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ABSTRACT: The quality of spherical powders required in plasma spheroidization is particularly important to advanced
manufacturing, such as additive manufacturing and thermal spray coatings. Traditional powder feeding systems, such as radial and
coaxial nozzles, often suffer from suboptimal powder distribution, low powder capture efficiency, and poor control of particle
trajectories. These issues deteriorate spheroidization quality and material efficiency. We propose here an innovative annular
powder-feeding plasma torch for these challenges and to optimize the powder-feeding dynamics. The novel nozzle consists of a
tangential powder feeding mechanism and a concentric conical structure that provides uniform powder distribution and minimizes
plasma jet interference. Computational fluid dynamics (CFD) simulations and Discrete Phase Modeling (DPM), combined with a
literature review, are used to study such as throat size and convergent-divergent profiles of nozzles for gas-powder interactions.
Yttria-Stabilized Zirconia (YSZ) powder was used for the experimental validation of the annular nozzle; the annular nozzle was
found to outperform traditional nozzles in this application with a powder capture efficiency of 75%, a deposition efficiency of 92%,
and a spheroidization efficiency of 85%; 85% of the particles had a circularity index >0.9. These results indicate that powder
distribution uniformity, deposition efficiency, as well as spheroidization quality are greatly improved than those from conventional
plasma spheroidization systems, demonstrating the potential for better process performance for plasma spheroidization. These
findings demonstrate the relevance of the optimized annular nozzle in the field of high-value material manufacturing as it yields
increased coating quality and minimized material wastage.
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1. Introduction

Plasma spheroidization is a crucial process in advanced material manufacturing, particularly for producing high-
quality spherical powders used in additive manufacturing and other high-performance applications [1,2]. The process
involves injecting powder particles into a high-temperature plasma jet, melting, and spheroidized them before
solidifying them into spherical particles with uniform size and morphology [3,4]. The quality of spheroidized powders
is highly dependent on powder feeding efficiency and particle distribution uniformity within the plasma jet [5,6].
However, conventional powder-feeding systems, such as radial and coaxial nozzles, often suffer from uneven powder
distribution, low powder capture efficiency, and inadequate control over particle trajectories, leading to suboptimal
spheroidization quality and material wastage [7,8].

Recent advancements in plasma spheroidization have highlighted the importance of nozzle geometry and gas-
powder dynamics in achieving uniform powder distribution and high spheroidization efficiency. Annular powder-
feeding nozzles have emerged as a promising solution, offering superior powder convergence and concentration
compared to traditional designs [9]. Annular nozzles have been shown to achieve a powder capture efficiency of 75%,
significantly outperforming discrete three-outlet nozzles [10]. This breakthrough underscores the potential of annular nozzles
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to optimize powder usage rates and enhance spheroidization quality [11]. However, challenges such as uneven powder flow,
nozzle clogging, and inadequate heat dissipation persist, necessitating further innovation in nozzle design [12,13].

Although progress has been made in nozzle design, current annular powder feeding systems have some serious
limitations [14,15]. For instance, powder flow is uneven, and inflow and outflow can be turbulent inside the nozzle,
resulting in material loss and inconsistent spheroidization quality. Furthermore, conventional designs fail to maintain
efficient powder convergence and heat dissipation, which are both of extreme importance for high spheroidization rate
and homogeneous particle morphology. These limitations highlight the need for next-generation annular powder-
feeding nozzles that integrate advanced feeding mechanisms and undergo rigorous experimental validation [16].

The use of gas discharge to obtain spherical particles is a well-established technique that has been known for the
last century. Early foundational work laid the groundwork for modern plasma spheroidization techniques,
demonstrating the potential of gas discharge methods for producing high-quality spherical powders with uniform size
and morphology [17]. More recent advancements in plasma technology have further optimized these processes,
allowing for precise control over particle size and shape. Various plasma conditions have been explored, highlighting
the importance of optimizing parameters such as gas flow rate, plasma power, and powder feed rate to achieve desired
particle characteristics [18]. In addition to optimizing the powder-feeding nozzle design, understanding the properties
of the powders before and after plasma treatment is crucial for achieving high-quality spherical particles. The initial
properties of the powders, such as particle size distribution, morphology, and chemical composition, significantly
influence the spheroidization process. Similarly, the properties of the construction materials used in the feed device,
such as thermal conductivity, high-temperature resistance, and mechanical strength, play a vital role in ensuring stable
and efficient powder delivery. Understanding the heat exchange and friction within the system is also crucial for
ensuring efficient flow rates and stable operation. Heat exchange and friction are directly related to the properties of the
material and the flow parameters, and they play a significant role in the overall efficiency of plasma technologies [19].
Efficient flow dynamics ensure that the powder particles are uniformly distributed and adequately exposed to the high-
temperature plasma jet, leading to complete melting and spheroidization. Understanding and optimizing these flow
dynamics are essential for improving the overall efficiency of the spheroidization process.

While our study focuses on the optimization of powder feeding using a DC-arc plasma torch, it is important to note
that RF (radio frequency) plasma generators are currently more widely used in plasma spheroidization processes [20].
RF plasma generators offer certain advantages, such as higher power efficiency and better control over plasma
parameters, which make them suitable for a wide range of applications [21]. However, DC-arc plasma torches, like the
one used in our study, provide unique benefits such as simpler design, lower cost, and ease of operation, making them
a viable option for specific industrial applications [22]. Our work aims to enhance the performance of DC-arc plasma
torches by optimizing the powder feeding system, thereby improving the overall efficiency and quality of the
spheroidization process.

