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Abstract

This study aims to enhance the production of metal powders using a novel approach that integrates computational fluid
dynamics (CFD) with convergent-divergent (C-D) nozzles in wire arc spraying atomization (WASA). The primary objective
is to investigate the influence of nozzle design on particle size distribution and production efficiency. Utilizing the ANSYS
CFD Fluent program, simulations were conducted to analyze the effects of various parameters, including throat diameter and
divergent angles, on gas dynamics and metal droplet behavior. The findings reveal that C-D nozzles facilitate the acceleration
of gas flow to supersonic speeds, significantly improving the shear force acting on the molten metal, thereby promoting the
fragmentation of droplets into smaller particles. Notably, the optimized nozzle configuration achieved a median particle size
(Dso) of 44.42 um, suitable for additive manufacturing applications. The novelty of this work lies in its comprehensive
simulation framework that allows for rapid virtual testing, potentially leading to significant improvements in the efficiency
and quality of metal powder production processes. This research addresses critical gaps in the existing literature and provides
a robust foundation for future studies in the field of metal powder manufacturing.
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1. Introduction

The production of metal powder is a fundamental process to generate the raw materials for various industrial
applications, including additive manufacturing, powder metallurgy [1, 2], and surface coating technologies [3]. Wire
Arc Spraying Atomization (WASA) is a novel technique used to produce metal powders. This method involves the
utilization of an electric arc to melted metal wire, followed by the dispersion of the melted metal through a high-speed
gas stream. When the droplets cool down, they undergo a process of solidification and transform into small particles of
metal powder [4-6]. The nozzle used to control the gas flow is a key element of this technique. The conventional nozzles
commonly employed in wire arc spraying systems often face challenges in achieving a constant particle size distribution
and maintaining maximum production efficiency. Several studies have been driven by the need for improved efficiency
to generate several types of nozzles. A novel method involves utilizing convergent-divergent (C-D) nozzles [7, 8], which
are originally designed for supersonic applications, such as rocket engines [9, 10]. The C-D nozzles operate by
converging the gas flow to increase its velocity and then diverging to maintain a high speed over a longer distance. This
facilitates the achievement of supersonic speeds, which is beneficial for the atomization process in wire arc spraying.
Integrating C-D nozzles into wire arc spraying systems is a potentially beneficial yet challenging approach. Employing
Computational Fluid Dynamics (CFD) for simulating complex gas flows and particle transformations within the nozzle
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offers an efficient solution that preserves time and resources [11]. Moreover, computational simulation allows for the
rapid execution of several virtual tests, which is sometimes not possible with physical testing.

The C-D nozzle plays a pivotal role in the atomization process of metals, as it accelerates gas flow to supersonic
speeds in the divergent section, which is critical for generating the shear force needed to break metal droplets into finer
particles. Early studies, such as those by Chen et al. [12], explored aspects like the arc spraying gun design, external gas
flow configuration, and droplet atomization but did not provide a comprehensive analysis of the entire process. More
recently, Malik et al. [13] investigated optimal convergence angles for C-D nozzles by assessing how changes in these
angles influence flow parameters. Despite substantial research on convergence angles, there is still a significant gap
regarding the influence of divergent angles on flow dynamics. Additionally, Khalid et al. [14] used computational fluid
dynamics (CFD) to analyze compressible flow through converging nozzles, aiming to understand the impact of nozzle
design on rocket performance, but they did not consider thermal effects or material properties. In a different study, Shuvo
et al. [15] employed Eulerian-Lagrangian techniques to examine particle accumulation in the turbulent flow within C-D
nozzles, though their research did not specifically target metal powder production. Similarly, Urionabarrenetxea et al.
[16] used CFD to simulate gas flow in a close-coupled gas injector, but this study did not investigate a wide range of
nozzle configurations for optimizing metal powder production. Kumar et al. [17] also utilized CFD to analyze how inlet
and outlet angles affect flow characteristics in C-D nozzles designed for rocket motors, but their findings were not
extended to industrial applications, particularly metal powder production. And Zema et al. [18] examined flow
characteristics within C-D nozzles, highlighting the effects of geometric and operational parameters on variables such
as velocity, pressure, and temperature across different nozzle sections. However, their research did not delve into the
role of micro-jets in controlling flow within the nozzle.

Recently, Hua et al. [19] introduced a numerical modeling framework that accurately predicts how various parameters
and material properties influence particle size distribution during gas atomization. Although this study focused on nickel-
silicon alloys, it highlighted a gap in research on other materials. Similarly, Samuel et al. [20] utilized a CFD model of
the Close-Coupled Gas Atomization (CCGA) process to examine the impact of the gas-to-melt ratio on atomization,
shedding light on the fundamental physics of the melt-gas interaction. However, their work did not address the flow
dynamics or the characteristics of the resulting particles. Wang et al. [21] advanced the understanding of droplet breakup
mechanisms during gas atomization, though the secondary breakup of metal droplets remains a complex area, lacking a
thorough description of these processes. Muratal et al. [22] explored how gas atomization parameters affect the
production of Ni-Hard alloy powders, with a focus on improving particle size distribution and surface quality. However,
their study was limited to specific parameters like gas pressure and did not cover a wider range of conditions. Cui et al.
[23] examined gas atomization for duplex stainless steel powders, finding that optimized powder characteristics led to
better density and mechanical properties in the final parts. Following this, Cetin et al. [24] studied the impact of gas
pressure on AM60 magnesium alloy powders, discovering that higher gas pressure resulted in smaller powder sizes and
a morphological shift from irregular shapes to more spherical forms. They emphasized a lack of research on the
production and characterization of metal powders, calling for more in-depth studies to better understand their properties.
Finally, Luo et al. [25] investigated fluid behavior during gas atomization, revealing that the physical properties of the
liquid, such as viscosity and surface tension, are crucial in determining the breakup behavior. However, this research
concentrated primarily on the properties of the produced powders, leaving a gap in understanding how fluid dynamics
influence powder quality and size distribution.

The primary objective of this research is to address the gaps identified in previous studies by focusing on the
simulation of the effects of nozzle shape variations in the C-D nozzle for the production of Ag925 precious metal powder.
Past research on the metal powder production process using C-D nozzles has extensively examined the geometry and
parameters impacting particle characteristics, such as gas pressure, type of gas, gas-to-metal ratio, melting temperature,
and nozzle shape design; however, these aspects have not been comprehensively and clearly addressed. Moreover, the
investigation of flow velocity and shock waves has been insufficiently explored for the production of Ag925 precious
metal powder using wire arc atomization techniques, representing a significant gap that requires urgent attention.
Consequently, this study aims to utilize CFD to simulate the flow of gas and molten metal within the C-D nozzle to
investigate and analyze the impact of nozzle shape variations on the characteristics of Ag925 precious metal powder.
The research will encompass an exploration of several key factors, including flow velocity, flow pressure, shock waves,
and droplet temperature, which will provide critical data for the advancement of metal powder production technology in
the future, particularly in industries that require fine and high-quality metal powders for additive manufacturing.

