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A B S T R A C T

Cold spray (CS) is a solid-state particle deposition technology extensively utilized for coating and more recently 
for additive manufacturing applications. While detailed numerical modeling of CS deposition offers substantial 
benefits for process optimization, existing methods are hindered by significant computational demands. As a 
result, simulations are typically confined to a small number of powder particles, which does not adequately 
reflect the actual deposition dynamics and therefore limits the effectiveness of simulations for deposition 
assessment. In this study, a high-fidelity open-source multi-particle impact framework (Free2Spray) is developed 
to simulate large-scale (>10,000 particles) CS deposition at a considerably convenient computational cost. The 
model can accurately track material changes during deposition by splitting the process into sections, each with 
randomly placed particles. These sections are added step by step, carrying over all data from one to the next. 
Python scripts are developed to automate this workflow, requiring the user to specify a few key parameters. The 
framework is also equipped with our recently developed high-precision material model implemented via a user- 
defined hardening (VUHARD) subroutine to accurately capture the realistic particle deformation. The developed 
framework is proven to accurately predict the shape profiles and surface roughness of experimental single-layer 
single-track deposits under various nozzle scanning speeds and reproduces the experimental cross-sectional 
particle deformation and flattening ratios. Compared with the standard Eulerian schemes, the proposed frame
work reduces the computational time and memory usage by 34% and 35%, respectively. These results demon
strate that the proposed framework significantly improves computational efficiency while maintaining high 
accuracy, enabling personal computers to simulate the CS deposition process with ten million elements and 
providing a reliable tool for predicting deposit morphology and particle deformation behavior. The source codes 
are provided (https://github.com/xuanyge/Free2Spray.git) to enable interested researchers to utilize and 
implement them.

1. Introduction

Cold spray (CS) constitutes a solid-state particle deposition tech
nology in which micro-sized powders are entrained in a stream of pre
heated, high-pressure gas and accelerated to supersonic or near- 
supersonic velocities (300–1200 m/s) to impact a substrate and form 
dense deposits [1,2]. CS was traditionally applied for repair and coating 
fabrication [3], but it is now increasingly adopted in additive 
manufacturing, commonly referred to as cold spray additive 
manufacturing (CSAM) [4–7]. Relative to fusion-based AM methods [8], 
CSAM provides several distinct advantages. These include exceptionally 
high deposition rates, the capability to fabricate large and complex 

structures, broad compatibility with metals, alloys and heterogeneous 
materials, and the elimination of melting, which minimizes thermal 
residual stresses and prevents associated metallurgical degradation 
[9–12]. However, two main issues still restrict the application of CSAM: 
the relatively limited geometric accuracy of the fabricated deposits [4, 
13] and their suboptimal mechanical properties in as-sprayed conditions 
for some classes of materials [14]. It should be emphasized that 
addressing these issues experimentally is both challenging and costly 
[15]. Therefore, numerical simulations can play a crucial role in 
enhancing our understanding and providing reliable predictions of the 
CS deposit characteristics.

Currently, numerical studies on CS can be roughly divided into three 
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main categories: investigations of particle in-flight behavior, simula
tions of the particle deposition process and predictions of deposit ge
ometry. Particle in-flight behavior is primarily simulated using 
computational fluid dynamics. Details like particle velocity, trajectory 
and temperature, as they leave the nozzle and approach the substrate, 
can be derived by analyzing gas-particle interactions [16–18]. 
Regarding deposit shape prediction, physics-based theoretical models 
and data-driven methods have been recently used to estimate the deposit 
geometry. Partial differential equations are derived from the spatial 
distribution of particles in the spray jet and have successfully predicted 
deposit profiles under multi-tracks, various spray angles, and different 
substrate geometries [19–21]. The data-driven methods predict deposit 
geometry by learning from existing datasets, enabling more accurate 
estimations of edge contours and complex three-dimensional surfaces 
[13,22]. Simulations of the particle deposition process, on the other 
hand, are mainly based on the Lagrangian and Eulerian schemes of the 
finite element method (FEM), meshless methods such as smoothed 
particle hydrodynamics (SPH) and molecular dynamics (MD) [23]. The 
Lagrangian scheme can accurately track the deformation of individual 
particles [24]. However, it suffers from convergence issues due to 
excessive element distortion in high-velocity impacts and multi-particle 
scenarios [25,26]. In contrast, the Eulerian scheme can accommodate 
large deformations and continuous material flow without mesh distor
tion, making it well-suited for multi-particle simulations [27–29]. The 
pioneering coupled Eulerian-Lagrangian (CEL) framework developed by 
Li et al. [30–33] has been demonstrated to accurately capture particle 
deformation behavior and predict the critical velocity. SPH effectively 
handles free surfaces and large deformations, yet its accuracy strongly 
depends on the particle resolution and ensuring numerical stability 
when subjected to tensile stress remains difficult [34,35]. MD can cap
ture microscopic particle interactions and nanoscale effects, providing 
detailed insights into deposition mechanisms; however, its high 
computational cost restricts its direct applicability to macroscopic 
analysis [36,37].

While these simulation approaches primarily support process opti
mization and deposit characterization from different perspectives, they 
are fundamentally constrained by their application to systems that are 
significantly smaller than those encountered in practical CS deposition. 
As a result, the predictive capacity of current models remains limited. 
Thus, the development of a modeling framework capable of bridging this 
scale gap would represent a substantial advancement, offering more 
comprehensive and reliable insights for both process optimization and 
deposit physical and mechanical characterization. High-fidelity simu
lation approaches have been widely applied in other AM techniques 
[38–41]. For CS simulations, achieving real-scale modeling appears to 
be challenging. Most multi-particle CS simulations rely on the Eulerian 
scheme, in which particles must be discretized as material volume 
fractions (VFs) within the Eulerian mesh. This approach is inherently 
inefficient because it requires a very large number of elements. Besides, 
the accuracy of the Eulerian scheme is restricted by mesh resolution, as a 
coarse mesh is inefficient to adequately discretize particles [42,43]. 
Moreover, when the number of particles increases, the Eulerian domain 
must be enlarged accordingly, further increasing the total number of 
elements. As a result, the maximum number of particles modeled in 
previous studies with the Eulerian scheme has been limited to approx
imately 500 [28]. In a recent study, Zhang et al. developed a customized 
SPH framework to simulate a real-scale CS process involving up to 200, 
000 particles [44]. Using this large-scale SPH model, they successfully 
predicted the cross-sectional profile of the AISI 316 L deposit and further 
predicted the porosity of the deposits by adopting a refined SPH reso
lution. The efficiency of the developed SPH framework was achieved 
through 24-core CPU parallelization, enabling a multi-particle deposi
tion simulation involving up to 14,527,275 degrees of freedom within 
30 h [44]. Despite recent advancements in SPH methods, FEM-based 
approaches remain highly attractive for CS simulations due to their 
wide engineering application, mature constitutive models, and superior 