This study aims to optimize powder distribution in plasma spheroidization using an innovative annular powder-
feeding plasma torch. The objectives include improving powder convergence and spheroidization efficiency by
optimizing nozzle geometry, specifically the convergent-divergent profile and throat size. Advanced computational
fluid dynamics (CFD) simulations and Discrete Phase Modeling (DPM) are used for numerical analysis, complemented
by experimental validation, to provide insights into the relationship between powder transport and spheroidization dynamics.
The findings have direct applications in additive manufacturing and other advanced manufacturing technologies.

2. Materials and Methods
2.1. Nozzle Design and Features

Plasma spheroidization is a critical advancement in powder processing and benefits from the capability to inject
powders precisely, sustain the plasma flow, and transfer energy efficiently. Modern plasma torches are adopting the
conventional design to the advanced high-power configuration, which can improve the uniformity of the powder
distribution and the efficiency of the spheroidization. A 3D-modeled laboratory plasma torch with an innovative annular
powder feeding system is shown in Figure 1 as a cross-sectional view.

A cascade-designed plasma torch provides enhanced operational stability compared to conventional self-
generating gap-length plasma torches due to its higher voltage working condition. It enables an optimized electrode
configuration that brings about superior axial symmetry of the plasma jet and, in turn, reduces the arc fluctuations and
enhances the plasma stability. Moreover, the annular powder feeding mechanism distributes the powder to the plasma
for uniform heating and reducing particle trajectory deviations. These enhancements enhance a spheroidization process
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to one that is optimized concerning powder morphology control and material loss, serving the process well for industrial
powder modification purposes.

Figure 1. Cross-Sectional View of the IEI Plasma Torch with Annular Powder-Feeding System.

Radial Powder Feeding and Annular Powder-Feeding: A Dual-Mode Powder Injection System for Enhanced
Coating Uniformity and Efficiency. The annular powder feeding nozzle is an innovative design that is designed to
achieve the best powder distribution uniformity, greatly reduce plasma jet interference, and greatly improve the
spheroidization efficiency. However, the novel nozzle is engineered in a very precise and detailed structure to ensure
outstanding process control, precision, and performance, as evidenced by Figure 2.

The novel dual-mode injection system for enhanced coating uniformity and efficiency [23,24] uses distinct powder
feeding mechanisms, as shown in Figure 2. The radial powder-feeding, which radially introduces the powder into the
plasma jet, is shown in Figure 2a. This design usually gives a less controlled distribution of the powder, which in many
cases produces uneven coating and lower spheroidization efficiency [25,26]. While some applications benefit from the
radial injection system, challenges such as uniform powder flow and plasma jet interference ultimately limit overall
performance in high-precision processes.
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Figure 2. (a) Radial powder feeding, (b) Annular powder feeding.

Figure 2b shows the annular powder feeding nozzle, which is a major innovation in the plasma spheroidization
field [27,28]. The power distribution uniformity and the process control are much improved than the previous nozzle
design. The powder is injected through an annular ring to provide a more concentrated and uniform powder flow around
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the circumference of the nozzle. Configuration of this configuration effectively eliminates the plasma jet interference
by aligning the powder beam symmetrically with the plasma jet, which optimizes the spheroidization process. This
dual-mode powder injection system used to obtain the result demonstrated the advanced capabilities of improved
spheroidization efficiency and more consistent coating quality [29,30].

To unravel the intricacies of gas-powder dynamics within the nozzle, a sophisticated CFD-based two-phase flow
model was developed, leveraging the structural insights from Figure 2. Utilizing the commercial software FLUENT
2021, comprehensive simulations were performed to scrutinize the nozzle’s acrodynamic performance, encompassing
pivotal aspects such as gas-powder interaction, particle trajectory mapping, concentration distribution analysis, and
overall flow behavior [31].

As depicted in Figure 3a illustrates the overall design of the annular powder feeding nozzle, including the powder
injection mechanism and the cooling scheme. The nozzle is designed to ensure uniform powder distribution and efficient
heat dissipation. Figure 3b provides a detailed view of the multiple ring grooves, which are crucial for optimizing
powder flow and distribution. The lower surface of this section is strategically outfitted with multiple ring grooves,
including 28 specifically designed grooves that optimize powder entry into the channel [32]. This configuration ensures
that the ejected powder beam remains symmetrically aligned with the plasma jet [33]. The design minimizes
disturbances to the plasma flow while enhancing the uniformity of powder distribution. To further improve fabrication
feasibility and thermal resistance, the minimum thickness of this section is maintained at >2 mm [34]. The primary
function of the ring-groove section is to regulate the motion of powder particles, reduce their tangential velocity, and
facilitate optimal powder convergence, which in turn promotes improved particle heating and spheroidization.

(a)

(b)

Figure 3. New-type Annular Nozzle. (a) Powder injection into the plasma and the cooling scheme; (b) Ring-groove section; (c)
Nozzle tail and anode compression section; (d) Annular Plasma Nozzle Assembly.