2. Research Methodology

The flowchart presents a systematic approach for modeling, validating, and simulating the TATF-400 and C-D
nozzles using computational fluid dynamics (CFD) (Figure 1). The process begins with the creation of a detailed 3D
model of the TATF-400 nozzle. Once the 3D model is finalized, the next step involves meshing the nozzle, preparing it
for subsequent simulation. Following meshing, a grid independence verification is performed to ensure that the
simulation results are not influenced by the mesh resolution. If the model fails this verification, necessary adjustments
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are made, and the process is repeated until grid independence is achieved. Once validated, boundary conditions and
solver configurations specific to the TATF-400 nozzle are applied. The model then undergoes validation, in which the
simulation results are compared against experimental data. If the results do not align with these benchmarks, adjustments
are made to the model configuration, and the validation process is repeated. Upon successful validation of the TATF-
400 model, attention shifts to the C-D nozzle.

The process for the C-D nozzle begins with meshing, followed by the application of boundary conditions and solver
settings tailored to this nozzle's specific requirements. Once the necessary parameters have been configured, simulations
for the C-D nozzle are carried out, and the results are analyzed. Finally, conclusions are drawn based on the outcomes
of the simulations, marking the end of the procedure.

This rigorous and structured methodology ensures a thorough and reliable analysis of both the TATF-400 and C-D
nozzles, enabling accurate and robust CFD simulations.

Modelling 3D of the
TATF-400 nozzle

|

A

Meshing the
TATF-400 nozzle

v

Grid independent

Boundary condition and
solver setting TATF-400

Meshing the Modelling 3D
C-D nozzle of the C-D nozzle

!

Boundary condition and
solver setting C-D nozzle

Conclusion

Figure 1. Flowchart of the methodology

2.1. Modeling 3D Configuration

Figure 2a shows the TATF-400 nozzle, which has been specifically designed for metal coating applications. The
nozzle has a converging shape with a 30-degree angle. The gas inlet has a diameter of 10 mm, and the wire arc angle is
28 degrees. According to previous research, the TATF-400 nozzle was tested for metal powder production using the
wire arc spraying technique. The experiment yielded results on the particle size distribution of the metal powder. These
experimental results will be compared with the simulation results of this model. Subsequently, the model used to
simulate the TATF-400 nozzle will be applied to simulate the C-D nozzle, as shown in Figure 2b. Based on the shape
of the C-D nozzle, it can be observed that the converging angle is larger than the diverging angle, which results in higher
values for Mach number, static pressure, and turbulent intensity compared to nozzle designs where the converging angle
is smaller than the diverging angle [26-29]. It is widely accepted that a diverging angle of approximately 6°~7° (half of
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the total angle) contributes to an optimal balance between nozzle length and the likelihood of boundary layer separation,
while also minimizing energy losses [30]. This criterion was used in the design of the C-D nozzle for this simulation.
To accommodate the specified diverging angles, the design began with total diverging angles of 10°, 14°, and 18°, while
the throat size was determined based on the ratio between the nozzle inlet and the throat area. The selected throat sizes
correspond to 20% (2 mm), 40% (4 mm), and 60% (6 mm) of the inlet diameter [31] (see Table 1).

Gas inlet

Gas inlet

Convergent area
Divergent area

Figure 2. Schematic diagram of the nozzle in wire arc spraying: (a) TATF-400 nozzle and (b) convergent-divergent nozzle

Table 1. Dimensions of the convergent-divergent nozzle configuration model

Nozzle configuration TATF-400 Convergent-Divergent
Gas inlet diameter 8 mm 8 mm
Convergent 30° 30°
Throat - 2mm, 4 mm, 6 mm
Divergent - 10°, 14° and 18°
Throat into nozzle exit - 40 mm
Arc angle 28° 28°

2.2. Modeling and Simulation Procedure

The three-dimensional (3D) modeling of a metal powder production machine using the wire arc spraying technique
was performed using SolidWorks software and then imported into ANSYS FLUENT for Computational Fluid Dynamics
(CFD) simulation [32]. The primary goal of mesh generation, for the study of metal powder production via wire arc
spraying through a converging-diverging nozzle, is to capture the complex physics of particle-gas interactions and the
flow behavior within the nozzle region and atomization chamber. The simulation domain is illustrated in Figure 3a. The
meshing module in ANSYS FLUENT is divided into two sections. The first section, covering the nozzle area, employs
the Hex Dominant meshing technique along with Edge Sizing processes in complex regions. Additionally, face meshing
is utilized to ensure precise conformity to surface characteristics, enhancing the accuracy of the simulation results,
especially in areas with rapid changes or critical importance. This method also effectively handles complex surfaces,
allowing for efficient and accurate mesh generation in highly detailed geometries.

The second section, representing the atomization chamber, uses the Multizone meshing technique. This approach
enables the generation of meshes with varying resolutions across different zones of the model, allowing mesh size
adjustments as needed. The mesh's skewness was measured with an average value of 0.052, and the Orthogonal Quality
achieved an average value of 0.994, indicating a high-quality mesh. Detailed local refinement is particularly necessary
in regions with high turbulence and velocity gradients, especially when using the k-@ SST turbulence model. This
refinement ensures accurate modeling of near-wall phenomena, with the mesh designed to keep particles within the
refined regions throughout their flow path, ensuring precise particle tracking and preventing premature exit from the
computational domain.