computational efficiency. Furthermore, their inherent compatibility 
with downstream structural mechanics analyses facilitates the direct 
mapping of Lagrangian or Eulerian simulation results into other FEM 
models for subsequent mechanical property evaluation [45–48]. 
Therefore, the Eulerian scheme appears to be a more suitable choice for 
extended CS multi-particle simulation and analysis; however, it neces
sitates fine discretization of powder particles, which significantly re
duces computational efficiency [33]. Therefore, enhancements to the 
standard Eulerian scheme are essential to facilitate large-scale 
simulations.

From another point of view, in CS simulations, the material consti
tutive model is one of the most important factors determining the ac
curacy of the results. Johnson–Cook (JC) model [49] remains the most 
widely adopted constitutive model, as it incorporates the effects of strain 
hardening, strain rate hardening, and thermal softening on flow stress. 
Nevertheless, some studies have shown that the JC model tends to 
significantly exaggerate particle deformation in CS applications 
[50–52]. This limitation stems from the fact that JC was originally 
calibrated for strain-rate regimes (<104 s− 1) that are significantly lower 
than those typically encountered in CS (~107− 109 s− 1) [50]. To over
come this deficiency, modified JC [52] and other [53,54] constitutive 
models have been introduced to better capture the extreme particle 
deformation in CS. Recently, we developed a new material model for CS 
simulations (hereafter referred to as the Ge model) and validated its 
accuracy by simulating the impact behavior of copper (Cu) particles 
deposited over a wide range of velocities [55]. However, currently the 
accuracy of our model has been evaluated only for predicting 
single-particle impact deformation, and further investigations are 
required to assess its reliability in simulating material behavior at 
size-realistic CS impact scenarios.

To address the abovementioned challenges, herein, we propose an 
original open-source multi-particle impact framework to simulate the 
large-scale CS deposition process. The framework is implemented using 
an upgraded Eulerian scheme in Abaqus, which adopts a recurring 
simulation strategy to substantially improve computational efficiency. 
In this framework, several particle batches with random spatial distri
bution are generated, and the corresponding VFs are calculated using a 
pre-processing Python script. Recurring simulations are then conducted 
by applying the execution script. Moreover, the framework integrates 
our recently developed high-precision material model to describe the 
particle deformation behavior. Compared with the standard Eulerian 
scheme, the proposed framework offers a significant reduction in 
computational cost, both in terms of runtime and memory consumption, 
while maintaining high predictive accuracy. Single-track and multi- 
track deposition experiments at different scanning speeds were con
ducted to validate the results of the proposed framework. The capability 
of the framework was demonstrated by accurately reproducing the 
overall profiles, local surface roughness and particle flattening ratios of 
various CS deposits. The results indicate that the proposed computa
tional framework provides a high-fidelity and efficient tool for both 
large-scale morphology prediction and particle-scale analysis in CS 
deposition processes.

This paper is structured as follows. Section 2 details the experimental 
setup for single- and multi-track deposition. Section 3 introduces the 
proposed framework and the corresponding material model. Section 4
assesses the computational efficiency of the proposed framework, and 
Section 5 validates the model through comparisons between simulation 
results and experimental data. Finally, the main conclusions are sum
marized in Section 6.

2. Experimental set-up

In this study, pure Cu powder and pure Cu substrates were chosen as 
the target materials. Previous work demonstrated that properly designed 
CS processing can improve the ductility of Cu deposits without 
compromising strength, providing an important insight into the CSAM 
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[56]. A commercial spherical Cu powder (Safina, CZ) with a purity of 
99.5% and a particle volume distribution of D10 = 19 μm, D50 = 30 μm, 
and D 90 = 52 μm was used as the powder feedstock, with particle 
diameter ranging from 10 to 85 μm. Cu substrates of 62 × 20 × 3 mm3 
were cut and polished before deposition. An Impact 6/11 CS gun 
equipped with a tungsten carbide de Laval nozzle (Out1, Impact In
novations, DE) was used for the CS deposition experiments, as shown in 
Fig. 1(a). The nozzle geometry included a throat diameter of 1.35 mm, 
an exit diameter of 3.2 mm, a converging section length of 50 mm, and a 
prechamber diameter of 12 mm. For all experiments, N2 was used as the 
carrier gas, and gas temperature and pressure were set to 750 ℃ and 
40 bar, respectively. Powder feed rate and stand-off distance were fixed 
at 42.2 g/min and 30 mm, respectively. For different samples, only the 
scan strategy and scanning speed were varied, as listed in Table 1. First, 
single-layer single-track CS depositions were performed with three 
different scanning speeds to obtain the profile of the single-track de
posits with varying thicknesses. Subsequently, a multi-layer multi-track 
CS deposition was conducted to get a relatively thick deposit, which was 
used to examine the particles’ flattening ratio within the deposit.

For realistic deposition simulations, HiWatch HR2 (Oseir Ltd., FI) 
was used to measure particle velocities, diameters, and positions in the 
gas flow, as shown in Fig. 1(b). The HiWatch system determines particle 
size using laser scattering imaging as particles pass through an illumi
nated laser sheet. Particle velocity is calculated using a time-of-flight 
method by tracking their displacement between two closely spaced ex
posures. Particle position is recorded within the imaging plane, based on 
the detected location of individual particles [44].

After deposition, the single-layer single-track samples were first 
scanned by Mech-Eye UHP− 140-GL 3D camera (Mech Mind Ltd., CN) to 
acquire the deposits’ geometry. Then, the samples were cut perpendic
ular to the scanning direction and englobed into resin pucks for profile 
and metallographic analysis.