The nozzle tail and anode compression section (Figure 3¢) serve as the structural integration point for the entire
nozzle assembly. This section, together with component Figure 3a, constitutes a convergent-divergent nozzle
configuration that promotes plasma jet expansion and accelerates powder particles. This gives an advantage in the
efficiency of spheroidization and in the overall powder processing performance. Finally, Figure 3d depicts the Integrated
Annular Powder-Feeding Plasma Nozzle Assembly, which consists of the nozzle body, ring-groove section, and nozzle
tail with anode compression. The spheroidization unit is an integrated structure that is carefully laid-out to maximize
powder distribution, ensure a stable plasma jet, and maximize spheroidization efficiency by ensuring homogeneous
particle injection and minimizing flow disturbance.
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2.2. Assumptions

There are the following basic assumptions behind such analysis:

(1) Argon is taken as the continuous phase with constant density and viscosity throughout the process.

(2) The powder particle size distribution is the Rossin-Rammler distribution.

(3) It is assumed that the powder is uniformly distributed at the inlet, and the powder velocity is equal to that of the
carrier gas.

(4) In the current analysis, the heat transfer due to plasma radiation on the powder particles is neglected.

2.3. Continuous Phase Model of Carrier Gas

The Navier-Stokes equations are solved to accurately capture the gas flow behavior in the newly designed annular
powder feeding nozzle, which provides a complete mathematical framework [35]. Expressed in tensor form as follows,
these equations form the foundation for simulating the complex gas dynamics within the nozzle’s inner channel and
outer jet structure, crucial for optimizing plasma spraying performance.

Mass Conservation Equation:

a(pgug.i) n a(ppup.i)

= 1
axl- axi 0 ( )

Momentum Conservation Equation:
Ooug; Oug;
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where the indices i, j = 1, 2, 3 take values of 1, 2, and 3, representing the components of the tenso; The terms u; and
g; correspond to the components of the velocity vector and the gravitational acceleration vector, respectively. The
variables p,pg,t,u and p; are gas density, pressure, time, molecular viscosity, and turbulent viscosity, respectively.
Additionally, Fyp,, is the drag force due to gas-powder interaction. In this investigation, the gas density is considered
constant due to the relatively low velocity and pressure drop [36]. The realizable k — € turbulence model enhances the
traditional k — & model, facilitating computation [37].
The characterized of turbulent viscosity p, in this model by the following equation:
2
Mgt = pgcuk? 3)

where €, denotes a variable that is derived from the field variables, developing it apart from the constant utilized in

the traditional £ — € model [38—40]. Here, k represents turbulent kinetic energy, whereas ¢ indicates the turbulent
dissipation rate. The transport equations for £ and ¢ are as follows:
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where S represents the modulus of the mean strain rate tensor, which is defined as follows:
S* = [2S,5,v (6)
5 =12, 0% 7
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= (€))

v denotes the kinematic viscosity; C; = 0.45 is the minimum value for the strain-to-dissipation ratio; C, = 1.9 is
an actual constant; ox = 1.0 and o. = 1.2 are turbulent Prandtl numbers for £ and €, accordingly.

2.4. Dynamic Model of Powder Particles

Revolutionizing plasma spraying simulations, the model combines the two-way turbulence coupling model with
the Discrete Phase Model (DPM) to capture the dynamic interplay between gas and powder particles. The dynamics of
powder are analyzed by integrating the effects of resistance, inertia, and gravity. The trajectories of discrete particles in
the Lagrangian coordinate system are determined by the following methodology:

dry ;
pi
dr i (10
du,; 18uCpRe - i
pi _ 18uCpRe l_upi)+(pp P)gi a1

dt  ppd224 ~ P oy

where 1,, i, and up, accordingly i represent the axis vector and velocity vector of powder particles; p,, represents the
density of the powder particles, while d,, denotes their diameter; the Reynolds number, denoted as Re, is a
dimensionless quantity that characterizes the flow of fluid relative to a particle. It is defined as follows:

Re = M (12)
i

The initial term on the right side of Equation (11) represents the resistance associated with each powder particle.
Cp represents the drag value and the circular drag coefficient model is utilized in this structure [41,42]. The equation
is as follows:

CD=a1+_+_ (13)

where a,, a, and a; represent actual variables.

During the gas-powder two-phase flow in the powder-feeding process of plasma spraying, the low volume fraction
of powder leads to the disregard of particle collisions. The analysis is concentrated on the interactions between the
powder particles and the surfaces of the cavity and nozzle. This model presumes a complete collision, with both normal
and tangential recovery coefficients set at a value of 1 [38].

Stokes number (Stk) is an undefined quantity utilized to characterize the behavior of particles within the gas flow.
It can be defined as follows [43]:

_ ppdyRe

= 14
Stk 18pL2 (14)

where the variable L represents the width of the powder flow channel within the nozzle. If the Stk of powder particles
is significantly greater than 1 (Stk > 1), it indicates that turbulence can be disregarded due to the substantial weight
of the powder particles. However, the influence of these particles on the gas flow field necessitates the implementation
of a two-way turbulence coupling method. When Stk << 1 is much less than 1, it is essential to take into account the
impact of turbulence on particles.

