity diagnostics to PB-DED remains limited [28]. 
Furthermore, although machine learning has shown promise in 
analyzing monitoring data for defect detection and classification accu
racy [29–31], these data-driven methods often lack generalizability and 
the fundamental physical insights needed for predictive modeling across 
diverse materials and processing conditions.

Despite these advances, experimental approaches remain costly, 
time-consuming, and challenging to scale to production environments. 
Critically, they offer limited access to transient, three-dimensional in
ternal physical fields, such as local velocity, pressure, and temperature 
distributions within the melt pool, which are essential for understanding 
the root cause of defect formation. While data-driven methods show 
promise, they often struggle with robustness and generalizability across 
different alloys, process conditions, and machine platforms. These lim
itations underscore the necessity for high-fidelity, physics-based nu
merical models that can complement experiments by providing detailed 
spatial-temporal insights, thereby enabling systematic process optimi
zation and the design of reliable monitoring and control strategies.

To complement experimental efforts, a range of computational 
models have been developed for PB-DED, though they remain less 
extensive than those for LPBF [28,32]. Existing approaches can be 
broadly categorized as finite element method (FEM)-based [33–35], 
computational fluid dynamics (CFD)-based [28, 36–39], or discrete 
element method (DEM)-based [40]. FEM-based models excel at pre
dicting part-scale thermo-mechanical responses, such as residual stress, 
distortion, and large-scale thermal histories [38,40]. In many of these 
studies, deposition is modeled using an Arbitrary Lagrangian-Eulerian 
(ALE) formulation, where the addition of powder material is repre
sented through an equivalent mass source [41,42]. This strategy allows 
the evolving deposition surface and geometric features, including 
overall bead shape and surface roughness trends, to be approximated 
efficiently at the macroscopic scale. However, because the powder 
stream is typically treated as a continuum mass input, the underlying 
discrete powder dynamics, laser-particle interactions, and particle-scale 
thermal heterogeneity cannot be resolved explicitly.

In contrast, CFD-based studies offer a more direct representation of 
melt pool hydrodynamics and free-surface evolution, enabling higher- 
fidelity tracking of defect formation mechanisms [43]. These models 
have been successfully applied to investigate the influence of process 
parameters such as laser power, scan speed [37], powder feed rate [36], 
external fields [38], and multi-material deposition [39]. However, the 
predictive capability of most existing CFD models is constrained by 
considerable simplifications of the underlying physics [28, 36–39, 44, 
45]. Key mechanisms frequently neglected include the complex multiple 
reflections of the laser within the powder stream and at the melt pool 
surface, the resolved dynamics and temperature heterogeneity of indi
vidual powder particles, and the fully coupled interactions among the 
shielding gas, powder particles, and the evolving melt track.

More recently, CFD-DEM approaches have been introduced to better 
describe the behavior of discrete powder particles. However, existing 
studies often focus on individual subprocesses rather than the entire PB- 
DED chain. For example, some CFD-DEM models employ two-way 
coupling to simulate powder stream dynamics, capturing the interac
tion between carrier gas flow and particle trajectories [46,47], but they 
usually neglect particle melting. Conversely, other studies based on 
one-way coupling investigate laser-particle heating and melting 
[48–50], but often simplify particle motion using DEM alone, without 
fully resolving the fluid-particle coupling. More recent efforts [51–53]
have extended the CFD-DEM framework by incorporating hydrody
namic forces acting on particles, as well as the critical impact of 
powder-induced attenuation on laser power and intensity profiles and 

the influence of beam shaping on solidification microstructure evolu
tion, thereby advancing the physical fidelity of the models. However, 
these approaches still lack a fully consistent two-way coupling scheme 
and high-fidelity laser ray-tracing models. As a result, these models are 
still insufficient to simulate the full PB-DED process in a unified, fully 
coupled manner. Key physical interactions across the powder stream, 
laser energy absorption, and melt pool evolution cannot be captured 
simultaneously, limiting predictive accuracy for practical 
manufacturing scenarios. Furthermore, the computational scale of these 
simulations is typically small [50,53], often limited to single-track or 
single-powder-stream cases, far from representing realistic multi-track, 
multi-layer deposition. For instance, a representative simulation with 
approximately 4.7 × 10⁵ computational cells may require on the order of 
four days on a 16-core CPU platform [51], highlighting the prohibitive 
computational cost. Such efficiency limitations significantly hinder the 
extension of these approaches to component-scale manufacturing 
simulations.

To bridge this gap, we propose a novel multi-phase, semi-resolved 
CFD-DEM framework for high-fidelity and computationally efficient 
simulation of PB-DED processes (Fig. 1). The main contributions of this 
work are threefold. First, an existing semi-resolved CFD-DEM frame
work is adapted and extended for PB-DED processes by incorporating 
problem-specific physical models, including particle collision dynamics 
and phase change behavior, together with a ray-tracing-based laser 
model tailored for metal powder and melt pool interactions, enabling 
consistent coupling among particles, fluid, and laser energy deposition. 
Second, the algorithms are redesigned and optimized for GPU archi
tectures to fully exploit parallelism, and are further applied to simulate 
multi-track, multi-laser, and multi-layer deposition processes, bridging 
high-fidelity modeling toward realistic manufacturing scenarios. Third, 
the model is employed to systematically investigate the underlying 
mechanisms of balling effect, as well as the formation of discontinuous 
interfaces induced by bifurcating paths in multi-track, multi-layer 
deposition.

Our approach strategically resolves the problem across its constitu
ent scales: the melt pool and gas phases are treated as continua, while 
powder particles are explicitly modeled using DEM to capture their ki
nematic and thermal evolution. A kernel-based approximation is 
employed to rigorously evaluate the interphase momentum and heat 
exchange among powder, gas, and the melt track. Crucially, laser energy 
deposition is modeled using a spatially resolved ray-tracing approach 
that accounts for multiple reflections, ensuring physically consistent 
energy absorption by both powders and fluids. The integrated frame
work enables the coupled simulation of powder injection, laser-particle 
interaction, melt pool dynamics, thermal field evolution, and thermally 
induced phase transformations under realistic processing conditions. It 
therefore provides a robust and versatile computational tool for 

Fig. 1. Schematic illustration of the powder-based directed energy deposition 
(PB-DED) process, showing powder injection, laser irradiation, melt pool for
mation, and solidified track.
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elucidating defect formation mechanisms and supporting the design and 
optimization of industrial PB-DED processes. The nomenclature used in 
this paper is provided in Table A.1.

The entire framework is fully GPU-accelerated to ensure high 
computational efficiency and scalability. All computational modules 
(except input and output operations) are rewritten in CUDA C + + and 
executed directly on the GPU. The traditional CPU-based domain- 
decomposition parallel strategy is replaced by a fine-grained thread- 
level parallelization scheme [54], in which computational tasks are 
mapped to mesh cells and faces. Key components, including equation 
assembly, the laser ray-tracing module, and the particle-fluid coupling 
and conversion procedures, have been redesigned using dedicated 
GPU-oriented algorithms to maximize parallel efficiency while mini
mizing memory-transfer overhead. For representative additive 
manufacturing simulations (e.g., LPBF cases), the proposed fully 
GPU-resident framework achieves approximately a 20 × speedup 
compared with conventional CPU-based implementations [55]. In a 
representative multi-laser, multi-track, and multi-layer PB-DED case, 
employing adaptive mesh refinement with an average grid size of 
approximately 1.7 million cells, the simulation can be completed within 
about 9 h on a cost-effective RTX 5070 GPU, demonstrating its practical 
capability for complex, large-scale process modeling.

2. Methodology: multi-phase semi-resolved CFD-DEM 
framework for PB-DED

2.1. Multiphysics modeling of gas-melt pool-powder coupled flow

2.1.1. Numerical considerations for semi-resolved CFD-DEM modelling of 
PB-DED

Coupled CFD-DEM methods are commonly classified according to 
mesh resolution versus particle size into resolved, semi-resolved, and 
unresolved schemes (Fig. 2), corresponding to mesh-to-particle diameter 
ratios typically < 1/3, ≈ 1, and > 8, respectively [56]. While we pre
viously employed a resolved CFD-DEM approach for LPBF simulations 
[32], a semi-resolved scheme is adopted here for PB-DED due to a 
fundamental difference in process scale between PB-DED and LPBF. The 
distinguishing factor lies in relative scale of the process zone (melt track 
or laser spot) to the powder particles. In LPBF, the melt pool and laser 
spot are only a few times larger than the particle diameter, necessitating 
high-resolution, particle-resolved modeling. In contrast, the melt track 
in PB-DED can be several tens of times larger than the individual powder 
particles, enabling a much higher deposition rate and making it suitable 
for large-scale component fabrication [2,3]. This scale disparity moti
vates the use of a semi-resolved CFD-DEM approach for PB-DED based 
on balanced consideration of the following two aspects: 

(1) Computational accuracy: The influence of partially melted 
particles on the final melt-track morphology is negligible in PB- 
DED, where the particle diameter is typically less than 4% of 
the melt-track width (or laser spot size). This is due to three 
factors: (i) the Gaussian laser profile distributes energy more 
uniformly over the larger process zone, suppressing intense 
localized heating of individual particles; (ii) any partial melting 
only marginally increases surface roughness relative to the 
overall track dimensions; and (iii) as PB-DED operates predomi
nantly in conduction mode [28], particles entering the melt pool 
are rapidly assimilated and fully melted. While this simplification 
neglects localized thermal and momentum effects from particle 
impact, our validation (Section 3.4) confirms that the net effect 
on final morphology falls within experimental error. Therefore, 
resolving the bulk melt pool thermodynamics is sufficient. Our 
simulations maintain high fidelity by resolving the melt track 
width with over 25 cells, a resolution comparable to resolved 
CFD-DEM in LPBF.

(2) Computational efficiency: The computational cost of a resolved 
CFD-DEM approach for PB-DED would be prohibitive, estimated 
to be several hundred times higher than the semi-resolved 
method [56]. To illustrate, employing an LPBF-level resolution 
(mesh size = 1/8 particle diameter) for a representative PB-DED 
track would require ~10⁸ cells, as the mesh would need to resolve 
features 1/200th of the melt track width. This is impractical for 
engineering applications. In contrast, the semi-resolved 
approach, with a mesh size on the order of the particle diam
eter, reduces the cell count in this example to ~1.95 × 10⁵. This 
achieves an optimal balance between accuracy and efficiency, 
making large-scale simulations feasible.

It should be noted that the present modeling framework primarily 
focuses on resolving the thermo-fluid dynamics of the coupled powder- 
laser-melt pool interaction. Consequently, certain metallurgical phe
nomena, such as microstructure evolution and the potential entrapment 
of gas porosity between adjacent tracks, are not explicitly considered. 
The melt track morphology discussed in later sections is therefore 
interpreted mainly from a thermal perspective, representing the degree 
of thermal overlap between successive tracks rather than a direct pre
diction of metallurgical bonding quality. Incorporating microstructure 
evolution and defect formation mechanisms would require additional 
physics-based models and will be explored in future work.