Figure 3b depicts the geometric structure and boundary conditions of the simulated spray chamber. Full-scale
simulation of the spray chamber presents significant challenges due to the vast computational resources and time
required, as the chamber has a diameter of up to 950 mm and a length of 5,500 mm. Thus, the simulation domain was
reduced to a diameter of 300 mm and a length of 1,000 mm. These dimensions were deemed sufficient after preliminary
evaluations to ensure that the reduction would not have a significant impact on the simulation results [16].
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Figure 3. Wire arc spraying atomization model: (a) computational domain and (b) geometry structure with boundary
conditions

2.3. Gride Independent

Figure 4 presents a mesh independence study conducted by examining the maximum velocity as a function of the
number of elements for the TATF-400 nozzle. Such a study is essential in CFD simulations to ensure that the results are
not significantly influenced by the mesh resolution, thereby achieving an optimal balance between computational cost
and accuracy. The verification results indicate that the appropriate grid independence range for the simulation is reached
when the number of elements is between approximately 1.1 x 107 and 1.2 x 107. At this point, the maximum velocity
plateaus, signifying that the solution becomes independent of the mesh resolution, and further refinement does not lead
to significant changes in the results. This study utilized a multi-zone meshing approach within the ANSYS FLUENT
module to enhance resolution in specific regions of interest. This method is particularly advantageous for complex
geometries, where precise mesh control was achieved using the Edge Sizing technique. The mesh size was set to 0.2
mm in the nozzle region and 1 mm at the domain boundary of the chamber, ensuring adequate resolution in critical areas
while maintaining computational efficiency.
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Figure 4. Grid independence verification

2.4. Solver and Boundary Condition Settings

The model was established relying on a complex configuration in ANSY'S Fluent. The pressure-based solver operates
in a transient mode, considering time-dependent variations and incorporating the gravitational effects along the Y-axis
at a rate of -9.81 m/s, to precisely model the impact of gravity on particle motion. The k-o SST model is utilized to
precisely represent turbulent mixing and heat transfer phenomena, hence resolving turbulence. The Discrete Phase
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Model approaches, such as stochastic tracking, coalescence, and breakup, are employed to simulate particle dynamics
and predict their trajectories inside the flow field. The particle injection method follows the Rosin-Rammler distribution,
with particles having an average temperature of 1,083°C. The injection flow rate is set at a constant value of 0.018 kg/s,
and the particles have diameters that vary between 15 pum and 1 mm, with an average diameter of 0.5 mm. A spread
parameter of 5.0 is utilized to ensure an accurate representation of particle distribution. The particle range, consisting of
10 diameter classes, is wide enough to accurately represent actual situations. Droplets undergo the Kelvin-Helmholtz
and Rayleigh-Taylor (KH-RT) instabilities when they come into contact with steam, in order to imitate the fragmentation
of particles under turbulent settings. This study employs the KH-RT model to predict the secondary breakup of droplets,
while precisely representing the aerodynamic drag behavior using the spherical drag equation. The carrier fluid utilized
is nitrogen gas (N2), whereas the inert particle material employed is Ag925 (925 sterling silver).

The inlet boundary conditions specify a liquid pressure of 540,000 Pa before entering the nozzle system. The pressure
is sufficient to breakup the particles into droplets. The particles have an initial velocity of 0.20 m/s, and the flow rate
through the system remains constant. Numerical methods are employed to ensure accurate solutions for the pressure and
velocity profiles in the convergent nozzle. The gradient computations utilize the least-squares cell-based method to
accurately determine spatial variances. The PRESTO! algorithm is employed to address pressure differences in the mesh
while handling occurrences that include substantial pressure variations. Simultaneously, a second-order upwind
technique is utilized to precisely compute and sustain numerical stability and convergence for the resolved variables of
density, momentum, turbulent kinetic energy, specific dissipation rate, and energy. The purpose of this simulation setup
is to accurately represent the dynamic motion of particles and the characteristics of turbulence in the wire arc spraying
process. By utilizing random particle tracking in the DPM framework, the simulation can accurately represent the
random pathways of particles. The Rosin-Rammler distribution allows for a precise representation of the various particle
sizes that are introduced into the system. Eventually, these modeling parameters will be employed in further simulations
for C-D nozzles.

2.5. Model Assumption and Governing Equations

This study utilizes the DPM technique to simulate the manufacturing process of 925 sterling silver metal powder.
Table 2 provides a detailed description of the physical characteristics of the powder. This study employed the WASA
technique to examine the behavior of particles distributed in the gas flow field utilizing a C-D nozzle. The fundamental
principle of DPM is to treat particles or clusters of particles as separate entities in the simulation, allowing for the tracking
of their motion and other behaviors. To ensure the precision and uniformity of the simulation with respect to actual
conditions, the following model assumptions might be established:

Table 2. Physical properties of silver sterling (Ag925)

Density (kg/m?®) Thermal Specific heat Electrical Tensile Elongation Hardness Liquidus Solidus
at20°C expansion ("C?) capacity (J/(Kg.k)) conductivity (%) strength (MPa) (%) (HV) temperature ("C) temperature ("C)
10.37x10° 1.9x10° 245 96 283 40 71 788 891

o Nitrogen gas experiences expansion, and its velocity increases at the exit of the nozzle when flowing at supersonic
velocity.

e Supersonic nitrogen gas is a compressible fluid that follows the ideal gas law due to its atomization characteristics.
o In the simulation of secondary atomization, it is assumed that the mass flow rate of the melt remains constant.

e The presence of shock waves in the gas flow resulting from supersonic velocity is believed to have no impact on
the dispersion of particles.

The governing equations used to simulate the flow of the continuous phase, nitrogen (N>), are the Navier-Stokes
equation. This equation considers the conservation of mass, momentum, and energy. The k- SST (Shear Stress
Transport) turbulence model is utilized, requiring the implementation of multiple sets of equations. Every arrangement
allows for the accurate computation of the flow characteristics and heat transfer parameters of the fluid.

The resulting control equation is as follows:

Continuity equation :

ap 1
L L V(o) =0 (1)
3¢ V(D)
Navier-Stokes equation:
00D) 2 - 2
L+ V(PU0) = TP + V(lheyr (V5 + (B = 3 Sijhers (7)) + F @
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Energy equation:

d(pE 0+ (0)T
(gt ) b VHE +p)) = 7 [yeff <¥) + keffVT] + S, 3)

The k-0 SST (Shear Stress Transport) model is competent in precisely computing shear forces and energy dissipation
in turbulent flow simulations. This feature enables it ideal for the analysis of nitrogen gas flow via a C-D nozzle and the
dispersion of metal particles. This model is essential for accurately representing the complicated phenomena of
turbulence and fluid dynamics. The C-D nozzle is a complex apparatus that enhances the gas flow rate to significant
levels, leading to substantial variations in velocity across different regions of the flow. The Reynolds number (Re)
typically exceeds 5000 in this operation, signifying the existence of turbulent flow conditions. This confirms the choice
of the k-o SST model. Precise simulations with a high level of accuracy are essential for comprehending the impact on
the quality of the metal powder being generated.