2.5. Boundary Condition

In this study, we consider a three-dimensional spatial flow for the gas-powder mixture within the nozzle,
accounting for both axial and radial variations in the flow. The flow dynamics are simulated using a three-dimensional
numerical model developed in FLUENT, as shown in Figure 4. The model simulates how the gas and powder interact
along both the axis (length of the nozzle) and radius (across the nozzle’s width), capturing the full distribution of powder
particles. Additionally, volumetric flow refers to the overall flow rate and distribution of the gas-powder mixture, as
modeled across the entire nozzle volume, including its axial and radial directions.
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Figure 4. Computational domain.

This model only focuses on the flow of free powder, this model focuses only on the movement of free powder,
creating a cylindrical calculation domain beneath the nozzle to explore the flow dynamics and convergence structure of
the gas and powder jet flow in that area. The calculation domain of the upper part includes the inner flow channels
within the mixing cavity of the nozzle, aimed at analyzing the flow characteristics of gas and powder that are difficult
to observe through experimental methods. The initial conditions for the calculation are presented in Table 1, and the
gas velocity Vi, can be approximately characterized as follows:

Table 1. Initial Boundary Conditions.

Boundary Condition Inlet Outlet
Parameter Powder Feed Rate (g/min) Carrier Gas Flow (L/min)
1.5 5
2 8
Value 25 1
3 17

The initial parameters for the calculation are presented in Table 1, and the gas velocity V,

was can be approximately

characterized as follows:

ans

Vyas = —r—ai— (15)
= n(dfa/4)

where the Qg is the carrier gas flow of the powder feeder, di, is the diameter of the nozzle’s inlet. The dynamic
equations (Equations (10) and (11)) governing powder particles are addressed through the vertical injection of carrier
gas at the inlet boundary, integrating the turbulent governing equations. The DPM module integrated within Fluent
effectively implements the dynamic model of powder particles, which is coupled with the continuous medium gas model.
The continuum model and discrete model are iteratively solved until convergence is achieved.

2.6. Powder Properties and Construction Materials

The Yttria-Stabilized Zirconia (YSZ) powder used in this study has a particle size distribution of 45-90 um,
following a Rosin-Rammler distribution. This powder is characterized by its high thermal stability and excellent
performance under high-temperature conditions, making it suitable for the spheroidization process. The initial
morphology of the powder particles is mostly spherical or quasi-spherical, with some irregular particles and surface
imperfections. The chemical composition of the YSZ powder ensures consistent behavior during spheroidization.
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The material feed device is constructed from brass and copper, chosen for their thermal properties and ability to
withstand the operational conditions of the plasma torch. Brass provides excellent thermal conductivity and high-
temperature resistance, ensuring uniform heat distribution and minimal thermal expansion. Copper offers high thermal
conductivity and durability under high-temperature conditions, making it suitable for the nozzle tail and anode
compression section.

2.7. Heat Exchange and Flow Dynamics

The annular powder feeding nozzle was optimized to enhance heat exchange and reduce friction. The nozzle’s
geometry and material selection ensure efficient heat transfer and minimal resistance to the flow of powder particles.
The smooth inner surface of the nozzle minimizes friction, ensuring a consistent and uniform flow of powder particles.

The nozzle and reactor setup were optimized to ensure efficient flow dynamics within the reactor. The tangential
powder feeding mechanism ensures a uniform distribution of powder particles, reducing the likelihood of unprocessed
powder. The reactor setup, including the plasma jet characteristics and gas flow rates, was optimized to ensure adequate
exposure of powder particles to the high-temperature plasma jet, minimizing unprocessed powder and improving
spheroidization efficiency.

3. Experimental Details
3.1. Experimental Setup

The experimental setup, as shown in Figure 5, comprises seven key components: an annular powder-feeding
plasma torch (APT), a DC power supply system, a double-loop cooling system, a rotary powder feeder, a gas supply
system, a powder collection system, and a data acquisition system. This setup was specifically designed to assess the
performance of the newly developed annular powder-feeding plasma torch in achieving uniform powder distribution,
efficient spheroidization, and high-quality deposition.

Powder Feeder

IEl plasma spray gun model
Gas

Collection Device Chiller

Figure 5. Schematic diagram of the experiment’s setup using an annular powder-feeding plasma torch.

The plasma spheroidization system had a vertical plasma torch with an annular nozzle that included tangential
powder feeding and cooling channels. This has allowed uniform powder distribution and reduced thermal stresses by
providing long-term operations. The carrier gas was argon at flow rates of 5 to 17 L/min, and nitrogen was used as the
plasma forming gas. A rotary powder feeder was used to supply the Yttria-Stabilized Zirconia (YSZ) powder, having a
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particle size distribution between 45-90 pm according to a Rossin-Rammler distribution at feed rates from 1.5 to 3.0
r/min. All experiments were conducted with the plasma arc current held at 100 A to ensure stable operation.

3.2. Arc Discharge Parameters and Material Feed Device

The plasma torch operates at a maximum power of 30 kW, with the plasma arc current maintained at 100 A
throughout the experiments. The plasma jet operates at temperatures exceeding 6000 K, ensuring complete melting of
the powder particles. The electron concentration in the plasma jet is estimated to be in the range of 10'° to 10*°cm™3,
based on the operating conditions and plasma gas composition. The experiments are conducted at atmospheric pressure
to ensure stable operation and consistent results.