2.1.2. Governing equations of CFD and DEM
In this study, the fluid dynamics are solved using a finite-volume- 

based CFD approach. Within the semi‑resolved CFD‑DEM framework, 
the continuity and momentum equations are modified by introducing 

Fig. 2. Schematic of the three coupled CFD-DEM regimes classified by grid-to-particle size ratio, shown from left to right as resolved, semi-resolved, and unre
solved approaches.
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the fluid void fraction ε and the particle-fluid interaction force Ff . The 
formulation of ε and Ff will be detailed in subsequent sections (Section 
2.1.3 and Section 2.1.4). The right‑hand side of Eq. (1) incorporates 
eight distinct terms, representing contributions from pressure, gravity, 
viscosity, surface tension, particle‑fluid interaction, Darcy flow [57,58], 
Marangoni effect, and recoil pressure, respectively. In this formulation, 
the fluid velocity corresponds to the interstitial velocity within the pore 
space. Therefore, the governing equations are expressed in a 
porosity-weighted form, where the local void fraction accounts for the 
volume displacement caused by particles within each computational 
cell. This formulation corresponds to the widely adopted Type A (Model 
A) framework in CFD-DEM coupling, which has been extensively used in 
semi-resolved particle-fluid simulations [56,59]. 

∂
∂t
(ερu)+∇⋅(ερu ⊗ u) = − ε∇p+ ερg+∇⋅(εμ⋅(∇u) )+ εFt − Ff 

− εKc
(α1 − αm)

2

α3
m + Ck

u 

+ ε dσ
dT

(∇T − n(n⋅∇T))|∇α1|
2ρ

ρsum 

+0.54εp0exp
(

Lv⋅M
T − TLV

RTTLV

)

|∇α1|
2ρ

ρsum
n (1) 

where ρ, u, μ and p represent the density, velocity, viscosity, and pres
sure of fluid, respectively. The density ρ and viscosity μ represent the 
equivalent properties of the two-phase mixture, which are defined in 
Section 2.2.1. g is the gravitational acceleration. Ft is calculated as Ft =

cσ|∇α1|n, where α1 is the volume fraction of metal. σ denotes the surface 
tension coefficient, and c represents the curvature of the fluid-gas 
interface, defined as c = − ∇ • n, with n being the unit normal vec
tor at the interface, while on a solid interface, n is set to n = nc, 
reconstructed according to the specified contact angle. For a free sur
face, n is computed as n = ∇α1/|∇α1|. dσ/dT represents the tempera
ture derivative of the surface tension coefficient. ρsum = ρ1 +ρ2 denotes 
the sum of the density of phases at the interface. The term 2ρ/ρsum acts as 
a density-weighting factor in the sharp surface force (SSF) formulation, 
which is introduced to smear out the interface force over a finite 
thickness and improve numerical stability in the vicinity of the interface 
[60,61]. Kc denotes the permeability coefficient [62], and Ck = 10− 5 is a 
small constant introduced to prevent division by zero. This Darcy-type 
resistance is applied only within the solidified region and the mushy 
zone, which corresponds to a narrow temperature interval between the 
solidus and liquidus temperatures (≈45 K for Ti6Al4V and ≈30 K for 
AISI 304). The corresponding validation cases can be found in Ref. [63]. 
The term αm represents the volume fraction of molten metal, which can 
be approximated using a Gaussian error function [64] as αm =

α1
2 [1 +

erf( 4
Tl − Ts

(T − Tl+Ts
2 ))]. Tl, Ts, and TLV are the liquidus, solidus, and boiling 

temperatures, respectively. Lv denotes the latent heat of vaporization. M 
is the molar mass and R is the universal gas constant.

Particle motion is described by the DEM through the linear and 
angular momentum equations for each individual particle (Eq. (2)). The 
model accounts for multiple interaction forces [65,66], including 
particle-particle collision Fp− p, particle-wall collision Fp− w, and 
fluid-particle interaction Fs [67]. The particle properties, such as density 
and size distribution, are detailed in the model setup section of each 
subsequent numerical example. 
⎧
⎪⎪⎨

⎪⎪⎩

mp
dv
dt

= Fs + mpg +
∑

Fp− p +
∑

Fp− w

Ip
dω
dt

=
∑

Mt +
∑

Mr

, (2) 

where v and ω represent the linear and angular velocities of Particle p, 

respectively. The mass and rotational inertia of Particle p are denoted by 
mp and Ip, respectively. Mt and Mr correspond to the torque induced by 
the tangential force and the rolling friction torque [68], respectively. 
The Hertzian contact law, combined with Coulomb’s friction law, is 
employed to characterize the interparticle contact behavior [69].

The thermal field of the fluid phase is governed by the temperature 
Eq. (3), derived from the principle of energy conservation. The eight 
terms on the right-hand side represent, respectively, laser energy input 
(
Slf
)
, heat transfer from particles 

(
Sf
)
, thermal conduction, viscous 

dissipation, latent heat of fusion, convection, radiation, and vapor
ization. For the thermal boundary conditions, a simplified treatment is 
adopted, and no specific thermal resistance or heat transfer coefficient is 
prescribed at the substrate-fixture interface. This choice follows com
mon practice in previous studies [32,70,71] and is primarily due to the 
limited availability of reliable experimental data for such parameters.

∂
∂t (εCρT) + ∇⋅(εCρuT) = Slf + Sf + ∇⋅(εk∇T) + εμ(∇u+u∇) : ∇u 

− εLf

[
∂
∂t
(ραm)+∇⋅(ρuαm)

]

− εhc
(
T − Tref

)
|∇α1|

2Cρ
(Ciρi)sum 

− εCeσsb

(
T4 − T4

ref

)
|∇α1|

2Cρ
(Ciρi)sum 

− ε 0.82p0LvM
(2πMRT)0.5 exp

(

LvM
T − TLV

RTTLV

)

|∇α1|
2Cρ

(Ciρi)sum
, (3) 

where k is the thermal conductivity of the fluid, Lf is the latent heat of 
fusion, hc is the convective heat transfer coefficient, Tref is the reference 
temperature, Ce is the emissivity of the particle, and σsb is the Stefan- 
Boltzmann constant. The term (Ciρi)sum = C1ρ1 +C2ρ2 represents the 
sum of the products of density ρ and heat capacity C of the phases at the 
interface.

The particle temperature evolution is described by Eq. (4), ac
counting for particle-particle heat transfer 

(
Sp− p

)
, particle-fluid heat 

exchange 
(
Sp
)
, and absorbed laser energy 

(
Slp
)
. The final term repre

sents latent heat consumption during melting. As detailed in Section 
2.2.2, only particles that have contacted the melt track and exceeded 
the liquidus temperature undergo phase transition. Before this moment, 
their temperature may rise to the solidus or even the liquidus point, 
requiring latent heat to be included: 

∂
∂t
(
mpCpTp

)
= Slp + Sp + Sp− p − Lfmp

∂αm

∂t
, (4) 

.
where Cp and Tp denote the heat capacity and temperature of the 

particle, respectively. The particle-fluid heat transfer term Sp and the 
laser energy input term Slp will be discussed in detail in the subsequent 
subsections. Sp− p represents the total energy exchanged between a given 
particle and all surrounding particles, and its calculation formula is 
given by 

(
Sp− p

)

i =
∑

j

4kikj

ki + kj

̅̅̅̅̅
Ac

√ (
Tpj − Tpi

)
, (5) 

Ac = π
[5m∗

p

4E∗
R∗2( vi − vj

)2
]2/5

, (6) 

where k is the thermal conductivity of the particle. The subscripts i and j 
denote particle i and particle j, respectively. Σ denotes the population of 
all particles that interact with particle i through collision. Ac is the 
contact area between two particles. This area is a function of the 
effective mass m∗

p and Young’s modulus E∗, and radius R∗, which are 
defined as follows: 
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m∗
p =

mpimpj

mpi + mpj
, (7) 

E∗ =
4
3

(
1 − v2

i
Ei

−
1 − v2

j

Ej

)− 1

, (8) 

R∗ =
RiRj

Ri + Rj
, (9) 

.

2.1.3. Kernel-based approximation method
Following the approach of Wang et al. [56], a kernel‑based 

approximation (Eq. (10)) is employed to reconstruct the void‑fraction 
field and compute the fluid-particle interaction force. In accordance 
with Wang et al. [56], a Gaussian kernel is adopted with a smoothing 
distance equal to two particle diameters. The method defines an 
equivalent fluid region (see middle panel of Fig. 2) with a characteristic 
length of at least three particle diameters, thereby satisfying the spa
tial‑resolution requirements of the drag model used in unresolved 
CFD‑DEM simulations [72]. In practice, contributions are considered 
from cells within four particle diameters of particle i where the kernel 
function value kij exceeds 0.1, approximately 10% of its maximum 
value, which occurs when the cell center coincides with the particle 
center. 

kij = e− ‖Cj − Ci‖
2
/
(8d2

i ), (10) 

where kij represents the value of the kernel function of particle i eval
uated at cell j. Ci and Cj denote the centers of particle i and cell j, 
respectively. 

⃦
⃦Cj − Ci

⃦
⃦ represents the distance between the center of 

particle i and the center of cell j. di is the diameter of particle i.
The void fraction ε quantifies the fraction of a CFD cell’s volume not 

occupied by particles. In the semi‑resolved framework, however, this 
quantity is evaluated over equivalent regions rather than individual 
cells, necessitating a kernel‑based volume‑distribution procedure. The 
governing equations are given in Eqs. (11) and (12). The overall pro
cedure consists of three steps: 

(1) Kernel contribution: For each particle i, the kernel function (Eq. 
(10)) determines its contribution kij to every cell j within the 
equivalent region.

(2) Volume distribution: The contributions are normalized to 
obtain weights Cij for all affected cells (Eq. (12)). Each particle’s 
volume is then distributed among these cells in proportion to Cij 

(Eq. (11)).
(3) Void fraction field: After processing all particles, the total par

ticle volume assigned to each cell is obtained. The void fraction of 
cell j is finally computed as the unoccupied volume fraction 
relative to the cell volume (Eq. (11)).

εj = 1 −

∑
CijVpi

Vj
, (11) 

Cij =
kij
∑

kik
, (12) 

where Cij denotes the normalized weight, i.e., the fraction of the volume 
of particle i that is assigned to cell j. 

∑
CijVpi represents the total particle 

volume contributed to cell j by all particles within its equivalent region. 
Vj is the volume of cell j.

2.1.4. Particle-fluid interaction and heat transfer
Unlike unresolved CFD‑DEM, where the fluid-particle force is 

computed directly from the flow variables of the cell containing the 
particle, the semi‑resolved approach reconstructs an equivalent flow 

field around the particle using a normalized kernel‑based weighting that 
also accounts for cell volume and local void fraction. The equivalent 
flow variable [56] is obtained via Eqs. (13) and (14). 