The englobed samples were subsequently prepared through grinding, 
polishing and ultrasonic cleaning until the deposit’s cross-section was 
scratch-free and ready for microscopic observation. For each single- 
layer single-track sample, 20 images of the cross-section were 
captured and merged to form a panoramic view. The cross-section of the 
multi-layer multi-track sample was chemically etched for 30 s using a 
saturated Na₂S₂O₃ + 40 g K₂S₂O₅ solution [57] to reveal the 
particle-particle interfaces prior to the microscopic observation. All 
samples were examined using an Eclipse LV150NL light optical micro
scope (OM)(Nikon, JP).

3. Multi-particle computational framework

An Eulerian-scheme multi-particle impact framework is developed to 
overcome the limitations of standard Eulerian CS simulations. This 
framework, termed “Free2Spray”, reflects its goal of enabling a simpler 
and more flexible approach for simulating the CS deposition process, 
particularly for large-scale multi-particle impact problems on ordinary 
personal computers. Although continuous analysis in Abaqus can be 
achieved using *Restart or *Initial state functions in the commonly used 
Lagrangian scheme, such approaches are primarily intended to continue 
an existing analysis while preserving the original computational domain 
and model configuration. Moreover, due to the severe deformation 
involved in particle impact, large-scale multi-particle Lagrangian sim
ulations commonly suffer from mesh distortion and convergence diffi
culties, making the Eulerian scheme more suitable for CS deposition 
problems. However, conventional restart approaches cannot be directly 
applied to Eulerian simulations, since material placement is governed by 
the VF field, which cannot be automatically reconstructed through 
standard restart procedures. To overcome these limitations, Free2Spray 
is developed as an automated recurring simulation framework capable 
of maintaining physically continuous deposition through sequential 
simulation cycles. The framework is implemented within the commer
cial FEM software Abaqus and is naturally divided into two components: 
“Pre-processing” and “Simulation execution”. In the pre-processing 
stage, the framework automatically calculates the VF field, extracts 
corresponding node sets from generated.inp files, and assigns initial 
velocity and temperature conditions to particle and substrate regions, 
thereby substantially reducing the labor-intensive setup typically 
required in Eulerian analyses. During simulation execution, key state 
variables, including VF, PEEQ, temperature, velocity, and stress, are 
transferred between successive cycles, while newly generated particle 
batches with randomized spatial arrangements replace particles leaving 
the deposition region, enabling continuous deposition and efficient 
computation without enlarging the Eulerian domain. In addition, the 
recently developed Ge model [55] is incorporated into the framework to 
enhance simulation accuracy. The components of the framework are 

Fig. 1. (a) Cu deposition on Cu substrate using the high-pressure CS system; (b) Measurement of particle velocities, diameters and positions in the gas flow using the 
HiWatch system.

Table 1 
Scan strategy and scanning speed for different samples.

Sample No. Scan type Scanning speed Vs (mm/s)

1 Single-layer single-track 160
2 Single-layer single-track 120
3 Single-layer single-track 80
4 Multi-layer multi-track 80
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discussed separately in the following sections.

3.1. Free2Spray: pre-processing

To perform Eulerian analysis in Abaqus, it is essential to encapsulate 
the simulated entities within the Eulerian domain to enable the calcu
lation of their VF [33]. For multi-particle CS simulations, a uniform 
mesh size is typically used throughout the entire Eulerian domain to 
ensure sufficient accuracy [27]. However, traditional multi-particle 
Eulerian simulations can be inefficient, as much of the mesh becomes 
inactive once particles deposit. To address this, a new approach is pro
posed, splitting the domain into three layers: flying particles (top), 
substrate (bottom), and impact region (middle), as shown in Fig. 2(a) 
and (b). Simulations proceed in cycles, once all particles have exited the 
top layer, the results (e.g. stress, strain, temperature and VF) are 
extracted and a new set of particles is introduced to substitute them, as 
shown in Fig. 2(c). A Python script automates initialization, particle 
distributions, material definitions, field assignments, and iterative file 
generation, handling the challenges of randomness and node assign
ment, thus maintaining simulation accuracy and efficiency. This method 
enables continuous particle deposition using the Eulerian scheme while 
reducing the number of required elements, resulting in significant 
memory and computational savings.

The pre-processing workflow consists of three steps: reading particle 
distribution and creating instances for particles, substrate, and domain; 
initializing material properties, analysis steps, and boundary conditions; 
and finally computing VF while assigning velocities and temperatures to 
particles and substrate nodes. Although the pre-processing workflow is 
not inherently complex, its implementation involves two major chal
lenges. To begin with, the way particles are distributed in the CS powder 
flow is random to replicate the real spraying condition. If the created 
particle batches are used repeatedly for deposition, the results will be 
much less accurate compared to results from the standard Eulerian 
method. Secondly, although using a script to compute the VF is sup
ported in Abaqus, the node sets (required for assigning temperature and 
velocity) associated with these VF can only be created through the 
Abaqus CAE interface, making the process highly inconvenient.

To resolve these issues, the workflow is updated to include a loop in 
the Python script that generates multiple particle VF and the corre
sponding node sets. In each iteration, a particle batch is selected, pre- 
processing is performed, and the resulting VF, node sets, and nodal ve
locity field are saved as.inp files for subsequent use. In the second round, 
the earlier particle group and VF are removed, and a new batch of 
particles is used to create the corresponding instances, compute their VF, 

extract the relevant node sets, and determine the velocity field. This 
process is repeated for each particle batch until all batches are handled. 
Once the last batch is processed, the substrate VF is calculated, and the 
substrate set is assembled. Finally, an.inp file is generated that assigns 
temperature fields to both the particles and the substrate.

In the developed script, the user must define the length le, width We 
and height He of the Eulerian domain, as well as the substrate height Hs 
and the particle layer height Hp, as shown in Fig. 2. In addition, the mesh 
size, the number of particle batches, material properties and the analysis 
step must be specified. These variables can be easily modified based on 
the source code provided. To help readers better understand the 
developed script, the relevant flowchart is presented in Fig. 3.