The material feed device is constructed from brass and copper, chosen for their thermal conductivity and high-
temperature resistance. The nozzle body and ring groove section are made from brass, ensuring uniform heat distribution
and minimal thermal expansion. The nozzle tail and anode compression section are made from copper, offering high

thermal conductivity and durability under high-temperature conditions.

3.3. Experimental Procedure

The substrate was placed 250 mm below the nozzle to maintain a fixed spraying distance, and the torch was
mounted vertically. Uniform deposition coverage was achieved with a 2 mm spacing between consecutive passes of a
2 mm serpentine motion path on a programmable two-dimensional motion platform. To visualize and study powder
deposition patterns, sandpaper substrates of 100 mm % 100 mm were used. High-speed cameras were also included in
the experimental system to record the powder jet morphology and the interactions between the plasma jet and the powder
flow. This setup enabled precise analysis of the powder transport dynamics and deposition characteristics.

Three experimental investigations were conducted: powder distribution, powder spheroidization, and deposition
performance. Powder flow uniformity as it exits the annular nozzle was investigated using powder distribution tests.
The powder jet morphology was recorded at high speed, while a polar coordinate technique allowed measuring and
mapping the particle distribution over the nozzle outlet. YSZ powder was injected into the plasma jet at 10, 15, and 20
SLM flow rates as shown in the Table 2, besides the other parameter which used in the experiments, and the spheroidized
powder was collected and analyzed via a Scanning Electron Microscope (SEM). The extent of spheroidization was
assessed based on parameters such as circularity, surface roughness, and size uniformity. To better assess the
spheroidization quality under different conditions, additional experiments were conducted using raw powder with non-
spherical particles. These powders had a broader range of particle shapes and surface textures compared to the standard
spherical YSZ powder. The non-spherical particles were introduced into the plasma jet under the same conditions as
the spherical powder to evaluate their behavior during spheroidization.

Table 2. Experimental Parameters.

Parameter Values Unit
Gas Flow Rate (L/min) S5to 17 L/min
Powder Feeding Rate (g/min) 1.5t03.0 g/min
Plasma Arc Current 100 A
Duration 10 min
Morphological Stability Nitrogen: 10, 15, 20 SILM
Spheroidization Nitrogen: 10, 15, 20 SLM

4. Results and Discussion
4.1. Powder Distribution and Uniformity

The performance of the novel annular powder feeding nozzle was rigorously evaluated to determine its capability
for superior powder distribution uniformity compared to conventional nozzle designs. Utilizing a polar coordinate
approach, the powder distribution patterns at the nozzle outlet were analyzed by dividing the circular outlet into 28
equal segments, each corresponding to an individual channel of the nozzle [44,45]. The results showed minimal
deviation in particle count across the sampled segments, confirming highly uniform powder dispersion. This uniformity
is critical for high-quality coatings, adhesion, and performance in plasma spraying applications.

A comparison of powder distribution and uniformity between the novel annular nozzle design and the traditional
nozzle design is shown in Figure 6. The new design, with a circular outlet divided into 28 equal segments and 4 inlet
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powder and gas lines, demonstrated uniform powder delivery and minimized dispersion. In contrast, the traditional
nozzle, with a circular outlet divided into 32 equal segments and only 2 inlet lines, exhibited non-uniform powder
distribution, leading to unstable jet performance. The powder capture efficiency and uniformity index of the new annular
nozzle were evaluated. Traditional discrete outlet nozzles capture only 36% of the powder, whereas the optimized
annular nozzle achieves a powder capture efficiency of 75%. This improvement is attributed to the annular geometry,
which reduces turbulent flow and increases particle convergence, resulting in more efficient and uniform powder delivery.

(a) Novel annular design (b) Traditional design

Figure 6. Comparison of Powder distribution and uniformity of (a) Novel annular design and (b) Traditional design.

Table 3. Comparison of Powder Capture Efficiency and Uniformity Index between Traditional and Annular Nozzles.

Nozzle Design Powder Capture Efficiency (%) Uniformity Index
Traditional Discrete-Outlets 36% 0.72
Proposed Annular Nozzle 75% 0.95

The uniformity index, a measure of the consistency of powder distribution, further supports these findings. The
discrete-outlet nozzle had a uniformity index of 0.72, while the proposed annular nozzle had a significantly higher value
0f 0.95 as shown in the Table 3. The new design shows a substantial improvement in the uniformity index, indicating that
the new design can maintain stable and symmetric powder delivery. The uniformity index is critical to producing coatings
with reduced porosity, higher thermal and wear properties, thus making the annular nozzle suitable for industrial plasma
spraying applications.