η =
∑

ηjC
ʹ
ij, (13) 

Cʹ
ij =

εjVjkij
∑

εkVkkik
, (14) 

where ηj denotes an arbitrary variable of fluid cell j, and the overline 
indicates its equivalent value. Cʹ

ij denotes the normalized weight.
The interaction force exerted on the fluid (Ff ) and on the particle (Fs) 

considers all particle-cell pairs within the equivalent region, thereby 
incorporating the influence of neighboring particles and cells. In the 
present study, only the drag force and virtual mass force are considered, 
following common practices reported in previous studies [51,73]. 

Ff, j =
1
Vj

∑n

i=1

(
fd,ij + fvm,ij

)
, (15) 

Fs, i =
∑n

j=1

(
− Vpi(∇p +∇⋅(μ⋅(∇u) ) )j + fd,ij + fvm,ij

)
, (16) 

where n denotes the number of particle-cell pairs within the equivalent 
region, and the summation symbol 

∑
represents the aggregation of the 

interaction forces. The subscript i refers to particle i, and the subscript j 
refers to fluid cell j. The first term in the equation for Fs represents the 
force exerted on the particle by fluid viscosity and pressure difference, 
with the overline indicating that this term is evaluated as an equivalent 
value using Eq. (13). The term fd denotes the drag force arising from the 
velocity difference, whereas fvm represents the virtual mass force 
induced by the acceleration difference. These two forces are computed 
as follows [72,74,75]: 

fd,ij =
1
8
Cdπρjd

2
i
(
uj − vi

)⃒
⃒uj − vi

⃒
⃒ε1− χ

j , (17) 

fvm,ij =

(

2.1 −
0.132

0.12 + A2
c

)
Vpiρj

2
⃒
⃒u̇j − v̇i

⃒
⃒, (18) 

where u̇ and v̇ represent the accelerations of the fluid and the par
ticles, respectively. The fluid acceleration at the particle location is 
evaluated from the temporal variation of the interpolated fluid velocity, 
obtained using the interpolation scheme described in Section 2.1.3. The 
coefficients Cd, χ, and Am in Eqs. (17) and (18) are computed as: 

Cd =

(

0.63 +
4.8
̅̅̅̅̅̅
Re

√

)2

, (19) 

Re =
εjρjdi

μj

⃒
⃒uj − vi

⃒
⃒, (20) 

χ = 3.7 − 0.65exp

[

−

(
1.5 − log10Re

)2

2

]

, (21) 

Am =

⃦
⃦uj − vi

⃦
⃦2

di
⃦
⃦u̇j − v̇i

⃦
⃦
, (22) 

where Cd denotes the particle-fluid drag coefficient, which is a function 
of the particle Reynolds number Re. The term ε− χ represents a correction 
factor that accounts for the influence of neighboring particles on the 
drag force acting on the particle under consideration.

In the present semi-resolved CFD-DEM framework, the influence of 
particle rotation on the fluid-particle interaction forces is not explicitly 
resolved. Hydrodynamic forces are evaluated based on the relative 
translational velocity between the particle and the surrounding fluid. 
Resolving the hydrodynamic effects induced by particle rotation would 
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require a fully resolved fluid-particle coupling approach with signifi
cantly finer grids around each particle, which would incur prohibitively 
high computational costs for large-scale simulations considered here. 
Moreover, in the PB-DED process considered here, the particle diameter 
is typically much smaller than the characteristic melt-track width, and 
melt pool dynamics are governed primarily by surface tension and 
Marangoni convection. Therefore, the influence of particle rotation on 
the overall fluid flow and melt pool behavior is expected to be limited. In 
the current model, particle rotation is retained only insofar as it affects 
contact mechanics between particles through the DEM collision 
formulation.

The heat source terms Sf and Sp in Eqs. (3) and (4) represent the 
energy exchange between the particles and the background fluid, which 
is governed by the particle temperature and the fluid temperature sur
rounding the particles. The expression for the source term Sf in the 
temperature equation of CFD is given in Eq. (23). Specifically, in this 
study, a normalized weight Cʹ

ij in Eq. (14) is employed in the calculation 
of Sf to account for all particle-cell pairs within the equivalent region. 

Sf,j =
1
V
∑n

i=1
Cʹ

ijSi

[
hi
(
Tpi − Tj

)
+Ceσsb

(
T4

pi − T4
j

) ]
, (23) 

.
where V is the cell volume and Si = πd2

i denotes the surface area of 
particle i. Here, n represents the number of particle-cell pairs within the 
equivalent region, and the summation operator 

∑
signifies the aggre

gation of particle-fluid energy transfer. The heat transfer coefficient, hi is 
defined as hi = Nuik/di, where Nu is the particle Nusselt number [76]. 
For Eq. (23), Nui is computed individually for each particle-cell pair 
using the corresponding local cell information. It should be noted that 
this correlation has been widely used in particle-fluid systems to esti
mate gas-particle convective heat transfer [56]. In the present DED 
process, the heating of particles is dominated by laser absorption, while 
the contribution of gas convection remains comparatively small due to 
the low thermal conductivity of the shielding gas. This Nusselt number is 
computed based on the void fraction field ε, particle Reynolds number 
Re, and Prandtl number Pr: 

Nui =

⎧
⎨

⎩

2 + 0.6ε3.5Re0.5Pr1/3 Re ≤ 200
2 + ε3.5( 0.5Re0.5 + 0.02Re0.8)Pr1/3 200 < Re ≤ 1500

2 + 0.000045ε3.5Re1.8 Re > 1500
, (24) 

where the Prandtl number Pr characterizes the relative magnitude of 
momentum diffusivity to thermal diffusivity in a fluid, which is calcu
lated as Pr = Cμ/k.

The source term Sp in the DEM temperature equation is given by Eq. 
(25) and is evaluated using a particle-cell pair-based formulation similar 
to that in Eq. (23). The key difference lies in that Eq. (23) is cell- 
centered, whereas Eq. (25) is particle-centered, while ensuring overall 
energy conservation. 

Sp,i =
∑n

j=1
− Cʹ

ijSi

[
hi
(
Tpi − Tj

)
+Ceσsb

(
T4

pi − T4
j

) ]
, (25) 

.

2.1.5. Ray tracing model for the laser beam in PB-DED
This study introduces an improvement to our previously developed 

VOF-compatible ray-tracing model [77], originally designed for 
resolved CFD-DEM, and adapts it for calculating the laser energy 
absorbed by both particles and fluids. Fig. 3 shows the schematic dia
gram for the proposed ray tracing model. The improved algorithm offers 
three major strengths for generating high-resolution laser energy fields: 
(1) It is capable of accounting for multiple reflections and refractions at 
the interfaces between particles, the substrate, and the melt track; (2) It 
is compatible with highly efficient GPU parallel computing by dis
cretizing the continuous laser beam into tens of millions of discrete rays; 
(3) It can adapt to the diffuse fluid interface captured by the VOF method 
through distributing the energy of each laser ray across the interfacial 
grid cells it traverses. A convergence study presented in Appendix F
further demonstrates that the selected ray discretization is sufficient to 
ensure that the predicted melt track morphology and temperature pro
files exhibit consistent convergence behavior.

In the present study, a standard Gaussian beam profile is adopted to 
represent the spatial distribution of the incident laser energy. The in
fluence of alternative beam spatial distributions is beyond the scope of 
the present study [78] and will be investigated in future studies. It 
should be noted that the ray-tracing framework is formulated in a gen
eral manner, with the laser energy distribution introduced as an input 
parameter. Alternative heat source profiles (e.g., top-hat or 
super-Gaussian beams) can be readily incorporated into the present 
framework to investigate the influence of laser characteristics on melt 
pool behavior [79,80]. Such parametric studies, however, are beyond 

Fig. 3. Schematic diagram for the VOF compatible ray tracing model.

T. Yu et al.                                                                                                                                                                                                                                       Additive Manufacturing 127 (2026) 105288 

6 



the scope of the current work, which focuses primarily on demonstrating 
the feasibility and accuracy of the proposed computational framework.

A central challenge in this semi-resolved framework is the unified 
treatment of laser interaction with two fundamentally different interface 
types: the sharply defined surfaces of DEM particles and the diffuse 
interface of the VOF-captured fluid. This necessitates a hybrid ray- 
tracing strategy to consistently model Fresnel reflection and refrac
tion. The distinction arises from the inherent characteristics of each 
phase: (1) DEM Particles are geometrically defined with sharp interfaces 
(known center and radius), allowing for analytical calculation of 
reflection points and the direct assignment of all refracted energy to the 
particle's single temperature; (2) The Fluid Interface is a diffuse region 
where the metal volume fraction transitions from 0 to 1. This requires a 
specialized approach to determine the effective reflection point and to 
distribute the refracted laser energy across multiple interfacial cells 
based on local volume fraction and absorption laws. Our model explic
itly bridges this gap, enabling physically consistent laser energy depo
sition across both dispersed and continuum phases within a single, 
unified simulation. The computational steps of the laser ray tracing 
model in PB-DED are provided in Appendix C.

The ray-tracing model operates on the diffuse melt pool surface 
reconstructed from the VOF interface. The dynamic topology of the melt 
pool surface is therefore naturally captured by the evolution of the VOF 
interface, enabling the ray-tracing algorithm to account for multiple 
reflections and local variations in surface orientation. In the present 
implementation, the effective absorption coefficient ε is evaluated using 
a Fresnel-based approximation for metallic surfaces; the detailed 
formulation and verification of this absorption model have been 
extensively discussed in our previous work [77]. For the material sys
tems considered in this study, the thermophysical properties and optical 
parameters for Ti− 6Al-4V and AISI 304 stainless steel follow the values 
reported in Refs. [32,81,82] and [83].

Since the procedures described above involve ray-grid and ray- 
particle intersection detection, we briefly describe how these opera
tions are efficiently implemented on the GPU using a spatial hashing 
algorithm and the Digital Differential Analyzer (DDA) method. First, the 
entire computational domain is discretized into uniform grid cells via a 
spatial hashing algorithm. Second, all particles and fluid cells are 
assigned to their corresponding hash grid cells based on spatial co
ordinates. Finally, the DDA algorithm is employed to efficiently traverse 
the hash grid cells along the ray path. During traversal, each hash cell is 
checked for the presence of particles or fluid interface cells that meet the 
interaction criteria. If present, the corresponding intersection calcula
tions are performed.

2.2. Multiphase modeling of melt pool dynamics with particle-fluid phase 
transition

2.2.1. Multiphase model
PB-DED is a sophisticated additive manufacturing process that em

ploys a laser beam to melt powder particles delivered via a shielding gas 
onto a solid substrate, resulting in the formation of a molten pool which 
subsequently solidifies into a deposited track. This highly dynamic 
process is governed by multiphase flow, involving the solid substrate, 
powder particles, molten metal, and ambient gas, alongside multiple 
phase transformations, namely melting, solidification, and vaporization. 
In the present study, the powder carrier gas and the shielding gas are 
assumed to be identical and are therefore treated as a single gaseous 
phase, leading to a two-phase formulation.