3.2. Free2Spray: simulation execution

After the pre-processing stage, the simulation is executed to simulate 
the continuous particle depositions. To maintain physically continuous 
deposition in the Eulerian scheme, the simulation execution stage is 
designed as a recurring process in which the results of the previous cycle 
are transferred to the subsequent analysis. The Python script developed 
to implement the simulation execution starts by scanning the working 
directory to collect groups of.inp files containing particle VF, node sets 
and velocity fields. For each cycle, the script randomly selects one group 
and modifies the original.inp file and inserts the *Included files for the 
particle VF, node sets and velocities obtained from pre-processing. In the 
first iteration, a new analysis job is created and submitted using the 
modified.inp file and a customized user subroutine. When all particles 
flow out of the initial particle region, the simulation terminates, and the 
stress, PEEQ, temperature and velocities are extracted and written into 
individual.inp files. The.odb file from each cycle is renamed to prevent 
overwriting. In the next iteration, the.inp files extracted from the pre
vious step are considered to start the simulation. This procedure is 
repeated until the final iteration. In the last iteration, the step time in 
the.inp file must be modified to ensure complete particle deposition 
before the final simulation is performed.

A flowchart of the developed script is presented in Fig. 4. It should be 
noted that the number of iterations in the execution stage can be set 
higher than the number of batches generated in the pre-processing stage 
(e.g., five particle batches with ten simulation iterations) to save 
computational time.

3.3. Material model

Recently, we developed a new material model (Ge model) [55] and 

Fig. 2. The size and partitioning of the Eulerian domain used in the proposed approach: (a) 3D view and (b) x–z plane view. (c) The relative position between the 
second batch of placed particles and the first batch after the first particles leave the top layer.
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adopted it in the present study to more accurately predict the material 
deformation behavior under extreme thermomechanical loading con
ditions. The detailed formulation derivation, calibration procedure, and 
quantitative validation of the model are provided in the previous study 
[55]. Specifically, the model accounts for the effects of equivalent plastic 
strain (PEEQ), PEEQ rate, and temperature on the flow stress, and is 
expressed as: 

σy =

⎡

⎢
⎢
⎢
⎣

(
σy0 + Aεp

n)

⏟̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅ ⏟
Strainhardening

+
(
αεp

n + β
)
ln
(

ε̇p

ε̇s

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Normalstrainrate

+ B ln
(

ε̇p

ε̇u

)

⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
Highstrainrate

⎤

⎥
⎥
⎥
⎦

⎛

⎜
⎜
⎝

1 + e(Tr − Tref)η

1 + e(T− Tref)η
⏟̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟
Thermalsoftening

⎞

⎟
⎟
⎠

(1) 

where σy represents the flow stress, which depends on the PEEQ εp, 
PEEQ rate ε̇p and temperature T. Parameters ε̇s and ε̇u are the reference 
PEEQ rates, corresponding to the ranges of normal and high strain rate 

hardening, respectively. Tr is the room temperature, while Tref is the 
reference temperature at which the flow stress decreases most rapidly. η 
is a fitting parameter that governs the rate of decrease of the flow stress.

Ge model can be implemented in Abaqus in its simplest way using a 
user-defined plasticity (VUHARD) subroutine. In VUHARD, it is only 
necessary to define the flow stress formulation, as well as the derivatives 
of the flow stress with respect to εp, ε̇p and T, which can be expressed as: 

∂σy

∂εp
=

[

nAεp
n− 1 + αnεp

n− 1 ln
(

ε̇p

ε̇s

)](
1 + e(Tr − Tref)η

1 + e(T− Tref)η

)

(2) 

∂σy

∂ε̇p
=

(
αεp

n + β + B
ε̇p

)(
1 + e(Tr − Tref)η

1 + e(T− Tref)η

)

(3) 

Fig. 3. The flowchart of the developed script for Free2Spray pre-processing.

Fig. 4. The flowchart of the developed script for Free2Spray simulation execution.
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∂σy

∂T
=

[
(
σy0 +Aεp

n)+
(
αεp

n + β
)
ln
(

ε̇p

ε̇s

)

+B ln
(

ε̇p

ε̇u

)]{
− (1 + e(Tr − Tref)η)ηe(T− Tref)η

[1 + e(T− Tref)η]
2

} (4) 

The material parameters for the Cu particles and substrate used in 
this study have been previously calibrated for the Ge model [55], as 
listed in Table 2.

4. Free2Spray framework fidelity and efficiency

To verify the accuracy and efficiency of the proposed framework, the 
relevant results were compared to the standard Eulerian scheme. The 
model was created to simulate the deposition process of 5000 particles. 
First, a MATLAB script was developed to create particles in space, 
making sure that the gap between each particle and its neighbors was 
more than 1.5 times their combined radii to avoid any overlap [26]. In 
the proposed framework, five sets of particles’ (containing 500 particles 
each) VF were calculated before the simulation started, and ten random 
runs were carried out during the simulation. The model and particle 
distribution for the proposed framework are shown in Fig. 2; whereas, 
for the standard Eulerian scheme, the VF of all 5000 particles was 
computed in the same model with an overview of the model and particle 
distribution shown in Fig. 5. For both the proposed framework and the 
standard Eulerian scheme, particle sizes were generated following a 
Rosin–Rammler distribution [26] that reproduces the experimental 
volume distribution presented in Section 2.

Since materials with pronounced thermal softening (e.g., Cu) may 
flow out of the Eulerian domain during deposition, symmetric boundary 
conditions were applied in the x and y directions to suppress material 
outflow. Although this approach may introduce complex particle- 
boundary interaction, its effect on the central deposition zone was 
considered negligible, ensuring that the overall simulated deposition 
behavior remains physically representative. The proposed framework 
used the following settings: le = 0.35 mm, We = 0.35 mm, He = 0.6 mm, 
Hs = 0.05 mm, and Hp = 0.203 mm, where the domain height was 
determined by the target deposit height and the particle batch region 
height in each recurring cycle. For the standard Eulerian scheme, the 
corresponding values were le = 0.35 mm, We = 0.35 mm, He 
= 2.01 mm, Hs = 0.05 mm, and Hp = 2.003 mm, with the domain 
height selected as the minimum size required to accommodate the 
prescribed particle number. The selected domain height mainly affects 
the number of deposited particles, with limited influence on deposition 
behavior. The Eulerian domain and substrate were designed to match 
the area exposed to the particle batch. This configuration was adopted to 
balance computational efficiency and simulation fidelity, focusing 
mostly on the deposited material rather than the substrate and the stress 
wave propagation that are expected to be affected by the model size. 
Therefore, the selected domain size was considered sufficient for eval
uating the deposition behavior.