4.2. The Morphology and Structure of the Spherical Powder

To assess the spheroidization efficiency and particle quality of Yttria-Stabilized Zirconia (YSZ) under different
gas flow rates of 10, 15, and 20 SLM, the morphology and structural characteristics of YSZ powder were rigorously
investigated. The raw YSZ powder, examined by optical imaging (As shown in Figure 7a), displayed mostly spherical
or quasi-spherical morphology with some irregular particles and surface imperfections. The existence of these irregularities
indicates that spheroidization is incomplete and may affect the flowability and processing efficiency of the particle. The
circularity index (CI) is used to quantify the spheroidization efficiency. The CI is calculated using the formula:

41 x Area (16)

Perimeter?

where the area and perimeter of each particle are measured from the SEM images. Particles with a CI greater than 0.9
are considered highly spherical. It shows in Figure 7b that the particle size distribution is wide, requiring the control of
particle size and morphology in producing high-quality powder for powder processing.
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Figure 7. Optical images and particle size distribution of (a) raw powder, (b)

At 10 SLM, the optical and SEM images (As shown in Figures 8a,d and 9d—f) display particles with irregular
shapes and rough surfaces, indicative of insufficient thermal energy transfer and incomplete melting. These particles
had a circularity index below 0.85 and a spheroidization rate of about 70%. This is in agreement with previous studies
that have demonstrated that lower gas flow rates lead to insufficient heating and, therefore, lower spheroidization
efficiency. SEM analysis (As shown in Figure 9a—c) further confirms that the raw powder is predominantly spherical
but contains porous structures that contribute to elevated gas content and thinner shell thickness. Three gas flow rates
were tested: 10 SLM, 15 SLM, and 20 SLM. The spheroidization efficiency, a key parameter for optimization of powder
characteristics, was evaluated at each flow rate.

At 15 SLM, significant improvements in particle morphology were observed, as evidenced by the SEM images
(As shown in Figures 8b,e and 9g—i). The particles exhibited smoother, more spherical surfaces with a narrower and
more uniform particle size distribution, indicating the achievement of optimal spheroidization conditions. The
spheroidization rate increased to about 85%, and the circularity index was above 0.90. The improvements in particle
morphology indicate that the gas flow rate of 15 SLM is the optimal thermal energy for uniform melting and shaping
of the particles. This enhanced spheroidization at 15 SLM plays a direct role in more consistent powder flow, lower
levels of agglomeration, and greater material efficiency, thereby improving general process efficiency.

At 20 SLM, the optical and SEM images (As shown in Figures 8c,f and 9j—1) show a slight degradation in particle
morphology, with some surface irregularities and a decrease in circularity. These observations indicate that the
overheating was caused by excessive gas flow, which resulted in less controlled particle formation. In the transition
regime, the spheroidization rate was about 75%, and the circularity index was 0.85, demonstrating the negative effect
of excessive turbulence and defocusing on particle size control. At this flow rate, it is further verified that the excessive
gas flow alters particle formation uniformity.
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Figure 9. SEM images of powder: (a—c) raw powder, (d—f) used 10 SLM, (g—i) used 15 SLM, (j-1) used 20 SLM.

Additional experiments using non-spherical powder showed varied results in spheroidization quality. While some
irregularly shaped particles exhibited reduced spheroidization efficiency compared to spherical particles, the annular
nozzle design still demonstrated superior performance, achieving a spheroidization rate of approximately 70% for non-
spherical particles. The results suggest that the nozzle’s uniform powder distribution plays a crucial role in mitigating
the negative effects of particle shape on spheroidization.

The results show that the novel annular powder-feeding plasma torch outperforms traditional nozzle configurations.
The annular geometry demonstrated higher powder capture efficiency (75%) compared to traditional discrete-outlet
nozzles (36%). The annular nozzle also showed a 92% deposition efficiency, compared to 75% for conventional nozzles
and 85% for coaxial nozzles as shown in Table 4. These results indicate that the annular design is more efficient in terms
of powder capture and deposition, which can be directly attributed to the optimized flow dynamics and powder-gas
interaction of the design.

Table 4. Calculation of Spheroidization Rates.

Gas Flow Rate (SLM) Circularity Index Spheroidization Rate (%)
10 <0.85 ~70%
15 >0.90 ~85%
20 ~0.85 ~75%

The increased spheroidization efficiency with the annular nozzle is attributed to its uniform and symmetric powder
distribution, which maximizes thermal energy transfer to the particles. The tangential powder feeding mechanism
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provided by the annular nozzle ensures uniform delivery of powder into the plasma stream, minimizing defocusing and
agglomeration. The spheroidization rate reached 85% at a gas flow rate of 15 SLM, with a circularity index above 0.90,
indicating highly spherical particles with optimized morphology. The results show that the annular nozzle improves the
efficiency and quality of powder spheroidization and reduces material waste during the process. At 15 SLM, the narrow
and uniform particle size distribution, along with a high circularity index, implies superior performance of the new
design. The annular nozzle enhances powder utilization efficiency, with particles being more uniformly heated and
achieving better overall process performance. The advantages of the annular powder-feeding plasma torch make it a
much more effective solution than traditional systems, resulting in better spheroidization with less material loss.

4.3. The Comparison of Annular Powder-Feeding and Radial Powder Feeding

In this study, we compared two different nozzle designs as shown in the Figure 10: the novel annular powder-
feeding nozzle and the traditional powder-feeding nozzle. The novel annular nozzle features four tangential inlet lines
and 28 grooves, which provide uniform and symmetrical powder distribution. In contrast, the traditional nozzle design
includes two tangential inlet powder lines and 32 grooves, resulting in less uniform powder distribution.

(a) Novel Annular Powder Feeding Nozzle

Figure 10. Schematics of the Nozzle Designs; (a) Novel Annular Powder Feeding Nozzle, and (b) Traditional Powder Feeding
Nozzle.