We herein employ the volume of fluid (VOF) method in conjunction 
with the sharp interface capture scheme, MULES, coupled further with 
DEM to furnish such an integrated computational framework for 
modeling of such a multiphase system involving in DED. As a default 
scheme in OpenFOAM [84], MULES treats the smeared interface (Fig. 4) 
by adding a compressive flux term ∇ • (αi(1 − αi)uc) into the LHS of the 
advection equation of phase i [85]. The MULES scheme is adopted here 
due to its numerical robustness and computational efficiency, which 
makes it suitable for large-scale multiphase simulations within the 
present GPU-parallel framework. 

∂εαi

dt
+∇ • (εαiu)+∇ • (αi(1 − αi)uc ) = 0, (26) 

where the subscript i denotes fluid phase 1 or 2 (e.g., melt liquid and 
ambient gas). uc = (cMε|u|∇αi)/|∇αi| is the compressed velocity, αi is 
the volume fraction of phase i, and cM ∈ (0, 1) is the coefficient to 
control the compressed velocity. In the present implementation, the 
convective flux term ∇⋅(εαiu)is discretized using the Van Leer scheme to 
ensure boundedness and improved interface resolution. For the 
compressive flux term ∇⋅(αi(1 − αi)uc), a split discretization strategy is 
adopted: the term ∇⋅(αiuc)is discretized using an upwind scheme, while 
∇⋅((1 − αi)αiuc)is discretized using a downwind scheme to enhance 
interface sharpening while maintaining numerical stability.

The equivalent density ρ and viscosity μ in the momentum equation 
and the thermal conductivity k and heat capacity C in the Temperature 
equation over the entire domain could be written as: 
⎧
⎪⎪⎨

⎪⎪⎩

ρ = α1ρ1 + α2ρ2
μ = ρ(α1μ1/ρ1 + α2μ2/ρ2)

k = α1k1 + α2k2
C = (α1ρ1C1 + α2ρ2C2)/ρ

, (27) 

Fig. 4. Schematic of the proposed multiphase model for PB-DED. The right panel shows a magnified view of Cell C and particles P1, P2, and P3 from the left panel, 
illustrating the subcell decomposition of Cell C and the labeling strategy: a particle is converted into CFD fluid only when its temperature exceeds the liquidus 
temperature and it has detached from the melt pool interface, after which the sub-grids overlapping with the particle within the interface cell are flagged.
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.
Accurate calculation of the contact angle at solid boundaries is 

crucial in two-phase flow simulations, as it directly influences the pre
cision of interface capturing and related physical processes. Within the 
VOF framework, the prescribed contact angle is enforced by recon
structing the interface normal vector, denoted as nc, on boundary faces. 
The curvature is then obtained as the negative divergence of this normal 
vector, which is subsequently used to compute the surface tension force, 
as shown in Eq. (1). This term is derived from enforcing two constraints: 
orthogonality and angular continuity. Specifically, the reconstructed 
interface normal vector nc must satisfy nc • nwall = cos θeq and nc • n =
cosΔθ. Δθ is the angle difference between the target contact angle θeq 

and the current contact angle θnow. θnow is defined as θnow =

arccos(n • nwall). By solving this system of equations, this adjusted 
normal vector nc is defined as a linear combination: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

nc = anwall + bn

a =
cosθ − cos θnow • cos Δθ

1 − (cos θnow)
2

b =
cosΔθ − cos θnow • cos θ

1 − (cos θnow)
2

, (28) 

where nwall denotes the unit normal vector of the solid boundary.

2.2.2. Thermal-induced phase changes
In PB‑DED, the dominant phase‑change modes are melting and so

lidification, which occur primarily through conduction. This contrasts 
with LPBF, where intense vaporization often leads to keyhole‑mode 
melting. Therefore, while recoil pressure and evaporative heat loss are 
included, the vapor phase is not explicitly resolved, consistent with prior 
modeling approaches [77]. The solid phase is treated as a highly viscous 
fluid, with the viscosity varying smoothly between solid and liquid 
states via a temperature‑dependent function: 

lnμ =
1
2

erfc
[

4
lnTl − lnTs

•

(

lnT −
ln(Tl) + ln(Ts)

2

)]

• (lnμs − lnμl)+ lnμl, (29) 

where μs and μl denote the viscosities corresponding to the solidus Ts 
and liquidus Tl temperatures, respectively, and erfc(⋅) represents the 
complementary error function.

During PB‑DED, powder particles travel from the nozzle to the laser 
focal zone and undergo rapid heating. Depending on laser power, 
powder feed rate, and particle‑size distribution, particles may arrive at 
the melt pool in solid, partially molten, or fully molten states [46,86]. In 
this work, we adopt a simplified modeling strategy: all in‑flight particles 
remain within the Lagrangian DEM framework regardless of their phase 
state. Transition to the Eulerian CFD fluid phase occurs only when a 
particle impacts the melt track and its local temperature exceeds the 
liquidus temperature. This “delayed‑transition” approach is justified by 
the following physical and numerical considerations: 

(1) Dominance of Surface Tension (Particle Shape): Experimental 
observations confirm that in-flight molten droplets maintain a 
spherical or near-spherical morphology due to the dominance of 
surface tension at the microscale [87]. This can be rigorously 
quantified using dimensionless scaling analysis. For a represen
tative Ti− 6Al-4V droplet (diameter dp = 50 μm, density ρp = 4,
420kg/m3, surface tension σ = 1.5 N/m, with dσ/dT = − 2.6×

10− 4 N/(m⋅K)), the gravitational influence is negligible, as indi
cated by the exceedingly small Bond number Bo =

ρgR2/σ ≈ O(10− 4). Furthermore, the aerodynamic forces gener
ally remain insufficient to induce significant deformation, as the 
Weber number (We = ρu2dp/σ) typically remains well below the 
critical breakup threshold (Wec ≈ 12) [88] in standard DED 

carrier gas flows. Consequently, the Laplace pressure (ΔP =

2σ/R) generates a restoring force that vastly overwhelms inertial 
and Marangoni effects (FM ≈ (dσ/dT)ΔTdp, estimated to be two 
orders of magnitude smaller), thermodynamically favoring a 
spherical equilibrium shape. Thus, representing molten droplets 
as spherical DEM elements is a physically consistent 
approximation.

(2) Collision Dynamics and Coalescence: Unlike the instantaneous 
elastic-frictional contact between solid particles, interactions 
involving molten droplets are governed by viscous dissipation 
and surface tension-driven coalescence. In flight, molten droplets 
tend to merge upon impact rather than rebound [87,89]. To 
emulate this inelastic behavior within the DEM framework, par
ticles reaching the liquidus temperature are assigned a near-zero 
coefficient of restitution [90]. This effectively suppresses 
post-collision rebound, approximating the kinetic energy dissi
pation characteristic of viscous fluids. While this approach sim
plifies the complex topological changes of droplet merging (e.g., 
oscillation damping), it correctly captures the aggregate mass and 
enthalpy flux delivery to the melt pool. Since the individual 
particle diameters are typically less than 4% of the melt-track 
width, macroscopic track morphology is governed by global 
mass/energy conservation rather than the micro-morphology of 
individual incident droplets. Crucially, this simplification avoids 
the prohibitive computational cost associated with fully resolving 
droplet spreading dynamics, which would increase the simula
tion workload by more than two orders of magnitude (>100 ×). 
The feasibility and accuracy of this efficient approach are sub
sequently validated in Section 3.4, where close agreement be
tween our simulated track geometries and experimental 
measurements confirms that the assumption yields physically 
realistic results without introducing significant artificial mass 
accumulation.

(3) Grid Resolution and Numerical Fidelity: The decision to retain 
molten particles within the Lagrangian framework is primarily 
dictated by the spatial discretization constraints inherent to the 
semi-resolved CFD-DEM coupling scheme. In this regime, the 
fluid grid size (Δx) is comparable to the particle diameter 
(dp ≈ Δx). Standard VOF method and resolved CFD-DEM method 
require a fine mesh (typically dp/Δx > 8 ∼ 10) to accurately 
resolve interface curvature and suppress parasitic currents [56, 
91]. Converting an in-flight droplet into the Eulerian fluid phase 
at the current coarse resolution (dp/Δx ≈ 1) would induce severe 
numerical diffusion. This would result in an artificially diffuse 
interface smearing across multiple control volumes, fundamen
tally compromising the geometric fidelity of the droplets. By 
postponing the Eulerian conversion until the particle impinges 
upon the melt pool, this study leverages the following 
advantages:

(i) Computational efficiency: The approach reduces the computa
tional burden by approximately two orders of magnitude 
compared to fully resolved CFD-DEM approaches [56], while 
preserving the macroscopic accuracy of mass and momentum 
transfer.

(ii) Ray-tracing precision: The DEM representation maintains a 
sharp, explicit geometric boundary defined by the particle radius. 
This "sharp-interface" description is numerically imperative for 
the ray-tracing algorithm, which relies on well-defined surface 
normal vectors to compute Fresnel absorption and multi- 
scattering effects. In contrast, the diffuse interface generated by 
a coarse-grid VOF reconstruction would obscure the exact surface 
topology, leading to significant errors in laser energy coupling 
calculations.
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2.2.3. Conservation during particle-to-fluid phase transition
When a particle reaches the liquidus temperature and enters the melt 

track, it is transferred to the continuum fluid phase. To ensure physical 
consistency, the conversion enforces local conservation of mass, mo
mentum, and energy, updating the fluid volume fraction, velocity, and 
temperature in the affected control volumes. Because the particle 
diameter is comparable to the CFD cell size, a single particle may span 
multiple cells. A spatial‑subdivision method, designed for efficient 

GPU‑parallel computation, is adopted to accurately distribute the par
ticle’s contribution. The conservation procedure is given in Appendix B.

2.3. Overall solution procedure

The computational framework for the multi-phase semi-resolved 
CFD-DEM for high-fidelity modeling of powder-based directed energy 
deposition is illustrated in Fig. 5. The momentum equation of CFD is 

Fig. 5. Flowchart of the proposed multiphase semi-resolved CFD-DEM framework for PB-DED, with blue text indicating corresponding sections.