Turbulent kinetic energy (k):
d(pk)

o T V(pkv) = P = B X pkw + V(( + ope)VK) (4)
Specific dissipation rate (w):
d(pw) . w 1
3 + V(pwd) = aEPk — Bpw? + V((u+ o,u)Vw) + (2(1 — Fl)prZZVka )
Turbulent viscosity:
pk (6)
Ue = o

Effective thermal conductivity:
HeCp
Pr;

2.6. Discrete Phase Model (DPM)

The DPM is utilized to simulate the motion of particles in fluids using the Lagrangian method, wherein each particle
is tracked along a trajectory in the continuous phase flow field. The particle tracking process in DPM is executed
carefully to enhance the accuracy and uniformity of the simulations. The motion of particles in DPM is governed by
equations that consider various forces, such as drag force, buoyancy force, and other external factors. The particle
relaxation time (zr) in the fluid, as given by Equation 9, quantifies the duration required for a particle to adapt to changes
in ambient conditions or variations in the velocity of the surrounding fluid. This value represents the magnitude of the
aerodynamic drag force exerted on the particle. The drag coefficient, calculated using Equation 10, plays a crucial role
in determining the drag force experienced by particles in the fluid. The value of Cq is governed by the Reynolds number
(Re), as stated in Equation 11. This equation is utilized to analyze the rheological characteristics of particles in a fluid or
the fluid dynamics surrounding the particles. The transfer of heat between the particles and the surrounding environment
is a crucial aspect in the wire arc spraying process, which is used to produce metal powder. The variation in particle
temperature (Tp) has an impact on this process. Equation 12 defines the diverse mechanisms via which heat is transferred,
including convection and radiation.

dv, -7 G(op = pg) | 2
|4 |4 14 g
mpE=mp T +m, o + F (8)
2
. ppd,” 24 ©)
T 18u CyRe
a; as
Cd=a1+ﬁ+ﬁ (10)
Re=pgdp|ﬁp_ﬁ| (11)
u
dT,
myc, d—t” = hA,(Tiocar — Tp) + €,4,0,(6,* — T,*) (12)
hd
Nu=— £ =20+ 0.6Re'/?prt/3 (13)
c
C
Pr = ]z_" (14)
c
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The computation of flow exiting a C-D nozzle is extremely complex since it involves the incorporation of both
laminar and turbulent flows, as well as fluctuations in pressure and velocity in different sections of the nozzle. The
Nusselt equation (Eq. 13) can be used to determine the heat transfer coefficient in particular areas of the nozzle, such as
the throat or the diverging section. Using this framework, the calculated h value can be used to determine the heat transfer
within the C-D nozzle. This is an essential element in designing the flow and heat transfer systems of the nozzle.
Furthermore, to examine the flow characteristics and heat transfer within the nozzle, it is necessary to consider the
Prandtl number (Pr), Reynolds number (Re), and Nusselt number (Nu) while analyzing the heat transfer in the fluid flow
(Equation 14) during this procedure.

The KHRT breakup model for simulating droplet disintegration effectively incorporates the influence of the Kelvin-
Helmholtz (KH) instability, which arises from aerodynamic forces, along with Rayleigh-Taylor (RT) instability. This is
particularly due to the acceleration of droplets moving into a free environment. The breakup of droplets can be simulated
by tracking the wavelength of the instability waves that grow most rapidly on the droplet surface. The KHRT model
begins with the assumption that a Levich core exists near the transfer region, and it defines the core length (L), which
allows for droplet disintegration as a result of the growth of Kelvin-Helmholtz waves. Wang et al. [33] is defined as
follows:

L=cd, \[% (15)

The breakup process is driven by the Kelvin-Helmholtz instability wave on the surface of the liquid core. The
wavelength, A,y and the growth rate, wgy of the most rapidly growing Kelvin-Helmholtz wave are defined as follows:

_ PqU%dp
We, = g (16)
_ (140,450h%5)(1+0,47Ta®7)
A = 9,02R (1+0,87We )06 )
_ (0,34+0,38We§'5) op 3
WKH = ([ {om) (141,4Ta%%) (p1R3) (18)
_ Wef’5
Oh = —-— (19)
Ta = OhWe,*® (20)
r = BKH/’{KH (21)

where We represents the Weber number, the subscript g denotes one of the two phases, U is the relative velocity, R
refers to the jet radius, Oh is the Ohnesorge number, Ta represents the Taylor number, r is the stable droplet radius, Bxy
is the size constant, tx, denotes the KH breakup time scale, and Ci; is the KH breakup time constant.

After the droplets are stripped from the liquid core and enter the free zone, RT instability becomes the main driving
force of breakup. For the RT instability, the fastest growing wave wgrand the corresponding wave number K are given
by follows:

3,726Cgyr
tKH = SR ¢ X (22)
AKHWKH

2(—ge(p1—pg)*s

w =
KT 3 /Sap(p1+pg) (23)
Ky = /M (24)

C;
tpr = (U_}:T (25)
C
o= (26)

2.7. Numerical Simulation Validation

Figure 5 presents the validation results of the TATF-400 nozzle model by comparing the calculated particle size
distribution with experimental data from previous studies. The results indicate a high level of correlation between the
simulation and experimental observations, particularly for the median particle size (Dso). The simulation closely matches
the experimental data, with only minor deviations observed in the Dsg values, confirming the robustness of the model in
predicting the central trend of the particle size distribution. However, slight discrepancies were noted at the tails of the
distribution (D10 and Do), suggesting potential limitations of the model in accurately predicting the extreme ends of the
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particle size range, especially for very small or very large particles. Despite these minor inconsistencies, the overall
particle size distribution pattern remains consistent with the experimental data, further validating the accuracy of the
computational fluid dynamics (CFD) model. Summary of solver settings presented in Table 3.

Table 3. Summary of solver settings

Model Settings
Discrete phase model Stochastic collision; Coalescence; Breakup
Particle treatment Unsteady particle tracking; Consider children in the same tracking step
Time Transient, 2nd Order Implicit
Time step/s 5x 107
Drag law Spherical
Secondary breakup model KH-RT
Viscous model k-0 SST
Pressure-Velocity coupling Coupled
Pressure discretization PRESTO!
Momentum discretization method 2nd Order Upwind
Outlet boundary type Escape

Validation was conducted using data obtained from a laser particle size analyzer (model LA-350), with minimal
deviations observed, thus ensuring confidence in the model’s accuracy for real-world predictions. Therefore, this model

will be applied in future simulations with the C-D nozzle to analyze the effects of nozzle geometry on the characteristics
of the produced metal powder.
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Figure 5. Validation of the particle size distribution for the TATF-400 nozzle

3. Results and Discussion

The integration of the C-D nozzle into the WASA process is an innovative and challenging technique for
manufacturing metal powder, drawing considerable interest. This study examines the manufacturing of metal powder
utilizing a C-D nozzle in the WASA process through CFD analysis. A key aspect of this study involves analyzing the
nozzle's geometry while it is being used, as this has an important impact on the quality of the metal powder. The
simulation findings are presented in a comprehensive manner as follows:

3.1. Gas Velocity Magnitude

Figure 6 illustrates the analytical findings of the gas (N.) velocity field for the C-D nozzles designed in this study.
The throat diameter of these nozzles is 2, 4, and 6 mm, and their divergent angles are 10°, 14° and 18°. The convergent
angle remains constant at 30 degrees. They are specifically designed for flow conditions that maintain constant entropy,
also known as isentropic flow. Initially, the fluid's velocity rises as it enters the nozzle's inlet, where the flow is subsonic
(M < 1), and moves towards the convergent region where the cross-sectional area decreases. The fluid flows at an
increased speed until it reaches the narrowest section of the nozzle, known as the throat. At this juncture, the velocity of
the flow achieves the speed of sound (M = 1), indicating the critical condition. As the fluid flows through the throat and
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enters the wider section, the flow achieves a supersonic (M > 1), continuing to accelerate until it exits the nozzle. The
velocity fields of each nozzle exhibit noticeable differences, indicating that the throat and divergence angle have an
important impact on the gas velocity both inside and outside the nozzle. Furthermore, the presence of shock waves in
the form of over-expansion is noticed as shown in Figure 7, which occurs as the gas accelerates through the narrowest
part of the system and into the wider section. This results in a sudden acceleration in speed and a corresponding reduction
in pressure. As the gas expands, it reaches a pressure at the nozzle exit that is higher than the pressure of the surrounding
atmosphere. The pressure difference causes shock waves to form in the gas flow field. Based on the modeling findings
shown in Figure 6 (a-c), the nozzle with a throat diameter of 2 mm reached a peak velocity of 995.35 m/s, while also
exhibiting slight over-expansion shock waves.

Figure 6 (d-f) demonstrates that the gas velocity field of a C-D nozzle with a throat size of 4 mm that experiences a
minor decrease when comparing to a nozzle with a 2 mm throat. The occurrence of shock waves in the form of over-
expansion is more intense and prolonged, resulting in an increase in the length of the free jet boundary. Figure 6 (g-i)
demonstrates that the flow field velocity is lower for a nozzle with a throat size of 6 mm compared to the 2 mm and 4
mm throat nozzles. Nevertheless, the shock wave intensity reaches its peak and the length of the free jet boundary is the
highest. The gas velocity achieved is within the range of 792-799 m/s. In addition, all the nozzles simulated in this work
are capable of utilizing the energy generated by gas expansion during atomization. In contrast to the study conducted by
Schwenck et al. [34], which developed a unique convergent-divergent annular nozzle to minimize flow separation and
recirculation using spraying pressures of 0.6 and 1.6 MPa and an inlet groove width ranging from 0.4 to 0.8 mm, they
were only able to reach a maximum velocity magnitude of 700 m/s. In addition, there were issues with effectively
utilizing the gas expansion energy in the atomization zone, specifically with the CCA-0.4 and CCA-0.8 nozzles.
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Figure 6. Gas velocity field in C-D nozzles: (a-c) throat 2 mm, (d-f) throat 4 mm, and (g-i) throat 6 mm, with divergent
angles of 10°, 14°, and 18°
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3.2. Shock Wave

Figure 7 illustrates the C-D nozzle used in this simulation of metal powder production, highlighting the occurrence
of a shock wave indicative of over-expansion. The shock wave generated in this scenario is advantageous to the process
as it causes a sudden change in the velocity of larger droplets relative to the gas. This increase in velocity can enhance
the Weber number (We), which is crucial for droplet breakup. A higher Weber number indicates a greater likelihood of
droplet fragmentation into finer particles, consistent with the findings of Kaiser et al. [35]. Additionally, the shock wave
can induce instabilities in the liquid droplets, such as Rayleigh-Taylor (R-T) and Kelvin-Helmholtz (K-H) instabilities.
These instabilities promote rapid deformation and fragmentation of the droplets, which is beneficial for processes
requiring droplet atomization into smaller sizes. The results of this investigation align with the research of Wei et al.
[36].

Hot reacted products
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Figure 7. Over-expansion behavior with a constant divergent angle of 10°: (a) throat 2 mm, (b) throat 4 mm, and (c) throat 6 mm

Figure 8 demonstrates the characteristics of nitrogen gas flow patterns between all designed nozzles. The gas velocity
experiences a dramatic increase as the fluid enters the throat. The nozzle with a throat diameter of 2 mm has the maximum
velocity magnitude, followed by the nozzles with throat diameters of 4 and 6 mm, respectively. Nevertheless, it has been
shown that the flow velocity experiences a significant reduction immediately after leaving the nozzle for the 2 mm throat
nozzle. The sudden decrease in velocity is unfavorable to the WASA process, as this process necessitates a consistent
high velocity over a specific distance to facilitate the appropriate formation of metal powder particles after being sprayed.
In contrast, the nozzles equipped with throats of 4 and 6 mm are able to maintain the velocity of the flow over a greater
distance.
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Figure 8. Flow field profile of all C-D nozzles conducted in this study

The gas flow field, once it leaves the nozzle, exhibits a progressive and uninterrupted reduction in gas velocity. This
is a favorable attribute for the WASA process. Upon analyzing the gas velocity field after the nozzle exit, it is evident
that the nozzle with a throat diameter of 6 mm maintains a greater velocity in comparison to nozzles of different throat
diameters. At a distance of 1 meter from the nozzle outlet, the velocity can reach a maximum of 300 m/s and remain
constant. The study conducted by Urionabarrenetxea et al. [16] examined the gas flow dynamics during atomization
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employing a close-coupled C-D nozzle. The investigation focused on inlet gas pressures ranging from 0.5 to 8 MPa. It
was discovered that the highest speed achieved was 600 m/s while utilizing an inlet gas pressure of 8 MPa, and noticeable
fluctuations in amplitude were observed. In contrast, the simulation conducted in this research employed an inlet gas
pressure of 540,000 Pa (0.54 MPa) and achieved velocity magnitudes ranging from 792 to 995 m/s, which is a favorable
outcome when compared to the previously described study.