As shown in Table 5, the novel annular nozzle (4 tangential inlets, 28 grooves) provides uniform powder
distribution, achieving 85% spheroidization efficiency (85% particles > 0.9 circularity) and 92% deposition efficiency.
In contrast, the traditional nozzle (2 inlets, 32 grooves) exhibits non-uniform distribution, with lower efficiencies (70%
spheroidization, 75% deposition). The novel design demonstrates superior performance in powder uniformity and
process efficiency. The ability of the novel annular powder-feeding nozzle to provide better distribution uniformity than
the traditional powder-feeding nozzle design was rigorously evaluated. As shown in Figure 11, the orthogonal mass
assessment indicates that the mesh quality of the novel nozzle design is above the critical threshold of 0.1, guaranteeing
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the stability and accuracy of the simulations and demonstrating the successful application of the mesh refinement
process to the ring groove section. In practical applications, improved mesh quality is essential for the reliable
performance of the nozzle.

Table 5. Comparative Characteristics of Nozzle Designs.

Nozzle Design  Inlet Lines  Grooves Powder Distribution Spheroidization Efficiency Deposition Efficiency
Novel Annular 4 Tangential 28 Uniform & Symmetrical  85% (85% particles > 0.9 circularity) 92%
Traditional 2 Tangential 32 Non-uniform 70% (70% particles > 0.9 circularity) 75%
(a) Novel Annular design (b) Traditional design
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Figure 11. (a) Powder Distribution Uniformity Comparison between Novel Annular and (b) Traditional Nozzles.

Comparing the two powder distribution designs, the new annular powder-feeding nozzle shows a much better
improvement in uniformity than the traditional nozzle. As shown in Figure 11a, the annular design with four inlet
powder lines and 28 grooves provides a much more uniform powder flow over the entire print area. This design
optimality results in a uniform distribution of material minimizes disturbances in the plasma flow, and increases the
interaction of the particles with the plasma jet. Reducing flow disturbances makes the powder output more consistent
and controlled, which is crucial for high-quality processing outcomes and the reduction of material waste. In contrast,
Figure 11b shows the powder distribution of the traditional nozzle with two inlet powder lines and 32 grooves. In the
traditional design, the powder is non-uniformly distributed across the surface of the nozzle, with some areas having
more powder while others are underfed. Poor deposition control, material loss, and inefficient powder utilization due
to this non-uniformity can affect the overall process stability. The limited inlet and groove design of the traditional
nozzle is unable to provide uniform powder distribution, which is due to the lack of precision and control that the
annular design provides.

The number and configuration of inlet lines and the groove design are the key differences between the novel annular
powder-feeding nozzle and the traditional design. The four inlet lines and 28 grooves of the novel annular nozzle allow
for a more balanced and symmetrical distribution of powder, leading to a more even flow of powder through the nozzle.
In contrast, the traditional nozzle, with more grooves (32), is less effective because there are fewer inlet lines, resulting
in less controlled powder flow. In addition, the annular nozzle is designed such that the powder is fed more equally into
the plasma jet with little deflection or agglomeration of particles. This improved powder-feeding efficiency decreases
the chance of powder loss and leads to more efficient spheroidization and processing. With less efficient powder flow
dynamics from the traditional nozzle, the amount of control to achieve the same level of uniformity is lost, leading to
less consistent powder output and decreased efficiency in powder utilization.

Discrete Phase Modeling (DPM) was used to analyze powder particle trajectories and distribution performance
through the evaluation of different designs for annular powder-feeding nozzles. Two nozzle configurations were studied:
the novel annular nozzle and the traditional nozzle. As shown in Figure 12, the results show that the ring groove annular
powder-feeding nozzle can achieve a much more uniform distribution of powder-feeding efficiency and plasma jet
stability compared to the traditional design.
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(a) Novel annular design

LS L) 0005 0015

(b) Traditional design

Figure 12. Simulation Results of Powder Distribution for (a) Novel and (b) Traditional Annular Powder-Feeding Nozzle Designs
(Ring Groove and Slit Nozzles)—Bottom and Side Views.

The bottom-view simulation results of the novel annular nozzle with the ring-groove design are shown in Figure
12a. Particle density is highest near the feed ports and decreases as particles move further from the nozzle. Even though
the density of powder drops with distance from the inlet, the design of the manifold manages to redistribute the powder
such that an axisymmetric powder distribution is approximately obtained at the outlet. Consistent material deposition
and good process stability are realized only when the powder is distributed uniformly. It also shows the side view
analysis that confirms that the manifold design evenly splits each incident powder stream into two opposing streams for
more controlled and uniform powder delivery. These improved symmetry and consistency of powder feeding result in
improved powder feeding efficiency, minimized powder loss, and better deposition quality.

Figure 12b shows the simulation results for the traditional nozzle. The balanced dual powder feed ports result in a
symmetric powder distribution at the outlet of this nozzle design. However, the powder distribution is still non-uniform,
with higher concentrations at opposite ends of the nozzle and lower concentrations in between. The side-view trajectory
analysis shows that, even with the feed ports that mitigate some of the disturbance, particles travel in different directions
and form an asymmetric deposition pattern. The non-uniformity of the powder negatively impacts powder feeding
efficiency and process stability. The novel annular powder-feeding nozzle with the manifold ring-grooved design Figure
12a shows much better powder distribution uniformity, powder-feeding efficiency, and plasma jet stability than the
traditional design Figure 12b. More efficient powder feeding, lower risk of powder loss, and better deposition and
spheroidization are achieved in the novel axisymmetric design by optimization of enhanced axisymmetric powder
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distribution and control of particle flow. The optimized powder delivery is a key factor in enhancing the overall
performance of powder-feeding systems, which verifies that the novel annular powder-feeding nozzle is much more
efficient than the traditional powder-feeding nozzle designs.