Fig. 6. (A) Schematic illustration of the proppant transport model. Comparison between (B) experimental observations [93], (C) the simulation results obtained 
using the CFDEM software (unresolved CFD-DEM) [93], and (D) the predictions of the present work (semi-resolved CFD-DEM) at 20 s, 40 s, and 60 s.
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solved using the Pressure Implicit with Splitting of Operators (PISO) 
algorithm to ensure accurate velocity-pressure coupling [92]. The pro
posed algorithm has been fully integrated into TFluid (www.t-fluid. 
com), a full-process GPU-accelerated CFD-DEM simulation platform. All 
computational modules described in Sections 2.1 and 2.2 have been 
parallelized on the GPU. The assembly of governing equations and in
termediate computational procedures are implemented using CUDA 
C + + . The sparse linear systems arising from the discretized equations 
are solved using the NVIDIA AmgX library (version 2.4.0), and the 
simulation results are exported using the VTK library (version 9.1) for 
visualization and post-processing. The corresponding computational 
efficiency will be demonstrated in the illustrative case presented later. In 
the present simulations, the residual thresholds for both the momentum 
and energy equations were set to 1× 10− 13, and sufficient inner itera
tions were performed at each time step to ensure that the prescribed 
convergence criterion was satisfied. Further details on the discretization 
strategies and GPU-parallel numerical algorithms can be found in our 
previous work [54], where the computational framework is described in 
greater depth. The workflow is described in detail in Appendix D.

It should be noted that the current implementation of the TFluid 
framework does not yet support multi-GPU parallelization. As a result, 
the maximum problem size is limited by the memory capacity of a single 
GPU. For instance, a computational domain with approximately 1 
million cells requires around 2 GB of GPU memory. Developing an 
efficient multi-GPU strategy is a subject of ongoing research, and it re
mains to be determined whether traditional domain-decomposition 
approaches would be optimal for extending the scalability of the 
framework. This limitation is important for users intending to simulate 
very large domains or highly resolved melt pool dynamics. To further 
facilitate large-scale simulations, we have previously developed a fully 
GPU-based AMR algorithm [55] to selectively refine key regions, such as 
the melt pool, while maintaining computational efficiency.

3. Benchmark and validation

This section presents a systematic validation of the proposed 
computational framework through four benchmark cases. Each case 
targets a specific physical module: (1) proppant transport to assess the 
semi-resolved CFD-DEM coupling; (2) bare plate laser melting to vali
date the ray-tracing and melt pool dynamics; (3) contact angle analysis 
to verify interfacial wetting behavior; and (4) full PB-DED to test the 
integrated thermal dynamics and final track morphology. Collectively, 
these benchmarks demonstrate the framework's comprehensive capa
bility in capturing the coupled multi-physics of PB-DED, from powder- 
stream interaction to energy deposition and solidification.

3.1. Validation of semi-resolved CFD-DEM approach

To validate the semi-resolved CFD-DEM approach, we first examine 
the interaction between the fluid and proppant particles during trans
port. Fig. 6 A illustrates a simplified T-shaped fracture model with one 
inlet and two outlets, where one outlet serves as a bypass entrance. Both 
the fluid and the proppant particles are injected through the inlet. The 
main fracture length is 381 mm, while the secondary fracture length is 
190.5 mm. The fracture height and width are 76.2 mm and 2 mm, 
respectively. The proppant particles have a density of 2650 kg/m³ and a 
diameter of 0.6 mm, with a mass injection rate of 0.9516 g/s. The carrier 
fluid has a density of 998.2 kg/m³ and a viscosity of 0.001 Pa⋅s, and it is 
injected at a velocity of 0.1 m/s.

The CFD computational domain was discretized using hexahedral 
grids with a uniform cell size of 1 mm, corresponding to approximately 
1.67 times the particle diameter, resulting in a total of 87,248 cells. The 
CFD time step was set to 2.5× 10− 4 s, while the DEM time step was 2.5×

10− 5 s. For the DEM particles, the Young’s modulus was 5.0 × 106 Pa, 
with a friction coefficient of 0.5 and a restitution coefficient of 0.7. The 

DEM particles were uniformly injected from the right-hand inlet, as 
shown in Fig. 6D.

Fig. 6B-D present the particle distribution in the main fracture at 
three time instants, comparing the experimental observations [93], 
existing simulation results [93], and the present semi-resolved 
CFD-DEM results. As time progresses, the continuously injected parti
cles transported by the fluid accumulate within the computational 
domain, leading to the formation of proppant banks. Fig. 7 provides a 
quantitative comparison of two key metrics: the Dimensionless Proppant 
Bank Height (DPBH) and the Dimensionless Proppant Bank Length 
(DPBL). The DPBH is defined as the ratio of the proppant bank height to 
the fracture height, while the DPBL is defined as the ratio of the prop
pant bank length to the main fracture length. For DPBH, the maximum 
deviations of the present simulation from the experimental data and the 
existing simulation results across three time instants are 0.8% and 2.5%, 
respectively. For DPBL, the corresponding deviations are 4.5% and 
2.0%. All deviations remain within acceptable bounds, thereby vali
dating the accuracy of the present simulation results.

Furthermore, by comparing Fig. 6 C and D, notable differences can 
be observed at the apex of the particle pile (Region A in Fig. 6 C and D). 
To investigate this, we analyzed the phenomena of particle splashing 
and local accumulation in this region, as illustrated in Fig. 8. The results 
indicate two primary contributing factors: (1) the presence of the par
ticle pile restricts fluid outflow to a narrow region at the top, particularly 
at the apex of Region A, where high-velocity fluid further entrains 
particles, causing them to splash forward; (2) as the fluid exits through 
this narrow region, it interacts with the sloped front of the particle pile, 
forming a triangular zone where a pronounced vortex develops. This 
vortex impedes the forward motion and downward settling of particles 
driven by gravity, leading to local particle accumulation in Region A. 
Consequently, all three time frames in Fig. 6D show clear particle 
buildup in this region. Although similar phenomena have been reported 
in previous simulations, they were less pronounced than in the present 
study. We attribute this difference to our use of a semi-resolved CFD- 
DEM approach with a finer grid spacing of 1 mm, compared with the 
3 mm coarse grid used in unresolved CFD-DEM studies. This finer res
olution is particularly critical for capturing the fluid dynamics in the 
narrow top region of the particle pile, which has an average height of 
only 9 mm.

3.2. Validation of contact angle model

The wetting behavior between the molten metal and the substrate 
critically influences the stability and morphology of the deposited melt 

Fig. 7. Comparison of Dimensionless Proppant Bank Height (DPBH) and 
Dimensionless Proppant Bank Length (DPBL) between experimental measure
ments [93], existing numerical results [93], and the current simulations.
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track during the DED process. This behavior is commonly characterized 
by the contact angle at the solid-liquid-gas triple junction, which reflects 
the balance of interfacial energies among the three phases. Variations in 
the contact angle can significantly affect melt spreading, track conti
nuity, and the propensity for balling phenomena. Moreover, the contact 
angle is influenced by practical factors such as substrate material [94], 
surface oxidation condition [95], and substrate temperature [96]. 
Therefore, investigating the influence of the contact angle is important 

for understanding melt track formation mechanisms and assessing the 
capability of the proposed numerical framework to capture 
wetting-related phenomena.

In this DED numerical example, Ti− 6Al-4V powder was employed, 
with material properties detailed in Tables E.1 and E.2 of the 
Supplementary Materials. To isolate and validate the proposed contact 
model, mono-sized particles with a diameter of 50 μm were adopted. 
The particles were injected with an initial velocity vector of (0, − 1, − 5) 

Fig. 8. Semi-resolved CFD-DEM predictions of the fluid velocity vector fields at 20 s, 40 s, and 60 s.

Fig. 9. Simulation results of the contact angle test: (A) schematic of the model (dimensions in mm); (B) side views of Cases I-IV, showing clear differences in contact 
angles (β).
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m/s, as illustrated in Fig. 9 A. A discrete injection strategy was imple
mented where eight particles were released from each side every 20 μs, 
yielding a total mass flow rate of approximately 1.7 × 10⁻⁵ kg/s. The 
laser power was maintained at 1000 W with a beam radius of 750 μm. 
Both the powder stream and the laser source traversed along the positive 
x-direction at a scanning speed of 0.3 m/s. As the particles melted and 
coalesced continuously, a melt track gradually formed on the substrate.

To assess the model's fidelity in capturing the contact angle (β), four 
distinct simulation scenarios were established. Cases I-III examined the 
effect of wettability by varying the contact angle to 30◦, 90◦, and 150◦, 
respectively. In Case IV, the mass flow rate was doubled (injection in
terval reduced to 10 μs) to investigate the interplay between deposition 
volume and contact morphology. Fig. 9B-E display the side views of the 
melt tracks at 86 ms. The results demonstrate that the proposed model 

accurately reproduces the prescribed contact angles on the substrate. 
Notably, under the lower mass flow rate (Case III, Fig. 9D), the melt 
track with a high contact angle (150◦) exhibits a less cohesive 
morphology compared to the higher mass flow case (Case IV, Fig. 9E). 
This discrepancy arises because, at a lower feed rate, the insufficient 
molten volume undergoes rapid cooling at the substrate interface. This 
thermal condition restricts spreading and coalescence, leading to a 
thinner, discontinuous track. Conversely, increasing the mass flow rate 
provides sufficient thermal mass to sustain the molten state longer, 
resulting in a fuller and more distinct high-contact-angle morphology.

Fig. 10 A and B present orthogonal views (front and top) of Cases I- 
III. It is evident that low contact angles favor the formation of flat, 
continuous tracks, whereas high contact angles (e.g., 150◦) induce a 
pronounced balling effect. As the contact angle increases, the melt track 

Fig. 10. Comparison of simulated melt geometries with contact angle β equal to 30º, 90º and 150º (Cases I-III): (A) top view in the x-y plane and (B) front view in the 
x-z plane. (C) Experimentally observed melt track [2]. The color contour is consistent with that in Fig. 9.

Fig. 11. (A) Variation of the melt track height (Z axis) along the y = 0 cross-section; (B) variation of the melt track width (Y axis) along the z = 0.15 mm cross- 
section; (C) experimentally measured variation of the melt track height along the track length direction [2].
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cross-section transitions towards a circular geometry. This is accompa
nied by an increase in cross-sectional height, a reduction in width, and 
intensified height fluctuations along the scanning direction. These 
simulation results correlate well with the experimental observations by 
Ref. [2], which stated that increased contact angle promotes balling 
defects. A representative experimental instance of this phenomenon is 
shown in Fig. 10 C, which bears a strong morphological resemblance to 
the simulated result for the high contact angle case.

Quantitative assessment further corroborates these morphological 
trends. Fig. 11 A and B plot the variations in melt track height (z-coor
dinate along y = 0 cross-section) and width (y-coordinate along 
z = 0.15 mm cross-section), respectively. The peak-to-valley height 
difference, defined as Δh (see Fig. 11), serves as a metric for track uni
formity. For contact angles of 30◦, 90◦, and 150◦, the computed Δh 
values are 0.133 mm, 0.200 mm, and 0.493 mm, respectively. The 
substantial increase in Δh at higher contact angles quantifies the 
severity of the balling instability. This trend aligns with experimental 
data [2], where a comparable Δh of 0.332 mm was recorded (Fig. 11 C). 
Concomitantly, the intensified balling behavior at high contact angles 
significantly constrains the track width. As detailed in Fig. 11B, the 
average widths within the stable region (x ∈ [1, 8] mm) are 1.49 mm, 
1.17 mm, and 0.87 mm for the three respective cases. Notably, the track 
width at β = 150◦ is approximately 58% of that at β = 30◦, highlighting 
the significant narrowing effect induced by increased wettability 
resistance.