3.3. Total Pressure

Figure 9 illustrates the total pressure, which indicates the overall energy of the fluid in the C-D nozzle system. It can
be noted that the highest pressure point is located about at Y = 0.06 m (or 60 mm) from the nozzle inlet. The pressure at
the throat rises quickly as the flow is compressed through the narrowest part, resulting in an increase in velocity. The
maximum pressure at this point ranges from 7.5 to 8.9 MPa. Once the fluid moves through the narrow throat and enters
the wider diverging section, its speed slows as the area it occupies expands, resulting in a corresponding decrease in
pressure. This behavior conforms to the theory of energy conservation and the transformation of kinetic energy into
potential energy (static pressure) until the fluid reaches the location of 0.1 m (or 100 mm), which is the nozzle exit.
Additionally, it is observed that a smaller divergence angle of 10° leads to increased pressure since the fluid expands
more rapidly compared to greater divergence angles of 14° and 18°. The pressure at the throat of a nozzle with a 4 mm
size ranges from 1.5 to 2 MPa, while for a nozzle with a 6 mm size, the pressure ranges from 1 to 1.5 MPa. A key finding
in this study is the notable influence of throat size on total pressure as the throat size expands, the total pressure
diminishes. Nevertheless, the increase in the divergent angle has only a slight effect on the total pressure. The total
pressures obtained were greater than those reported by Zangana et al. [7]. Their study focused on the effect of convergent-
divergent tubes on the cooling efficiency of vortex tubes. They achieved this by decreasing the throat size from 8 mm to
2.5 mm and utilizing an inlet pressure of 0.6 MPa. According to their research, the overall pressure varied within the
range of around 70 kPa (70,000 Pa), potentially as a result of variations in the design of the nozzle. The geometry of the
C-D nozzle has a substantial impact on the pressure both inside and outside the nozzle.
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Figure 9. Total pressure profile of all C-D nozzles conducted in this study

3.4. Effect of Nozzle Shape on Particle Diameter and Particle Distribution

This study examines the geometric configuration of C-D nozzles and its influence on the size of metal powder
particles generated using the WASA process, employing CFD analysis. The desired median particle size (Dso) for the
metal powder is 45 pm, which is often employed in additive manufacturing (AM) techniques including Selective Laser
Melting (SLM) and Wire Beam Melting (WBM) [37-40]. Based on the data shown in Table 4 and Figure 10, it is clear
that a rise in the divergent angle of the nozzle leads to a reduction in the size of metal powder particles. This phenomenon
occurs as a result of the increased expansion area for the fluid, resulting in elevated velocities and the sustained velocity
over longer distances. This extended duration provides more time for the formation of particles, as previously described.
Increased velocities intensify the shear stress exerted on the molten metal, hence improving the atomization process and
resulting in the formation of smaller droplets. The simulation findings clearly demonstrate that the nozzle's geometry has
a substantial impact on both the size and distribution pattern of the metal powder particles. The nozzle with a bigger size
(T6_DG14) achieved the desired particle size most accurately, with a D1 value of 21.25 um, a Dsg value of 44.42 pum,
and a Dgo value of 93.21 pm. Under the simulated conditions, this nozzle exhibited the narrowest particle size
distribution.
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Table. 4 Computational results of particle size distribution for different throat and divergent configurations

. Average Mass Cooling Rate
Nozzle size flow rate (kg/s) Dio (um) Dso (um) Dgo (Lm) Cls)
T2_DG10 0.003 29.27 55.09 119.86 88.6
T2_DG14 0.003 25.02 75.07 176.67 87.5
T2_DG18 0.003 28.77 88.83 188.93 84.6
T4_DG10 0.015 20.77 43.06 96.07 87.2
T4 _DG14 0.015 25.27 54.94 98.58 84.7
T4 _DG18 0.015 27.52 55.09 107.91 81.0
T6_DG10 0.029 20.27 40.85 103.80 81.6
T6_DG14 0.029 21.52 44.42 93.21 70.3
T6_DG18 0.029 21.02 44.29 116.98 77.1
100 R 100 R S 100 .
90 1 90 |- y 90 ]
D90y 0 = 119.86 D90pg0 = 96.07 l 1):)0:,\“” = ‘n:z‘xu
g™F Do~ 18853 1 g™t Booses - 10791 1 &% Dot~ 1
St 1 Tt 4 St 1
H D30y = 55.09 £ D50, = 43.06 g D30y, = 40.85
601 D50y = 75.07 1 &9 D50y, = 54.94 1 g% D505, = 44.42
gm [ D50;,;,5 = 88.83 1 g % D500, = 55.09 gm L DS0py5 = 44.29 1
-340— 1 -_340- g ésu» 1
_E.m- — B EJ(]» - B g}u‘ 4
E » —12_DG10 ] ——T4_DG10 t 2027 —_ 10 1
Ol Digpon 2927 mocad{ Yt Dio = 3377 —rpou] ml fiee2y e
" D10pcrs = 28.77 T2 DGIS ol DI0pg = 27.52 ——T4.DGIS | ol D10y = 21.02 ——T6.DG1S |
0 (T S N S T S . 0 S S S SR S S 0 P S S S L
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Particle diameter (um) Particle diameter (um) Particle diameter (um)
@) (b) (©

Figure 10. Particle size distribution: (a) throat 2 mm, (b) throat 4 mm, (c) throat 6 mm

The simulation of metal powder production using the wire arc spraying technique in this study yielded metal powder
with a Dsp particle size range of 40-88 um, depending on the nozzle shapes employed. In contrast, the optimal particle
size for use in additive manufacturing processes varies for selective lase-r melting (SLM), the suitable range is 20-45
pm; for electron beam melting (EBM), it is 45-100 um [37, 41, 42] and for laser powder bed fusion (LPBF), it is 40-50
p1m [40, 43]. These ranges align with the specific limitations of AM processes, where the layer thickness typically does
not exceed 100 um. Nevertheless, the particle size obtained from the wire arc spraying process can still be used for AM.
Furthermore, studies by Fan et al. [44] and lebba et al. [45] demonstrate that varying particle size distributions help fill
gaps between larger particles, improving powder flow efficiency in the forming bed and increasing powder layer density
during forming. This results in the fabrication of components with higher and more uniform density. Parts produced
from powders with varying particle sizes tend to exhibit superior mechanical properties, such as enhanced strength and
durability. These findings have been corroborated by Sofia et al. [46].