The results of this simulation highlight the merits of the new annular powder-feeding nozzle with superior powder
distribution uniformity and better efficiency than most conventional powder-feeding arrangements. Precise and reliable
feeding requires that the powder delivery be as consistent as possible. This novel design, with performance and stability,
greatly outperforms currently used powder feeders in practical applications.

The performance of the novel annular powder-feeding nozzle design was analyzed through simulation results as
well as statistically analyzing powder distribution and compared with the traditional nozzle configurations. Figure 13a
shows that the newly designed annular powder-feeding nozzle with an integrated ring groove has a highly uniform and
symmetrical powder distribution at the nozzle outlet. The simulation results agree very well with the statistics,
confirming that the model is robust and accurate. Typical of an effective powder delivery system, the particle
concentration is highest near the powder inlet and decreases as particles move away from the nozzle. The most notable
feature is the symmetrical distribution of powder across the entire outlet, which guarantees uniform material deposition.
The results clearly show that the novel annular powder-feeding nozzle offers much better powder distribution uniformity
than conventional designs.

(a) Novel annular design (b) Traditional design
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Figure 13. Powder Distribution for Different Nozzle Designs. (a) Novel Annular Groove Nozzle, Showing Uniform and
Symmetrical Flow. (b) Traditional Nozzle, Exhibiting Asymmetrical Distribution.

In contrast, Figure 13b shows the powder distribution for the traditional nozzle design. The general trend of particle
concentration is similar to the novel design, but the distribution pattern is less uniform and does not have the clear
symmetry of the new design. The powder distribution in the traditional nozzle is non-uniform, which indicates that the
powder feeding mechanism is less efficient. Due to this irregular distribution, the material deposition might not be
consistent, leading to operation challenges such as varying material flow rates, uneven coverage, or material waste.
Such implications demonstrate that the drawbacks that arise from the inherent limitations of the traditional nozzle
designs in offering stable and uniform powder delivery are not exaggerated. Furthermore, the statistical alignment with
the simulation data, along with the powder distribution symmetry, confirms the superior performance of the novel
annular powder-feeding nozzle. These results prove that the new design is much more capable of providing uniform
powder delivery, which results in improved process control and lower inefficiencies present in traditional designs. The
novel design of the powder disperser provides a method of consistent powder distribution. It ensures low levels of issues
in maintaining solid conditions in the bowl, which is ideal for use in high-precision applications.

The single-inlet ring groove nozzle design was further investigated, as shown in Figure 14. This figure presents
the statistical results, which are in strong correlation with the simulation data, thereby confirming the reliability of the
findings. The powder concentration is highest near the inlet, as expected from the flow dynamics, and decreases
gradually as the powder travels downstream. The resulting symmetrical distribution verifies the efficient and consistent
powder distribution characteristics of the single-inlet ring groove nozzle, which is crucial for stable and reliable powder
delivery. The uniform powder distribution pattern indicates that the nozzle effectively reduces issues such as clogging,
uneven feeding, and material wastage.

The experimental results show that the annular groove and single-inlet ring groove nozzle designs provide a more
uniform powder distribution compared to conventional nozzle configurations. The data, supported by both simulation
and experimental results, demonstrate that these designs lead to more stable operation, reduced material waste, and
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enhanced process efficiency. The annular powder-feeding nozzle’s uniform powder distribution and controlled feeding
mechanism make it effective for applications requiring precise powder delivery, as shown in Figures 6 and 13.

Export Particle Statistics Chart
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H )
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Figure 14. Powder Distribution of the Single-Inlet Ring Groove Nozzle, Demonstrating a Symmetrical and Uniform Flow Pattern.

5. Conclusions

To evaluate the performance of a novel annular powder feeding nozzle, a three-dimensional numerical model of
gas-powder two-phase flow has been developed. The momentum transfer between gas and powder particles is described
using the two-way turbulence coupling method, and the powder movement dynamics during the feeding process are
analyzed. The key findings are:

(1) Superior Powder Capture and Deposition Efficiency: The novel annular nozzle achieved a powder capture
efficiency of 75% and a deposition efficiency of 92%, significantly higher than traditional (36% capture, 75%
deposition) and coaxial (60% capture, 85% deposition) nozzles. This improvement is attributed to the optimized
annular geometry and tangential powder feeding mechanism, which ensures a more uniform powder distribution.

(2) Enhanced Spheroidization Quality: Over 85% of the particles from the annular nozzle had a circularity index
greater than 0.9, compared to 70% and 80% for traditional and coaxial nozzles, respectively. This enhanced quality
ensures more consistent particle behavior and effective deposition, which is crucial for applications requiring
precise material delivery and uniformity.

(3) Improved Process Stability: The uniform powder distribution reduces the risk of operational issues such as uneven
powder delivery and clogging. Adjusting the gas flow rate or reducing the powder feed rate can mitigate potential
blockages, ensuring stable powder flow and efficient material utilization.
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