A comparative analysis was conducted to elucidate how the melt- 
track morphology varies under the three prescribed contact angles. 
The evolution of the melt pool was examined with focus on the two 

dominant driving forces: Marangoni pressure and surface tension 
(Fig. 12 and Fig. 13). At the early deposition stage (t = 3 ms, Fig. 13), 
Marangoni pressure decreases with increasing contact angle, whereas 
surface tension increases, yielding up to a fourfold difference. As sche
matized in Fig. 12B-C, Marangoni’s pressure promotes lateral spreading, 
while surface tension drives inward contraction. In magnitude, the 
equivalent pressure from surface tension nearly surpasses that from the 
Marangoni’s effect by a factor of twenty. Consequently, melt-track 
morphology is predominantly governed by surface-tension-driven 
flow, despite a non-negligible Marangoni contribution.

This mechanism becomes more pronounced at high contact angles. 
As illustrated in Fig. 12 C, the interface between the melt track and the 
substrate experiences an exceptionally large surface-tension-induced 
pressure, up to 25,000 Pa. This inward-directed force draws the 
molten material from the boundary toward the track center, thereby 
reducing the overall melt-track width, consistent with the morphology 
observed in Fig. 11. These results collectively demonstrate that surface 
tension plays a decisive role in shaping the melt-track profile, particu
larly under conditions of high contact angle.

The surface-tension distribution and velocity field along the longi
tudinal cross-section (A-A in Fig. 13 A) at 30 ms are shown in Fig. 13C- 
D. While surface tension acts normal to the melt-gas interface in all 
cases, its magnitude at the leading edge (the active laser-irradiation 
zone) is markedly intensified under high contact angles (90◦ and 
150◦), reaching values two to three times higher than in surrounding 
areas due to a transient deviation from the equilibrium contact angle. 
The resultant flow field (Fig. 13D) reveals that this elevated surface 
tension drives molten metal laterally toward the left-side lobe. This 

Fig. 12. Simulated results at t = 3 ms for three contact angles (30◦, 90◦, and 150◦): (A) melt-track morphology and temperature field, (B) Marangoni-driven pressure 
field, and (C) surface tension-driven pressure field.
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forcing intensifies with contact angle, producing a peak flow velocity in 
the 150◦ case approximately double that of the 30◦ case and leading to a 
significantly enlarged lobe.

To further investigate the origin of balling, melt-pool flow dynamics 
were analyzed for contact angles of 90◦ and 150◦ via temporal snapshots 
(Fig. 14 and Fig. 15). For 90◦ (Fig. 14), the flow structure remains 
consistent: surface-tension imbalance at the leading edge drives metal 
into the left-side lobe, forming a vortex at the transition region. This 
persistent, repeating process results in a continuous, uniform track 
(Fig. 10). In contrast, the 150◦ case (Fig. 15) exhibits dynamic insta
bility. The intensified leading-edge surface tension generates a stronger 
lateral push, leading to higher flow velocities. The resulting vortex zone 
becomes compressed and shifts toward the lobe's mid/rear section. The 
enlarged lobe accumulates material until a neck forms (e.g., at 40 and 
50 ms), effectively bifurcating the melt pool. Surface tension then fosters 
two opposing vortices on either side of the neck, blocking melt transfer 
from the leading edge to the initial lobe and promoting a new lobe 
downstream. This new lobe eventually mirrors the flow behavior of the 
first, completing a cycle of lobe formation and separation.

In summary, high contact angles induce strong surface tension at the 
leading edge, which significantly alters the internal flow structure of the 
melt pool. The resulting vortex localization near the lobe center en
hances lobe growth, ultimately causing the formation of a neck and 
subsequent separation into two lobes, a fundamental mechanism un
derpinning the balling effect. This conclusion is in agreement with 
existing experimental observations [2], which report that an increased 
contact angle of the molten material displaces new deposition away 

from the leading edge of previously deposited liquid, leading to 
discontinuous bead formation and promoting the balling defect in linear 
deposits. The present simulation not only corroborates this mechanism 
but also provides a quantitative and dynamic description that is difficult 
to obtain experimentally, such as detailed alterations in the internal melt 
pool flow, localized vortex evolution, and their direct role in lobe 
growth and separation, thereby offering a more comprehensive and 
mechanistic insight into the balling phenomenon.

3.3. Validation of ray-tracing model

The ray-tracing model is pivotal for accurately predicting the 
spatiotemporal distribution of laser energy absorption by both the 
feedstock particles and the evolving melt pool. The absorbed energy 
directly dictates the local thermal field, driving the thermodynamic 
behavior of the melt pool, including phase transitions and Marangoni- 
driven convection. Consequently, the fidelity of the ray-tracing algo
rithm is decisive in determining the thermal history and the resulting 
solidified morphology. Even minor inaccuracies in the optical energy 
coupling can lead to significant deviations in the predicted melt pool 
dimensions and surface topology.

To ensure the reliability of the proposed framework, this section 
presents a quantitative validation of the ray-tracing implementation 
against experimental benchmarks. Specifically, the predicted tempera
ture distributions and melt pool geometries are rigorously evaluated 
against corresponding experimental measurements. This validation is 
essential to confirm that the model correctly captures the complex 

Fig. 13. Simulated results at t = 30 ms for three contact angles (30◦, 90◦, and 150◦): (A) melt-track morphology and temperature field, (B) Marangoni-driven 
pressure field, (C) surface-tension field along section A-A (with vector arrows), and (D) velocity field along section A-A (with vector arrows).
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energy transfer mechanisms governing the interactions between the 
incident laser, the in-flight metallic particles, and the dynamic melt 
pool. Two distinct validation cases are examined: bare plate heating and 
powder stream heating.

3.3.1. Bare plate heating
The first benchmark involves the laser melting of a bare Ti− 6Al-4V 

substrate under constant scanning speeds, a standard configuration for 
investigating melt pool evolution without the complexity of powder 
addition. The thermophysical and optical properties of Ti− 6Al-4V are 
detailed in Tables E.1 and E.2, respectively. The processing parameters, 
covering a range of laser powers and scanning speeds for the eight 
validation cases, are summarized in Table E.3. The computational 
domain was defined with a fixed width of 300 μm and a uniform grid size 
of 3.75 μm, while the domain length and height were adjusted dynam
ically to accommodate the varying scanning speeds and melt pool 
depths. A detailed mesh sensitivity analysis for the present numerical 
framework can be found in our previous study [32], where the influence 
of grid resolution on the predicted melt pool characteristics was sys
tematically evaluated. An adaptive time-stepping scheme was 
employed, governed by the Courant-Friedrichs-Lewy (CFL) condition, 
with the Courant number strictly capped at 0.5 to ensure numerical 

stability.
It should be noted that, although similar benchmark configurations 

were investigated in our previous work [77], the numerical framework 
adopted in the present study differs significantly. The current solver is a 
fully GPU-resident implementation developed in CUDA C + + , with the 
governing equations, VOF interface capturing scheme, and laser 
ray-tracing model all redesigned to exploit massive parallelism on GPUs. 
Additionally, the present study employs the MULES algorithm for 
interface capturing, and vaporization effects are not explicitly consid
ered. A dedicated validation of melt pool morphology is therefore 
necessary to demonstrate the accuracy and robustness of the present 
computational framework.

Fig. 16 A and B present a comparison between the experimentally 
observed [97] and numerically predicted melt pool morphologies across 
the eight validation cases. The results reveal distinct flow regimes driven 
by the processing parameters. In Cases III-V, characterized by lower 
scanning speeds, the melt pool exhibits a keyhole mode. Here, the model 
successfully captures the localized expansion and deep penetration 
caused by multiple internal reflections of the laser beam within the 
vapor depression. Conversely, as the scanning speed increases, the melt 
pool transitions into a conduction mode, becoming shallower and more 
elongated. The proposed ray-tracing model accurately reproduces these 

Fig. 14. Simulated results for a contact angle of 90◦ at six time instants: (A) velocity field along section A-A, and (B) schematic of melt-pool flow patterns along 
section A-A. Note: the position of section A-A is illustrated in Fig. 13 A.
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geometric transitions, demonstrating its capability to capture the com
plex laser-matter interactions across a broad process window.

To quantify the model's accuracy, the simulated melt pool depth and 
the tangent of the front wall angle are compared against empirical linear 
correlations derived from extensive experiments [97] (Fig. 16 C and D). 
The simulation results show excellent agreement with the experimental 
data across all eight cases, which were strategically selected to cover a 
wide spectrum of energy densities. Quantitatively, the root-mean-square 
errors (RMSE) of the predicted keyhole depth obtained from the eight 
cases in Fig. 16 C and Fig. 16D are approximately 4.2 μm and 6.5 μm, 
respectively. These values correspond to about 2.4% and 3.7% of the 
average keyhole depth (175.5 μm), indicating that the deviations remain 
within an acceptable error range. The remaining discrepancies may be 
attributed to several modeling simplifications, such as the absence of an 
explicitly resolved high-velocity vapor jet. Crucially, the minor dis
crepancies observed fall well within the reported experimental error 
margins [97]. This robust quantitative agreement provides strong evi
dence for the validity of the present ray-tracing formulation in pre
dicting precise melt pool morphologies.

3.3.2. Powder stream heating
This study extends the validation to the PB-DED process regime, 

where the interaction between the laser beam and the dynamic powder 
stream is critical. A second benchmark case was established based on the 
experimental setup reported in Ref. [37]. The configuration features two 
convergent powder streams inclined at 20◦, injected from a nozzle with 
a 10 mm tip diameter. These streams intersect at the laser focal plane, 
where in-flight particle temperatures were experimentally measured. 
The feedstock material is AISI 304 stainless steel, with simulation pa
rameters detailed in Table E.4. The particles are modeled as uniform 
spheres with a radius of 45 μm, an initial temperature of 60 ◦C, and a 
mean velocity of 1.38 m/s. The laser beam radius is set to 0.75 mm, and 
three distinct power levels, 500 W, 800 W, and 1000 W, were evaluated.