The C-D nozzle offers significant advantages over the Close-Coupled Gas Atomization (CCGA) nozzle in
controlling fluid flow. The C-D nozzle can reduce gas flow uncertainties, providing a more stable and consistent flow
profile, which is crucial for achieving uniform dispersion of molten metal. This results in more consistent and predictable
particle sizes. A narrow particle size distribution enhances production quality. In contrast, a study by Samuel J. et al.
[20], which simulated the CCGA process using a CFD model based on the Euler-Lagrange approach, found that the
CCGA nozzle experienced multiple turbulence interactions between the gas and molten metal. These interactions led to
instability in both gas and metal flow. Such fluctuations adversely affect the atomization efficiency of the molten metal
and may result in an uneven particle size distribution. Figures 11 to 13 show the analysis of particle breakup and
distribution using the Weber number (We), which is a dimensionless quantity that compares the significance of inertial
forces to surface tension forces in the fluid. When the diverging angle of small throat nozzles grows from 10° to 18°,
the Weber number experiences a considerable increase, suggesting that inertial forces become stronger than surface
tension forces. As a consequence, there is an amplification in particle breakup, while bigger droplets have a tendency to
aggregate in close proximity to the central region of the nozzle. On the other hand, bigger nozzles display a more
extensive distribution of particles, resulting in smaller droplets that distribute widely from the nozzle's center. The Weber
number for these larger throat nozzles exceeds that of the small and medium throat nozzles, indicating that inertial forces
more efficiently counteract the surface tension of the droplets.

Currently, there are ongoing investigations into secondary atomization processes in the manufacturing of amorphous
powders that comprise mainly up of Fe. The primary objective is to comprehend the movement of particles and the
mechanisms involved in their cooling. Pu Wang et al. [33] showed that the average size of particles reduces with an
increase in the gas-to-metal ratio (GMR). In addition, increasing the pressure used to atomize the metal and decreasing

563



HighTech and Innovation Journal Vol. 5, No. 3, September, 2024

the rate at which the molten metal flows leads to the production of smaller particles. Most of these particles have a Dsg
size greater than 50 um. On the other hand, the process of producing metal powder through WASA process using a C-
D nozzle has many benefits compared to the study conducted by Pu Wang et al. These advantages include the creation
of smaller powder particles (Dso = 44.42 pm), the utilization of lower pressure (0.54 MPa), and the use of lower mass
flow rates (0.029 kg/s). Shuai Zhang et al. [47] conducted a simulation to produce 316L stainless steel powder particles.
They used a close-coupled atomizer to examine the impact of high-pressure gas on metal powder synthesis. The
investigation involved pressures ranging from 3 to 6 MPa and nozzle sizes of 4 and 4.6 mm. Through their calculations,
it was discovered that increasing the pressure leads to a more refined distribution of particle sizes. At a pressure of 3
MPa, the Dso particle size was 77 um, which was greater and necessitated a higher pressure compared to the metal
powder generation utilizing the C-D nozzle in this study.
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Figure 11. Particle fragmentation in liquid as a function of Weber number for throat 2 mm, with divergent angles of (a) 10°,
(b) 14°, and (c) 18°
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Figure 12. Particle fragmentation in liquid as a function of Weber number for throat 4 mm, with divergent angles of (a)
10°, (b) 14°, and (c) 18°
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Figure 13. Particle fragmentation in liquid as a function of Weber number for throat 6 mm, with divergent angles of (a)
10°, (b) 14°, and (c) 18°
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The transition from a high-velocity jet at the nozzle throat to a lower velocity upon entering the surrounding
environment results in a reduction in the shear forces acting on the fluid, leading to the formation of larger droplets. As
the shear force decreases, the energy required to break the liquid into droplets also diminishes, contributing to the
generation of larger droplets or particles. Moreover, the reduction in shear forces leads to a broader particle size
distribution, consistent with the findings of Daskiran et al. [48] and Hanthanan et al. [49], as well as the experimental
results shown in Figure 10. Gonabadi et al. [50], Mehrabi et al. [51], and lebba et al. [45] have demonstrated that parts
produced with larger particles tend to have a rougher surface finish, which may negatively affect both aesthetic quality
and functional performance. Additionally, larger particles exhibit reduced flowability, leading to inconsistent feed rates
into the printer and problems such as uneven layer thickness and defects in the printed structure. Furthermore, Rando et
al. [52] confirmed that particle size also influences heat transfer during the printing process, causing warping and internal
stresses as particles cool and solidify at different rates.

3.5. Effect of Nozzle Shape on Particle Temperature

Figure 14 illustrates the temperature distribution of metal particles throughout the atomization process. The charts
show various cooling temperatures that arise from the different characteristics of the nozzle geometries. The initial high
temperature, around 1200°C, signifies the total temperature of the molten metal prior to the beginning of atomization.
Nozzles with smaller throat diameters (T2) demonstrate a higher rate of particle cooling in comparison to nozzles with
medium (T4) and large (T6) throat diameters. Rapid particle cooling induces rapid solidification of the particle surface,
limiting the formation of particles in the desired manner, hence leading to the production of bigger particle sizes. During
the initial stage (0-0.1 milliseconds), there is a notable rise in heat transfer efficiency, which corresponds to the analysis
of the particle Nusselt Number illustrated in Figures 15 to 17. As a result, the temperature dramatically drops to less than
400°C within 0.25 milliseconds. In contrast, nozzles that are large and have greater cross-sectional surfaces undergo
significant over-expansion of the gas and exhibit slower rates of heat transfer Furthermore, the Weber number reaches a
value of 1.54x108. These behaviors are beneficial for the WASA process, as they provide sufficient time for the
generation and fragmentation of particles. The particle size and distribution are influenced by these parameters, as
evidenced by Figure 10. In this figure, the overall Dso particle size in the largest throat nozzle is smaller and the
distribution is narrower compared to small and medium throat nozzles. This suggests that the design of the nozzle is

extremely important in regulating the thermal properties and particle velocity, which subsequently impacts the particle
diameter.

1600 T T T T T 1600 - - T T ; 1600 ; - : ; ;
T2 DG10 —T4_DG10 —T6_DG10
1400 T2 DG4 - 1400 + ——T4 DG4 4 1400 ——T6_DG14
——T12_DGI8 ——T4_DGIS ——T6_DG18

Iy

S

=
>
S
3

1200

>
S
3

1000 |-

®
=3
=3

800 -

g

Particle temperature (°C)
2
S

Particle temperature (°C)
P
Particle temperature (°C)

s
=3
S

2

=3

400 |

200 4

S
3
T
1

200 —

0 L 1 L L L 0 1 1 L L L 0 ! I I I L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 025 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time (ms) Time (ms) Time (ms)

@) (b) ©
Figure 14. Particle temperature: (a) throat 2 mm, (b) throat 4 mm, (c) throat 6 mm
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Figure 15. Heat transfer rate for throat 2 mm, with divergent angles of (a) 10°, (b) 14°, and (c) 18°
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Figure 16. Heat transfer rate for throat 4 mm, with divergent angles of (a) 10°, (b) 14°, and (c) 18°
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Figure 17. Heat transfer rate for throat 6 mm, with divergent angles of (a) 10°, (b) 14°, and (c) 18°