For both approaches, the mesh size was set to 3 μm, resulting in a 
total of 2737,800 and 9579,712 Eulerian 8-node thermally coupled 
reduced-integration solid elements (EC3D8RT) for the proposed frame
work and the standard Eulerian scheme, respectively. Although particle 
velocity is generally size dependent, the results in Fig. 8 showed limited 

sensitivity to particle diameter under the present spraying conditions. 
Therefore, a uniform particle velocity of 615 m/s and an initial particle 
temperature of 450 ℃ were adopted for pre-processing convenience. 
The substrate temperature was set at 25 ℃.

The thermal-displacement analysis step was employed. Owing to the 
extremely short impact duration in CS, the deformation process is 
generally regarded as nearly adiabatic. Therefore, the temperature in
crease due to plastic work was incorporated through the constitutive 
formulation using the classical Taylor-Quinney assumption [58,59], in 
which a fraction of plastic dissipation is converted into heat. Meanwhile, 
thermal conduction was also considered to better represent realistic 
thermal evolution during and after impact. Although heat transfer re
mains limited over the short impact timescale, incorporating thermal 
conduction was expected to improve the physical realism of the ther
momechanical response.

In the proposed framework, the first nine iterations each had a step 
time of 3.25 × 10− 7 seconds, while the last iteration had a step time of 
6 × 10− 7 seconds. For the standard Eulerian scheme, the step time was 
set to 3.25 × 10− 6 seconds. Since both the VF calculations during pre- 
processing and the simulation steps in the Eulerian scheme require 
significant computational effort, the computation times for each stage 
were measured separately to evaluate and compare their efficiency. All 
the simulations in this study were completed using a computer equipped 
with Intel(R) Core(TM) i7–13700 CPU@2.1 GHz and 32 GB RAM, and 
16 processors with the default parallel mode were applied.

The proposed framework's accuracy was evaluated by examining the 
simulation at a critical stage. After the second iteration, particles started 
hitting the substrate. To test consistency, the results of the second iter
ation were compared with the beginning of the third. As shown in Fig. 6, 
the proposed framework reinserted the new particle batch and placed it 
on the top layer, and all simulation data were successfully transferred to 
the subsequent iteration, achieving a high-fidelity continuous multi- 
particle deposition simulation.

The simulation results of the proposed framework were compared 
with those of the standard Eulerian scheme in Fig. 7. Although the re
sults from the two approaches are not identical due to differences in 
particle spatial distribution, similar surface morphologies are obtained 
in the 3D views shown in Fig. 7(a) and (d). This consistency mainly 

Table 2 
Material parameters of Cu and Ge model [55].

Young’s modulus E (GPa) 128 n 0.41
Poisson’s ratio ν 0.34 α (MPa) 7.5
Density ρ (kg/m3) 8960 β (MPa) 0.01
Specific heat cp (J⋅kg− 1⋅◦C− 1) 384.6 ε̇s (s− 1) 0.001
Conductivity k (W⋅m− 1⋅◦C− 1) 385 ε̇u (s− 1) 10000
Taylor-Quinney coefficient Q 0.75 B (MPa) 110
σy0 (MPa) 39 Tref (℃) 350
A (MPa) 320 η (℃− 1) 0.0043

Fig. 5. Particle distribution and positioning in the Eulerian domain used for the 
standard Eulerian scheme: (a) isometric view and (b) x–z plane view.

X. Ge et al.                                                                                                                                                                                                                                       Additive Manufacturing 127 (2026) 105285 

6 



resulted from both approaches employed the same Eulerian scheme and 
material model, leading to comparable deformation behavior and 
thermomechanical response during deposition. Because the boundaries 
of the Eulerian domain were fixed, some material collided with the 
boundaries after deposition, leading to reflection and intense material 
splashing. A 2D slice was obtained along the x-z plane. The PEEQ dis
tributions obtained from the two approaches were quite similar, as 
shown in Fig. 7(b) and (e). The regions showing zero PEEQ either 
indicate a zero VF in the Eulerian domain or reflect relatively small 
PEEQ values suppressed by the contour scale. Both the temperature 
distribution and the deposit heights (Hd=363 μm and Hd=362 μm for the 
proposed framework and the standard Eulerian scheme, respectively) 
were also very close, as shown in Fig. 7(c) and (f). Although higher PEEQ 

generally corresponds to higher temperatures due to plastic dissipation, 
the correlation became less pronounced in lower deposit regions 
because thermal conduction promoted temperature uniformity over 
time. It should be noted that the deposits shown in Figs. 6 and 7 are not 
fully dense, although they may visually appear dense in the three- 
dimensional or cross-sectional views. A detailed discussion regarding 
coating porosity is provided in Section 5.3.

Finally, the computational efficiency of the two approaches was 
compared, in terms of computation time and RAM usage, as listed in 
Table 3. The reported computational time encompasses the entire 
workflow, including pre-processing, intermediate input-file generation, 
state extraction, and recurring simulation initialization. Despite ac
counting for these steps, the proposed framework achieved significantly 

Fig. 6. Simulation results of the proposed framework: (a) von-Mises stress, (b) PEEQ and (c) temperature distributions in the last increment of the second iteration; 
(d) von-Mises stress, (e) PEEQ and (f) temperature distributions in the first increment of the third iteration.

Fig. 7. Simulation results of the proposed framework: (a) PEEQ field in a 3D view; (b) PEEQ field in x-z plane side-view and (c) temperature field in x-z plane side- 
view. The simulation results of the standard Eulerian scheme: (d) PEEQ field in a 3D view; (e) PEEQ field in x-z plane side-view and (f) temperature field in x-z plane 
side-view.
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reduced computational time and RAM usage than the standard Eulerian 
scheme. Notably, in the pre-processing stage, the computation time for 
the proposed framework is just 13% of that required by the standard 
Eulerian scheme, as the time needed for VF calculations rises sharply 
with more particles. In the execution stage, the time ratio increases to 
46.4%. It should be emphasized that the improved computational effi
ciency of the proposed framework is not achieved through an arbitrary 
reduction in element number or model simplification. In the standard 
Eulerian scheme, the computational domain must accommodate all 
particles, leading to a progressively larger domain and an increasing 
number of inactive elements after deposition. In contrast, the proposed 
framework maintains a compact Eulerian domain through a recurring 
simulation strategy, where particles leaving the placement region are 
replaced by newly introduced particle batches while preserving the 
deposition state. Therefore, the reduced number of elements is an 
inherent consequence of the framework design and one of its key 
computational advantages.