To investigate the effects of particle distribution density, two 
representative simulation scenarios were constructed. Case I (Fig. 17 A) 
represents an idealized sparse stream, where each nozzle releases a 
single particle per time step with a minor random positional offset 
(within one particle diameter). In this regime, inter-particle collisions 
are negligible, and heating is dominated by direct laser irradiation. In 
contrast, Case II (Fig. 17 C) mimics realistic high-density nozzle 

Fig. 15. Simulated results for a contact angle of 150◦ at six time instants: (A) velocity field along section A-A, and (B) schematic of melt-pool flow patterns along 
section A-A. Note: the position of section A-A is illustrated in Fig. 13 A.
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behavior. Here, each stream emits five particles per interval with 
varying velocity vectors, generating a dispersed cloud. This configura
tion accounts for stochastic inter-particle collisions prior to reaching the 
focal zone, resulting in a spatially irregular distribution that signifi
cantly alters the optical path.

Fig. 17B and D quantify the temporal evolution of the average par
ticle temperature at the focal plane. Given the stochastic nature of in
jection and collision dynamics, the temperature was averaged over a 
control volume centered at the theoretical intersection point. The sam
pling domain was defined as 400 μm × 400 μm × 600 μm in the x, y, and 
z directions, respectively. The constrained dimensions in the x and y 
directions serve to exclude artifacts from substrate rebound, while the 
extended z-dimension ensures a sufficient sample size for statistically 
robust averaging.

A comparative analysis of Fig. 17B and D reveals that Case I exhibits 
relatively stable thermal histories, consistent with its simplified, 
collision-free nature. Conversely, Case II displays significant temporal 
fluctuations. Quantitatively, the standard deviations of particle tem
perature for Case I are 25.7 K, 33.9 K, and 42.7 K across the three power 
levels. In Case II, these values rise sharply to 74.4 K, 117.1 K, and 
105.2 K, approximately a two- to threefold increase. This substantial 
variance in the realistic case highlights the impact of complex optical 
phenomena, including mutual shadowing, multi-scattering, and the 
stochasticity of particle trajectories, on local thermal variability.

Notwithstanding these instantaneous fluctuations, the time-averaged 
particle temperature exhibits statistical convergence, accurately 
reflecting the net energy absorption of the powder stream. As summa
rized in Table 1, the simulated average temperatures at the focal plane 
show excellent agreement with experimental measurements, with a 

maximum relative deviation of less than 5%. This high level of 
concordance confirms the fidelity of the proposed ray-tracing frame
work in capturing the intricate thermodynamics of laser-powder in
teractions under realistic PB-DED conditions.

3.4. Validation of PB-DED

Having independently validated the constituent modules of the 
proposed methodology, we proceeded to perform a full-scale PB-DED 
simulation to comprehensively assess the integrated performance of the 
multi-phase semi-resolved CFD-DEM framework. In PB-DED, the final 
morphology of the deposited melt track is a cumulative result of com
plex multi-physics interactions and serves as a critical metric for the 
model's predictive fidelity. In this section, numerical simulations are 
conducted and benchmarked against the experimental data reported in 
Ref. [37] (employing the same experimental setup detailed in Section 
3.3.2). Four representative cases, spanning various combinations of 
laser power, scanning speed, and powder mass flow rate, were selected 
for validation, as summarized in Table E.5.

The substrate and feedstock material employed is AISI 304 stainless 
steel, with thermophysical properties listed in Table E.4. For this specific 
benchmark, metal evaporation is neglected; consequently, vaporization- 
related parameters are excluded. The powder injection configuration 
follows the schematic in Fig. 17 A, featuring two powder streams in
clined at 20◦ relative to the z-axis. Regarding the optical focal plane, as 
the exact position was not specified in the reference experiment, it is 
assumed to coincide with the substrate top surface to maximize powder 
catchment efficiency. The powder mass flow rate is regulated by the 
particle injection frequency; for example, a rate of 4 g/min is achieved 

Fig. 16. Comparison between experimental [97] and simulated results for the validation of the proposed ray-tracing model. (A) Experimental melt pool mor
phologies under different laser powers and scanning speeds. (B) Simulated melt pool morphologies under the same conditions. (C) Comparison of melt pool depths 
from experiments and simulations with the experimentally fitted line [97] versus laser power. (D) Comparison of the tangent of the front keyhole wall angle versus 
keyhole depth between experimental [97] and simulated results for all eight cases (Table E.3).
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by injecting four particles every 165 μs.
The computational domain encompasses a volume of 

10 × 6 × 5.5 mm3. To balance accuracy and computational cost, an 
adaptive mesh refinement (AMR) strategy was implemented: a back
ground grid size of 100 μm was used for the far field, while a refined grid 
of 50 μm was locally applied to the melt track and the substrate interface 
region. The particle radius was fixed at 45 μm. Temporal discretization 
was governed by the CFL criterion, with the Courant number capped at 
0.5. To ensure numerical stability, a hard ceiling of 50 μs was imposed 
on the time step, with the actual step size being the minimum of the CFL- 
derived value and this limit. The solid-liquid contact angle was cali
brated based on the experimental wetting profiles (Fig. 18 C and D) and 

was prescribed as 30◦ for these simulations. Details of the convergence 
study based on Case I are provided in Appendix F.

Fig. 18A and B depict the simulated melt track morphologies for Case 
I and Case IV, respectively. For rigorous validation, cross-sectional 
profiles were extracted at x = 5.5 mm from both the simulations and 
the corresponding experiments (Fig. 18 C and D). While experimental 
cross-sections were available only for these two cases, the simulated 
profiles for all cases are documented. Table 2 summarizes the quanti
tative evaluation of three key geometric parameters: height above sub
strate (h1), remelted depth (h2), and maximum width (d), as defined 
schematically in Fig. 18D.

The quantitative comparisons reveal that the melt track geometry is 
highly sensitive to process parameters. For instance, decreasing the 
scanning speed from 1000 mm/s (Case I) to 500 mm/s (Case II) results 
in a near-doubling of the melt pool height, from 0.182 mm to 0.354 mm. 
The proposed numerical framework successfully captures these non- 
linear dependencies, exhibiting excellent agreement with experimental 
measurements. The relative discrepancy between simulated and exper
imental results remains within approximately 5% across all metrics. 
Such deviations may partially originate from unavoidable uncertainties 
in the experimental conditions, as well as modeling simplifications 
adopted in the present study. In particular, the exact laser intensity 
distribution of the experimental system is not available. Therefore, a 
commonly used Gaussian beam profile was assumed in the ray-tracing 
model, which may introduce minor differences in the predicted energy 
deposition. This high level of accuracy confirms the applicability of the 

Fig. 17. (A and C) Numerical models of powder stream heating for Case I (A) and II (C); (B and D) Simulated temperature of powder particles at the focal plane under 
three laser energy levels (500, 800, and 1000 W) for Case I (B) and II (D).

Table 1 
Comparison of experimental [37] and numerical results for powder stream 
heating.

Laser power 
[W]

Temperature of powder particles at the focal plane

Experiment results [℃] 
[37]

Simulation results 
[℃]

Error [%]

Case I Case II Case I Case 
II

500 321.22 308.04 313.46 4.1 2.4
800 488.61 493.32 502.28 1.0 2.8
1000 608.81 595.62 606.65 2.2 0.4
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algorithm for predicting deposit morphology in PB-DED processes. 
Critically, the predictive fidelity of the full-scale simulation is a direct 
consequence of the accurate resolution of the underlying sub-processes 
validated in Sections 3.1–3.3, specifically, the precise coupling of 
particle-laser heating (Fig. 17, Table 1) and the robust hydrodynamics of 
the melt pool (Fig. 16).

4. Illustrative simulations

4.1. Model setup

Accurate simulation of large-scale PB-DED processes is critical for 
advancing their industrial applications, as it enables the prediction and 

Fig. 18. Comparison of simulated and experimental melt tracks [37]: surface morphology for Case I (A, C) and Case IV (B, D); cross-sectional profiles for Case III (E) 
and Case II (F). All cross-sections (C-F) are extracted at x = 5.5 mm, as indicated in (A, B), and are aligned along a common y-axis.

Table 2 
Comparison of experimental [37] and numerical results for melt track morphology.

Case Experimental results [mm] [37] Simulation results [mm] Absolute error [%]

h1 h1 + h2 d h1 h1 + h2 d h1 h1 + h2 d

I 0.354 0.936 1.663 0.349 0.899 1.646 1.41 3.98 1.02
II 0.182 0.614 1.351 0.175 0.625 1.300 3.85 1.79 3.77
III 0.484 0.992 1.869 0.481 0.981 1.967 0.62 1.11 5.24
IV 0.283 0.717 1.441 0.291 0.741 1.500 2.82 3.23 3.93
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mitigation of defects, the optimization of process parameters, and a 
deeper understanding of the complex multi-physics phenomena 
involved. To further demonstrate the capability of the proposed algo
rithm in handling large-scale PB-DED applications, including multi- 
laser, multi-powder-stream, multi-layer, and multi-track scenarios, this 
chapter presents an illustrative case study that simulates the printing of 
our laboratory’s lettered logo: “HKUST CGML.1”Fig. 19 A illustrates the 
layout of the nine letters. Except for the letter 'T', which has a width of 
6 mm, all other letters are 4 mm wide, while the height of every letter is 
8 mm. The letters are arranged in two rows separated by a 6 mm gap, 
with a 4 mm spacing between adjacent letters within the same row. Each 
of the nine letters is printed independently using a single-sided powder 
feeding configuration, which accordingly employs nine powder streams 
and nine laser beams (Fig. 19B). During the actual printing process, for 
each letter, the powder streams and laser beams are continuously moved 
from a starting point until the entire letter is completed. The scanning 

speed is set to 0.1 m/s for letters with non-repeating strokes (e.g., U, S, 
L) and increased to 0.2 m/s for letters containing overlapping or 
repeated strokes (e.g., T, H). The powder material used is Ti− 6Al-4V, 
with material properties provided in Table E.1 and Table E.2. The 
powder particles have diameters of 80 μm, 90 μm, and 100 μm, with a 
proportional distribution of 0.3, 0.4, and 0.3, respectively. The initial 
temperature of both the computational domain and the powder particles 
is set to 300 K. A fixed temperature boundary of 300 K is also imposed at 
the bottom of the substrate. The substrate thickness is set to 3 mm, 
which is approximately twice the characteristic size of the laser inter
action region. According to the simulation results, the temperature at 
the substrate surface about 3 mm away from the laser center is only 
around 315 K. Therefore, the 3 mm substrate thickness is considered 
sufficient to minimize the influence of the bottom boundary condition 
while maintaining computational efficiency.

Each laser beam has a radius of 0.75 mm and a power of 1000 W, 
with a Gaussian energy distribution. The computational domain mea
sures 44 mm × 30 mm × 4 mm. An adaptive mesh refinement technique 
is applied, with a background grid size of 200 μm and a refined grid size 
of 100 μm. In this simulation, the number of refined grids ranges 

Fig. 19. Schematic diagram of the illustrative simulation setup: (A) Top and front views of the nine-letter logo with dimensional annotations; (B) Distribution of the 
temperature field and powder streams in the model.