3.6. Effect of Nozzle Shape on Particle Velocity Magnitude

According to Figure 18, it can be shown that largest throat nozzles have a tendency to produce higher particle
velocities in comparison to smaller and medium throat nozzles. The chart illustrates the relationship between particle
velocity and nozzle size. It shows that larger nozzles result in higher particle velocities, especially during the time period
of 0.05-0.10 ms, with an average peak velocity of approximately 60 m/s. Medium throat nozzles produce particle
velocities of about 52 m/s, which is considered moderate. On the other hand, small throat nozzles have the lowest average
particle velocities, measuring around 30 m/s. The relationship between these two factors is interconnected and has a
direct influence on the size of the metal powder particles. Increased particle velocities are essential for particles to acquire
sufficient kinetic energy to undergo uniform fragmentation and produce small particles during the atomization process.
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Figure 18. Particle velocity magnitude: (a) throat 2 mm, (b) throat 4 mm, (c) throat 6 mm

In addition, the movement of particles at low velocities leads to the formation of larger and more irregularly shaped
particles. For large throat nozzles, the particle velocity is high because the particles are accelerated through the throat
and the gas expands in the diverging section. However, the cooling rate is poor in these cases due to the high particle
velocities at the nozzle exit. When gas flows at high speeds through large throat nozzles, the strong shear forces cause
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the liquid to fragment into smaller particles. Despite the small size of the particles, their elevated velocity decreases the
amount of time they spend in a heat exchange environment, leading to less effective heat transfer. High-velocity particles
rapidly move between points, hence decreasing the available time for transferring heat with the surroundings.

4. Conclusions

This study investigates the geometry of convergent-divergent nozzles in the metal powder production process
employing wire arc spraying atomization through computational fluid dynamics. The study examines the impact of throat
size and diverging size on the dimension and distribution of particles in 925 sterling silver metal powder. The findings
can be summarized as follows:

e The validated TATF-400 nozzle model demonstrates a clear consistency between the simulated particle size
distribution and experimental results, particularly with regard to the median particle size (Dso), which confirms the
reliability of the computational fluid dynamics model. Additionally, validation using a laser particle size analyzer
(LA-350) further supports the accuracy of the model, ensuring its predictive capabilities for real-world
applications. Consequently, the validated TATF-400 nozzle model can be effectively applied to C-D nozzle
modeling to investigate the impact of nozzle geometry on the characteristics of metal powders.

e The computational findings of C-D nozzles indicate that the dimensions of the throat and the angle of the divergent
section have an important impact on the gas acceleration and the preservation of velocity upon departing the nozzle.
Nozzles with a largest throat size (T6) have a superior ability to maintain gas velocity and expansion compared to
medium (T4) and small (T2) throat nozzles. Moreover, larger throat nozzles encounter stronger shock waves in
the shape of over-expansion. Small diverging angles (DG10) result in increased total pressure within the nozzle.

e The dimensions and distribution of particles clearly illustrate the influence of nozzle size and shape on the
atomization process. Small throat nozzle and lower divergence angles lead to elevated velocities and enhanced
shear forces inside the nozzle, which promptly diminish once the fluid exits the nozzle. On the other hand, larger
throat nozzles have the ability to maintain greater speeds and shear forces even after the liquid leaves the nozzle.
This results in metal powder particles that are closer to the desired size range for additive manufacturing (AM)
processes, with Dsg values ranging from 40 to 44 um. Small throat nozzles provide Dso values ranging from 55 to
88 um, whereas medium throat nozzles create Dsp values ranging from 43 to 55 um

¢ The configuration of the C-D nozzle has an important impact on the particle temperatures, specifically the size of
the throat and the angle of divergence, as well as their influence on the cooling behavior of the particles. Small or
medium throat nozzles have the ability to rapidly distribute or release heat, resulting in particle temperatures
reaching around 360°C in just 0.25 milliseconds. Nevertheless, increasing the divergent angle to 14° and 18°
slightly diminishes the cooling efficiency. Nozzles of larger throat size demonstrate a reduced rate of cooling,
however they continue to maintain a relatively effective cooling processes. The rate at which particles cool is a
critical factor that affects the size of particles in the manufacturing of metal powder. C-D nozzles have the ability
to effectively control and adjust the cooling rates of metal powder particles.

e Particle velocity is a significant determinant of the size and distribution of metal powder particles. Particles
discharged from small throat nozzles with narrow divergent angles (DG10) exhibit the greatest acceleration as
compared to medium (DG14) and large (DG18) divergent angles. Nevertheless, these small throat nozzles produce
particle velocities that are lower in comparison to nozzle sizes of bigger throat sizes. Utilizing larger throat nozzles
enhances stability and equilibrium in achieving particle velocity. Increasing the throat size also enhances the
distribution of pressure and inertial forces within the fluid, resulting in a reduction in flow resistance and enabling
the fluid to flow through the nozzle at a higher speed, thus increasing particle velocity.

5. Nomenclatures

p Density h Convective heat transfer coefficient
t Time A, Surface area of the particle

U Velocity vecto Tioca Local temperature of the fluid

D Fluid pressure T, Temperature of the particle
p Pressure gradient force & Emissivity
4] Velocity gradient tensor Ap Surface area of the particle

Uerr Effective dynamic viscosity Nu Nusselt number

6ij Kronecker delta h Convective heat transfer coefficient
F External body forces dp Diameter of the particle
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E Total energy k. Thermal conductivity of the fluid
kerr Effective thermal conductivity Pr Prandtl number
vr Temperature gradient L Characteristic length scale
Sk Energy source term d, Diameter of the nozzle or orifice
k Turbulent kinetic energy We Weber number
Py Production term Pq Density of the fluid
B * Model constant op Surface tension
1) Specific dissipation rate Ay KH wavelength
Ok Turbulence model constant R Jet or droplet radius
Ue Turbulent viscosity Oh Ohnesorge number
Vw Gradient of the specific dissipation rate Wiy gfévin-Helmholtz instability growth
Cp Specific heat capacity at constant pressure r Droplet radius
Pr; Turbulent Prandtl number Byy Stable radius of droplets
m, Mass of the particle ten Breakup time
U, Particle velocity Cxu KH instability constant
T, Particle relaxation time Kpr Wave number
g Gravitational acceleration WgrT Growth rate
Pp Density of the particle gt Droplet acceleration
Py Density of the fluid (gas) trr RT breakup time scale
dp Diameter of the particle C; Rt breakup time constant
Cy Drag coefficient of the particle T, Radius of child droplet
Re Reynolds number Crr Breakup radius constant
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