5. Experimental validation

In this section, the proposed framework is experimentally validated 
and used to estimate single-track deposit profiles at different scanning 
speeds, and also the particle flattening ratio obtained from the multi- 
track deposits.

5.1. Particle flow characteristics

The results of HiWatch analysis providing correlations on particle 
number-lateral distance, particle velocity-lateral distance, particle 
velocity-diameter and particle lateral velocity-lateral distance are pre
sented in Fig. 8(a), (b), (c), and (d), respectively. To quantify the vari
ability of the measured data, 90% scatter bars and prediction bands 
derived from the standard deviation are added to all fitted correlations. 
The relationship between particle number and lateral distance can be 
closely described by a Sech distribution, as presented in Fig. 8(a). This 
indicates that most particles are concentrated near the center, with 
fewer particles found toward the outer edges. Fig. 8(b) shows that par
ticles move faster in the middle and slow down near the edges. This 
happens because the nozzle and airflow aren’t evenly distributed, which 
matches the CFD results [18]. As the particle diameter increased from 10 
to 85 μm, the particle velocity decreased from 625 to 580 m/s, as shown 
in Fig. 8(c). Although a few low-velocity outliers were observed, most 
particles were concentrated within the range of 550–750 m/s. The 
scatter may arise from tracking uncertainty or occasional airborne fine 
particles during measurement. The particle velocity varied quadratically 
with lateral distance, while particle diameter showed only a limited, 
approximately linear influence. Accordingly, velocity was assigned as a 
function of lateral position within the flow, with particles at the same 
position treated as having uniform velocity under the investigated 
processing conditions. This result is slightly different from the 

Table 3 
Comparison between the computation time and RAM usage of two approaches at 
different stages.

Type Proposed 
framework

Standard Eulerian 
scheme

Ratio

Element number 2737,800 9579,712 28.6%
Pre-processing time 

(min)
51 393 13%

Pre-processing RAM 
(GB)

2.3 6.7 34.3%

Executing time (min) 310 668 46.4%
Executing RAM (GB) 6.7 17 39.4%
Total time (min) 361 1061 34%

Fig. 8. The experimental in-flight particle data and the corresponding fitted curves: (a) particle number-lateral distance; (b) particle velocity-lateral distance; (c) 
particle velocity-diameter and (d) particle lateral velocity-lateral distance.
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calculations obtained by Kinetic Spray Solutions (KSS, simulating 
in-flight particle parameters in CS process) [60], suggesting that the 
theoretical model may have simplified some particle-gas interactions. 
Finally, the particle lateral velocity-lateral distance data were fitted 
using a quadratic function, as shown in Fig. 8(d). It can be observed that 
the particle lateral velocities in the central region are less than those at 
the edges. Moreover, according to the fitted curve, the average particle 
lateral velocity was below 10 m/s, indicating that the influence of the 
lateral velocity can be neglected in the simulation.

5.2. Simulation of single-layer single-track deposition

5.2.1. Simulation setup
The particles were generated within a cylinder with a radius of 

approximately 3.5 mm that matches the experimental spot size. To 
enhance computational efficiency, the spatial and temporal scales were 
compressed to match real-scale conditions in terms of the number of 
impacting particles. From a spatial-scale perspective, assuming that the 
nozzle moves in a straight line at a constant velocity, the cross-sections 
of deposits were considered identical along the scanning paths. There
fore, to facilitate particle placement and improve computational effi
ciency, the circular spray domain was approximated as a rectangular 
region while preserving the experimentally measured particle number 
and velocity distributions, as shown in Fig. 9. Considering symmetry, 
only half of the substrate with a size of 3.55 × 0.3 mm2 was simulated. 
The nozzle moves from the initial to the final position. During this 
process, the rectangular domain of the substrate was estimated to 
receive approximately 2.06% of the particles exiting the nozzle. The 
duration over which particles impact the simulated substrate can be 
calculated from the scanning speed to be t = 7.3/Vs. Subsequently, the 
total number of particles deposited on the simulated substrate over the 
entire process can be calculated based on the set feed rate, deposition 
duration, and particle volume, as summarized in Table 4.

Although the particle-particle gap is relatively large in the real flow, 
a smaller Eulerian region is preferred to reduce the computational time 
in the simulation [27]. In the present study, since the substrate size is 
fixed, the height of the particle placement region must be carefully 
designed to accommodate a sufficient number of particles while main
taining a realistic particle spatial distribution. The particle number 
distribution (Fig. 8) was measured by HiWatch under 2D conditions, and 
thus the experimental data can be directly adopted to prescribe the 
particle spatial distribution in the current simulations.

The particle impact model was established based on the assumptions 
shown in Fig. 9. The spatial distribution of particles and the size of the 
Eulerian domain are illustrated in Fig. 10(a). Particle distribution along 
the x-axis should follow the fitting curve of particle number-lateral 
distance shown in Fig. 8(a). A MATLAB script was developed to 

generate four different particle batches, each containing 2559 particles, 
with the resulting particle number distributions shown in Fig. 10(b). 
Therefore, 4, 6 and 8 cycles were used for the three simulations corre
sponding to the cases with scanning speeds of 160, 120 and 80 mm/s, as 
reported in Table 3, respectively. The step time of the first few iterations 
was 4.8 × 10− 7 s, while for the last iteration it was 1.5 × 10− 6 s. Ac
cording to the results in Fig. 8, the particle velocity in the simulation was 
considered to depend only on the lateral distance from the nozzle axis, 
and the velocity distribution followed the fitting curve in Fig. 8(b), as 
shown in Fig. 10(c). le= 3.55 mm, We= 0.3 mm, He= 0.65 mm, 
Hs= 0.05 mm and Hp= 0.304 mm were used for the model. The mesh 
size was set to 4 μm, leading to 10,843,575 EC3D8RT elements.

5.2.2. Simulation results
The fifth and eighth deposition batches for the case with a scanning 

speed of 80 mm/s are shown in Fig. 11(a) and (b), respectively. The 
particles were continuously deposited onto the substrate, eventually 
forming a thick coating, with the particle deformation and the simulated 
field data consistently transferred between successive iterations.