1 Here, “HKUST” stands for the Hong Kong University of Science and Technol
ogy, and “CGML” denotes the Computational Granular Mechanics Laboratory.
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between 1.6 million and 2.0 million, depending on the length of the melt 
track. The time step is adaptively controlled by the Courant-Friedrichs- 
Lewy (CFL) condition, with a maximum CFL number of 0.5. To ensure 
numerical accuracy, the time step is capped at 50 μs. Under the above 
settings, simulating 0.5 s of the physical process required approximately 
9 h of computation time on an NVIDIA GeForce RTX 5070 GPU. The 
memory consumption of the present approach was observed to be 
approximately 2 GB per million grid cells.

In contrast, a traditional fully resolved approach would require 
explicitly resolving the flow field around every individual powder par
ticle, resulting in a mesh density at least 512 times larger than that used 
in the present semi-resolved model for the same computational domain. 
Consequently, the fully resolved method would lead to a prohibitive 
memory requirement exceeding 1 TB, which is far beyond the capacity 
of typical single-GPU workstations. By comparison, the proposed semi- 
resolved framework completes the same simulation using less than 
16 GB of GPU memory, demonstrating its substantial advantage in 
computational efficiency.

4.2. Simulation results

Fig. 20 illustrates the printing process of the logo, where each laser 
and powder stream is dedicated to an individual letter, which moves at 
predefined speeds in a periodic, multi-layer deposition pattern. Notably, 
upon completing the first layer of a letter, its trajectory reverses to 

return the laser and powder stream to the starting point before repeating 
the motion. For instance, as shown in Fig. 20, the letter T undergoes its 
initial forward printing between 0 s and 0.1 s, followed by a reverse 
printing phase, as observed at 0.2 s. By 0.3 s, the letter T has entered its 
second full printing cycle. The direction of laser movement can be 
inferred from the temperature distribution along the melt track. For 
example, at 0.3 s and 0.5 s, the melt pool position in the letter U appears 
nearly identical. However, the thermal gradient along the adjacent melt 
track is reversed, indicating opposite scanning directions and forward at 

Fig. 20. Snapshots of the temperature field and melt track morphology at different time instants: 0.005 s, 0.05 s, 0.1 s, 0.2 s, 0.3 s, and 0.5 s.

Fig. 21. Temporal evolution of powder catchment ratio, defined as the ratio of 
incorporated powder to injected powder.
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0.3 s and reverse at 0.5 s.
Fig. 21 presents the time evolution of the powder catchment ratio, 

defined as the ratio of incorporated powder to injected powder. This 
metric highlights a key advantage of the CFD-DEM framework, namely 
its capability to directly quantify powder utilization efficiency during 
the deposition process. At the initial stage, before melting occurs, most 

particles impinge on the substrate and rebound, resulting in a negligible 
catchment ratio. As laser heating is applied and melting initiates, par
ticles increasingly enter and are captured by the melt pool, leading to a 
gradual increase in the powder catchment ratio. Due to the stochastic 
nature of particle injection, fluctuations are observed in the early stage. 
Over time, the system reaches a quasi-steady state, with the powder 

Fig. 22. Comparison of melt pool morphology and temperature distribution for (A) non-bifurcating paths (letters U and S) and (B) bifurcating paths (letters H and T).

Fig. 23. Melt pool characteristics for different geometric features: temperature field, velocity vectors, and Marangoni force in the letter U (A) and at the bifurcation 
of the letter T (B). The color on the metal surface represents the temperature field, while the arrows indicate vector quantities (e.g., velocity or force), with the arrow 
color corresponding to their magnitudes.
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catchment ratio stabilizing at approximately 0.73.
Further analysis of the simulation results at 0.3 s and 0.5 s reveals 

that remelting leads to visible discontinuities in the melt track. Here, the 
remelt region is defined as an area where previously solidified material 
is reheated and melted again due to subsequent powder deposition and 
laser interaction. To systematically investigate this behavior, letters are 
categorized into two types based on path geometry: non-bifurcating and 
bifurcating. Fig. 22 presents magnified views of these two categories 
during printing. In non-bifurcating letters (Fig. 22 A), discontinuities are 
primarily observed in remelt regions but tend to diminish with further 
deposition. In contrast, for bifurcating letters (Fig. 22B), a discontinuous 
interface forms at path intersections in addition to remelt-induced gaps. 
This interface persists after solidification, resulting in a distinct bound
ary. This occurs because the remelted original track and the newly 
formed melt flow, influenced by surface tension and contact angle 

effects, merge into a hemispherical melt track similar to that shown in 
Fig. 9. The resulting geometry produces a discontinuous interface with 
the intersecting track.

Fig. 23 further depicts the velocity vector, Marangoni force and 
surface tension distributions in the melt pool of letter U and at the 
bifurcation of letter T, respectively. First, the overall trends of the ve
locity field show high consistency with the distributions of Marangoni 
force and surface tension. It is observed that the molten fluid near the 
laser center predominantly flows opposite to the scanning direction. 
Regarding the driving forces, the Marangoni force vector points radially 
outward from the laser center, driven by the negative temperature co
efficient of surface tension and the peak temperature at the center. 
Conversely, the surface tension acts perpendicular to the melt pool 
surface, pointing almost exclusively inward. It is worth noting that the 
surface tension at the melt pool boundaries is significantly intensified, 

Fig. 24. Transient melt pool characteristics during T-shaped scanning: temperature field (A), cross-sectional velocity vectors (B), surface tension (C), and Marangoni 
forces (D). Note that the results in (B)-(D) are presented on the cross-section A-A indicated in (A). It is important to clarify that while the Marangoni forces (D) appear 
to have normal components in this 2D projection, they are physically defined as shear stresses acting tangentially to the 3D free surface. The apparent downward 
inclination is a geometric artifact resulting from intersecting the curved 3D surface vectors with the 2D cross-sectional plane.
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reaching magnitudes up to twice those found in the pool center. 
Furthermore, a quantitative comparison of the two forces indicates that 
the equivalent pressure generated by surface tension (Laplace pressure) 
is 5–10 times greater than the Marangoni pressure, highlighting its 
dominant role in maintaining the melt pool morphology.

To elucidate the formation mechanism of the discontinuous interface 
at the bifurcation, the temporal evolution of the melt pool morphology, 
along with the velocity, surface tension, and Marangoni force fields for 
the letter T, are analyzed at four distinct moments, as shown in Fig. 24. 
Additionally, Fig. 25 provides a quantitative correlation between the 
interface profile and the driving forces. These moments capture the 
dynamic transition of the melt pool during the turning process, where 
the surface morphology evolves from significant fluctuation to a stable 
smooth arc. At t = 0.265 s, immediately prior to the laser entering the 
bifurcation zone, the molten fluid exhibits a strong backward convection 
consistent with Fig. 23, initially triggered by Marangoni shear stresses. 
This continuous backward mass transport leads to the formation of a 
"neck" at the leading edge. A critical observation from Fig. 25 is the 
magnitude of the surface tension pressure in this neck region, which 
peaks at approximately 2165 Pa. This dominant capillary force squeezes 
the fluid downward, significantly intensifying the backward flow. While 
the Marangoni force attempts to counteract this capillary-driven flow, 
its magnitude is insufficient, ranging from only 10% to 20% of the 
surface tension pressure, confirming that surface tension is the govern
ing force in the necking phenomenon.

Subsequently, as the laser proceeds away from the bifurcation, the 
local solidification front advances on the left side of the neck (near the 
pre-existing track), causing the neck geometry to vanish from the cross- 
section of the melt pool. Although the force fields homogenize during 
this phase, the surface tension remains dominant (exceeding the Mar
angoni force by a factor of at least two). This force balance dictates a 
convex equilibrium shape, constraining lateral spreading. The solidifi
cation of this transient flow structure ultimately manifests as the 
observed discontinuous interface in the solidified track.

This illustrative case, involving the printing of nine letters with 
varying path geometries, demonstrates the capability of the proposed 
method to simulate large-scale PB-DED processes. It successfully handles 
complex scanning paths, multi-layer and multi-track deposition, and the 
interaction of multiple laser and powder beams. Beyond numerical 
robustness, the framework provides deep physical insights into the 
competitive mechanisms between capillary and thermocapillary forces. 
These insights are pivotal for practical engineering applications, offering 
a predictive basis for tailoring scanning patterns to counteract surface 
tension-driven instabilities, thus ensuring high part quality even in 
components with intricate topological features.

5. Conclusions and outlooks

In this work, we have established a comprehensive, high-fidelity 
computational framework for powder-based directed energy deposi
tion (PB-DED) by unifying a semi-resolved CFD-DEM coupling with a 
sophisticated multi-physics laser-matter interaction model. The pro
posed methodology successfully bridges a critical gap in the simulation 
landscape, enabling the simultaneous resolution of powder-scale dy
namics and continuum-scale melt pool evolution, which is essential for 
predicting mesoscale defect formation in PB-DED.

The core achievements of this study are threefold. First, an existing 
kernel-based semi-resolved CFD-DEM framework is adapted and 
extended for PB-DED processes, and systematically assessed to demon
strate that it provides an effective balance between computational effi
ciency and physical fidelity at relevant length scales. This is achieved by 
incorporating problem-specific physical models, including particle 
collision dynamics, phase change behavior, and a VOF-compatible ray- 
tracing laser model, enabling a physically consistent treatment of laser 
energy deposition on both discrete particles and the diffuse melt pool 
interface within a unified framework. Second, the framework’s predic
tive capability is verified across a range of coupled phenomena, 
including particle transport, contact-angle-driven wetting, and laser 
heating of both bare substrates and powder streams, showing good 
agreement with available experimental data. Furthermore, the model 
provides mechanistic insights into key process instabilities, including 
the balling effect and the formation of discontinuous interfaces induced 
by bifurcating paths in multi-track and multi-layer deposition, high
lighting its potential for improved understanding of defect formation 
and for supporting process optimization in PB-DED. Third, by rede
signing the entire computational pipeline for GPU architectures, the 
proposed approach enables large-scale, high-resolution simulations of 
complex multi-laser, multi-track, and multi-layer deposition processes 
on cost-effective hardware, significantly improving computational effi
ciency. An illustrative multi-track simulation further demonstrates the 
capability of the framework and suggests its potential for extension to 
realistic engineering-scale applications.

While the current model offers a powerful foundation, future work 
will focus on incorporating more granular physics, including the explicit 
modeling of nozzle gas flow, the temperature-dependent evolution of 
contact angles, and the effects of partial particle melting in-flight. These 
enhancements will further solidify the framework's role as a cornerstone 
for the next generation of predictive, optimized, and intelligent metal 
additive manufacturing processes.
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intensity profile in laser-based directed energy deposition: A high-fidelity thermal- 
fluid modeling approach, Addit. Manuf. 86 (2024) 104227.

[52] M. Sattari, M. Luckabauer, A. Ebrahimi, G.-w R.B.E. Römer, Computational study 
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