Comparisons between the simulated and experimental single-track 
deposits at different scanning speeds are shown in Fig. 12, with the 
experimental cross-sections deposited at scanning speeds of 80, 120 and 
160 mm/s presented in Fig. 12(a), (d) and (g). The results show that 
deposit thickness decreased as the scanning speed increased. The 
thickness of the deposit at 80 mm/s was approximately twice that at 
160 mm/s, which is consistent with previous studies [22,44]. The 
simulated deposits at scanning speeds of 80, 120 and 160 mm/s shown 
in Fig. 12(b), (e) and (h), indicate a good agreement with the experi
mental cross-sectional profiles, exhibiting a slightly higher center and 
lower edges, which indicates that the particle spatial distribution 
applied in simulations successfully reproduces the experimental mea
surements. The surface profiles and cross-sections of the deposits ob
tained from the simulations were compared with experimental 2D and 
3D data for deposits sprayed at scanning speeds of 80, 120 and 
160 mm/s in Fig. 12(c), (f), and (i). The results show that the proposed 
framework can accurately reproduce the experimental deposits profiles, 
highlighting its strong predictive capability.

The maximum heights and overlapping ratios of the simulated and 
experimental deposits were further obtained for quantitative compari
son, as shown in Fig. 13(a) and (b). The maximum heights of the 

Fig. 9. The size and position of the simulated substrate relative to those of the moving nozzle.

Table 4 
Estimated particle numbers impacting the substrate at different scanning speeds.

Sample No. Scanning speed Vs (mm/s) Particle number

1 160 10236
2 120 15354
3 80 20472
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simulated and experimental deposits are nearly identical at different 
scanning speeds, and the maximum deviation between the two is 2.2% 
at a scanning speed of 160 mm/s. The overlapping ratios remain above 
80% for all scanning speeds, with a higher overlapping ratio observed at 
the lowest examined scanning speed. This may be attributed to the 
assumption that the circular deposition region was simplified to a 
rectangular shape. Such assumption may slightly alter the particle dis
tribution near the edge regions, particularly at higher scanning speeds 

where the deposited track becomes narrower, thereby affecting the 
overlapping ratio. Nevertheless, the overall deposit morphology and 
thickness remain in good agreement with the experiments.

The local surface features of the deposits at a scanning speed of 
120 mm/s were extracted from both the experiments and simulations 
for analysis, as shown in Fig. 14. The simulations successfully captured 
the surface morphology and roughness, showing good agreement with 
the experimentally observed local surface characteristics.

Fig. 10. The model for single track deposition simulation: (a) particle spatial distribution within the flow; (b) particle number distribution within the flow and (c) 
particle velocity distribution within the flow.

Fig. 11. The (a) fifth and (b) eighth deposition processes at a scanning speed of 80 mm/s.
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Meanwhile, the surface features of the deposits obtained from both 
the 3D scans and simulations were extracted and processed using 
Gaussian filtering to obtain the average surface profile. Subsequently, 
the two standard roughness parameters of arithmetic mean roughness 
(Ra) and the root mean square roughness (Rq) [61] were employed to 
quantify the surface roughness; the results are presented in Fig. 15. The 
maximum discrepancy between the simulation and experimental results 
was observed at a scanning speed of 160 mm/s when evaluated using 
the Ra parameter, with a relative error of 13%. Overall, the predicted 

surface roughness agrees well with the experimental data. However, the 
simulated values were slightly underestimated, primarily due to the 
coarse mesh resolution, which restricts the accurate representation of 
individual particle deformation. Owing to the application of a 
high-fidelity multi-particle impact model together with the accurate Ge 
material model, the simulation can accurately reproduce the deforma
tion behavior of the deposits from the global to the local scale.

Fig. 12. Comparison between simulated and experimental deposits: (a) experimental OM cross-section, (b) simulated deposit and (c) surface profiles at scanning 
speed of 80 mm/s; (d) experimental OM cross-section, (e) simulated deposit and (f) surface profiles at scanning speed of 120 mm/s; (g) experimental OM cross- 
section, (h) simulated deposit and (i) surface profiles at scanning speed of 160 mm/s.
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5.3. Simulation of multi-layer multi-track deposition

In the multi-layer multi-track simulation, all parameters and particle 
spatial distributions were identical to those applied in Section 4, with 
only the mesh size further refined to 2 μm to achieve higher simulation 
accuracy, leading to 9187,500 EC3D8RT elements in the model.

The cross-sectional microstructures of the experimental and simu
lated deposits were compared in Fig. 16. Because particle boundaries 
cannot be explicitly tracked in the Eulerian scheme, the PEEQ field was 
used as an approximate indicator of these boundaries. Impact-induced 
plastic deformation generally produces localized PEEQ concentrations 
near particle interfaces; therefore, particle boundaries were identified 

qualitatively from PEEQ localization without applying a specific 
threshold. To facilitate visualization and comparison with experiments, 
image contrast enhancement was applied during post-processing to 
improve boundary visibility, as shown in Fig. 16(b). Consequently, some 
discrepancies between the experimental and simulated deformation 
gradients are expected because of the approximate boundary definition, 
although the overall deformation trend was captured. Overall, the 
simulation successfully reproduced the key aspects of particle defor
mation and stacking characteristics observed in the experiments. Sub
sequently, the polished cross-sectional microstructure and simulated VF 
field were extracted for porosity comparison, as shown in Fig. 16(c) and 
(d), respectively. In the Eulerian scheme, the VF field represents local 

Fig. 13. Quantitative comparison between simulated and experimental deposits: (a) maximum heights and (b) profile overlapping ratios.

Fig. 14. The local surface characteristics of (a) experimental and (b) simulated deposits at a scanning speed of 120 mm/s.

Fig. 15. Experimental and simulated surface roughness parameters (a) Ra and (b) Rq.
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material occupancy, where regions with reduced or zero VF can be 
interpreted as pores [28]. ImageJ software was used to quantify the 
porosity, yielding values of 0.31% and 0.53% for the experimental and 
simulated results, respectively. The relatively low porosity was attrib
uted to the selected spraying parameters, which is consistent with the 
previous study [57]. The proposed framework reasonably predicted the 
deposit porosity. Although the simulated porosity is slightly higher than 
the experimental one, a finer mesh size is expected to further improve 
the prediction accuracy.

To calculate the flattening ratio, particles with clearer boundaries 
were selected from the cross-sections in both the experimental and 
simulated deposits. Two methods were adopted to evaluate the particle 
flattening ratio. The first one is based on the width Wp and height Hp of 

the deformed particles [62–64]: 

Flatteningratio = Wp
/
Hp (5) 

However, this method does not consider the original particle size and 
therefore does not directly evaluate the shape change [65]. The second 
method incorporates the original particle diameter D [66,67], but since 
the original diameter cannot be obtained in experiments, and it was 
estimated based on volume conservation [68]: 

Flatteningratio = Wp

/
D with D =

̅̅̅̅̅̅̅̅̅̅̅̅
W2

p Hp
3
√

(6) 

The flattening ratios calculated by Eqs. (5) and (6) are shown in 
Fig. 17(a) and (b), respectively. Linear regression with 90% confidence 

Fig. 16. Cross-sectional micrographs of the multi-track deposits from: (a) etched microstructure, (b) simulated particle interfaces, (c) polished microstructure, and 
(d) simulated VF field.

Fig. 17. Experimental and simulated flattening ratios calculated using the two approaches described in (a) Eq. (5) and (b) Eq. (6).
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bands was employed to highlight the overall tendency of the data and 
quantify the associated uncertainty. Although noticeable scatter exists, 
the observed tendency remains meaningful for comparative interpreta
tion between experimental and simulation results. According to the 
fitting curves, the flattening ratio increased with increasing deformed 
particle’s width. Interestingly, the flattening ratio also increased with 
the original particle diameter, although the increase was relatively 
small, from approximately 1.2–1.4. This may be attributed to the fact 
that in multi-particle impact cases, larger particles are more susceptible 
to successive impacts, leading to a more severe flattening. Overall, the 
proposed framework can accurately reproduce the deformation 
behavior of multi-particle impact, demonstrating its reliability and po
tential for the quantitative analysis of particle-scale deformation 
mechanisms in the CS deposition process.

6. Conclusions

In this study, we develop a high-fidelity open-source multi-particle 
impact framework to solve real-scale CS deposition problems. This 
framework employed an automated recurring simulation strategy to 
significantly reduce computational costs, leveraging the strengths of 
Eulerian simulations. It also incorporated a high-precision material 
model to accurately capture particle deformations. The computational 
efficiency of the proposed framework was evaluated by comparing it 
with the standard Eulerian scheme, and its accuracy was validated 
against experimental results obtained using various spraying parame
ters. The results demonstrated that the combination of the proposed 
recurring simulation strategy, the constitutive model, and the Eulerian 
scheme enable a reliable prediction of various deposit features. Such 
capability makes the proposed framework a valuable tool for spray 
parameter optimization and practical process design in CSAM. The main 
conclusions of this study are as follows: 

(1) The proposed framework successfully simulated large-scale CS 
deposition and accurately captured deposit characteristics both 
qualitatively and quantitatively, including overall profiles, sur
face roughness, cross-sectional particle flattening ratios, and 
porosity.

(2) The proposed recurring simulation strategy overcame the 
inherent limitations of current integration of Eulerian scheme in 
Abaqus by automatically calculating volume fractions and 
generating the corresponding sets during the pre-processing 
stage, while ensuring efficient and robust data transfer 
throughout the execution stage.

(3) The proposed high-precision material model enabled accurate 
prediction of both global and local deformation behavior in large- 
scale multi-particle simulations, highlighting its important role in 
connecting particle-scale mechanism with overall deposit 
formation.

(4) Compared with the standard Eulerian scheme, the proposed 
framework maintained accuracy while reducing computational 
time and memory usage up to 34% and 35%, respectively, mak
ing ten-million-element CS simulations feasible on personal 
computers.
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Appendix A. Methodological clarification

The proposed framework involves several numerical and physical 
considerations that require further clarification. The mesh sizes adopted 
in different sections were selected by balancing numerical accuracy, 
physical domain scale, and computational feasibility. Since finer meshes 
generally improve the particle deformation resolution in Eulerian sim
ulations while significantly increasing memory consumption, the total 
element number in the present study was practically limited to 
approximately ten million elements due to the available computational 
hardware. Accordingly, Sections 4, 5.2.1, and 5.3 employed approxi
mately 9.58, 10.84, and 9.19 million elements, corresponding to mesh 
sizes of 4, 3, and 2 μm, respectively. Therefore, the variation in mesh size 
reflects differences in simulation scale and computational demand 
rather than inconsistencies in the modeling strategy.

Several physical assumptions adopted in the present framework 
should also be clarified. First, no explicit adhesion criterion was 
imposed, and particle bonding in the Eulerian scheme followed the 
inherent material continuity treatment during impact, effectively 
assuming complete particle deposition. Second, material jetting and 
localized adiabatic shear instability, both of which are commonly 
associated with bonding in CS, have previously been reproduced in 
validated single-particle simulations employing the same constitutive 
model and Eulerian scheme [55]. Accordingly, these mechanisms are 
preserved in the present framework, while oxide disruption is not 
modeled. Third, the present framework effectively assumed complete 
particle deposition, while sub-critical particle rebound was not modeled. 
This simplification mainly originated from the default Eulerian contact 
treatment in Abaqus, where selective deposition and rebound behavior 
are difficult to implement. Consequently, effects associated with 
incomplete deposition, such as partially deformed or undeformed 
embedded particles and peening-induced densification, were not 
resolved in the current framework. Since the primary objective of this 
study is to investigate deposit morphology and evolution under 
continuous multi-particle impact conditions, these simplifications were 
considered acceptable.

Within these assumptions, the applicability and scalability of the 
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proposed framework should also be discussed. Although validated using 
Cu, the framework is not material-specific and can be extended to other 
materials through appropriate constitutive models [49,50,55]. More
over, while developed within an Eulerian scheme, the recurring strategy 
can also be extended to the widely used CEL approaches [27–29,31–33]. 
The present framework demonstrated recurring simulations involving 
approximately 20,000 particles on a personal computer and is not 
inherently limited by the particle number, as additional particles can be 
introduced through successive recurring cycles while maintaining a 
nearly constant computational domain size. Larger deposition domains 
mainly require additional recurring cycles, thereby increasing the 
computational time without altering the operating mechanism of the 
proposed strategy. Although the present simulations were constrained 
by the available computational hardware, the framework can be 
extended to larger-scale CS simulations on high-performance computing 
platforms. Furthermore, Section 4 demonstrated comparable deposition 
behavior between the proposed framework and the standard Eulerian 
scheme, indicating negligible numerical artifacts introduced by recur
ring cycles under the investigated conditions.
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