metals

Article

Impact of Novel Nozzles on Atomization Flow Field and Particle
Features: Simulation and Experimental Validation

Kai Wang "2, Zhongliang Zhou "2, Wenhai Sun 2%, Yanhui Zhang (%, Suode Zhang ? and Jianqiang Wang >*

check for
updates

Academic Editor: Joan-Josep Sufiol

Received: 5 February 2025
Revised: 7 March 2025
Accepted: 11 March 2025
Published: 13 March 2025

Citation: Wang, K; Zhou, Z.; Sun, W.;
Zhang, Y.; Zhang, S.; Wang, J. Impact
of Novel Nozzles on Atomization
Flow Field and Particle Features:
Simulation and Experimental
Validation. Metals 2025, 15, 313.
https:/ /doi.org/10.3390/met15030313

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

School of Materials Science and Engineering, Northeastern University, Shenyang 110819, China;
2200635@stu.neu.edu.cn (K.W.); zlzhou23h@imr.ac.cn (Z.Z.); yhzhang@imp.neu.edu.cn (Y.Z.)
Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of
Sciences, Shenyang 110016, China; sdzhang@imr.ac.cn

*  Correspondence: whsun@imr.ac.cn (W.S.); jqwang@imr.ac.cn (J.W.)

Abstract: Gas-atomized powder characteristics significantly impact additive manufacturing
processes. Two innovative nozzles, semi-converging—diverging nozzle type II and fully
converging—diverging nozzle type III, were designed based on the traditional cylindrical
nozzle type I. Utilizing the k-¢ model and Discrete Phase Model (DPM), the flow field
evolution and powder characteristics of these nozzles were analyzed at gas pressures
ranging from 4 to 8 MPa. The results indicate that in the gas-phase flow field both nozzle
type II and nozzle type III can achieve a performance comparable to that of nozzle type I
at significantly lower gas pressures. Specifically, nozzle type Il operates effectively with
a reduction of approximately 1 MPa compared to nozzle type I, while nozzle type III
demonstrates an even greater advantage with a pressure reduction of about 2 MPa. In the
gas—melt-phase flow field, nozzle type III still has the effect of reducing the pressure by
approximately 2 MPa compared to nozzle type I. The melt fracture process under nozzle
type Ill is divided into three distinct stages: the formation of large droplets, a transition
area for fragmentation, and a fully fragmented region. This research effectively reduces
energy losses and offers novel insights as well as recommendations for applications related
to atomization technology.

Keywords: semi-converging-diverging; fully converging—diverging; gas phase; gas—melt
phase; reducing the pressure; melt fracture process

1. Introduction

In recent years, additive manufacturing (AM) has experienced rapid development,
attributed to its advantages such as a high design freedom, efficient material utilization,
strong customization capabilities, and low production costs. However, the quality of
manufactured components is significantly influenced by the properties of the powder.
Therefore, producing high-quality powder particles has become a focal point of current
research and concerns [1-9]. The methods for producing powder particles are diverse,
primarily including gas atomization, water atomization, and combined gas—water atomiza-
tion. Among these techniques, gas atomization has emerged as the predominant method
for metal powder production due to its ability to yield powders with stable properties
and a low impurity content [10]. The fundamental principle of gas atomization involves
utilizing a high-speed, low-temperature gas jet to impact liquid alloy melt, resulting in its
fragmentation. The larger droplets that are formed subsequently undergo spheroidization
due to surface tension and are then rapidly cooled at an extremely high cooling rate, yield-
ing solidified micron-sized spherical particles. The gas atomization process comprises three
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stages: primary atomization, secondary atomization, and cooling solidification. After the
molten metal exits from the bottom of the delivery tube, it undergoes fragmentation into
millimeter-sized parent droplets due to the action of high-velocity gas flow: this process
is referred to as primary atomization. Following this stage, under continued influence
of the gas flow in the recirculation zone below, the parent droplets are further broken
down into smaller micron-sized daughter droplets: this phenomenon is called secondary
atomization [11]. The factors influencing the particle size of atomized powders in industrial
applications are varied, with a particular emphasis on nozzle design and atomization
pressure. Notably, the advent of Laval atomizing nozzles has played a pivotal role in the
production of finer powder particles [12-15].

The process of atomization and powder production typically occurs within a few tens
of milliseconds, making it difficult to observe and record with the naked eye. Therefore,
simulation tools are employed to visualize the specific fragmentation processes and analyze
the flow field conditions, providing theoretical guidance for practical applications [16]. With
advancements in computer technology, computational fluid dynamics (CFD) has become
the mainstream method for studying gas atomization. Among these methods, the Volume of
Fluid (VOF) model is commonly used to simulate primary atomization processes, while the
Discrete Phase Model (DPM) is frequently applied to secondary atomization processes [17].
In recent years, numerous studies utilizing computational fluid dynamics (CFD) methods
have made significant contributions to the detailed elucidation of the atomization process.
Zeoli et al. [18] omitted the complex simulation of gas-liquid multiphase flow during a
single atomization process and directly calculated the fragmentation process of particles
with diameters ranging from 1 to 5 mm. Sheng Luo et al. [19] have developed a novel
approach that combines similarity theory with Navier-Stokes equations to directly simulate
the entire process of gas atomization. Li-Chong Zhang [20] employed a simulation approach
utilizing the SST k-w turbulence model, the Taylor Analogy Breakup (TAB) model, and the
Discrete Phase Model (DPM) to analyze the secondary fragmentation process. This study
identified three distinct types of satellite collision events. Li and Fritsching [21] employed
a detailed Volume of Fluid (VOF) technique to simulate the initial fragmentation process
and utilized the Euler-Lagrange approach to investigate the secondary fragmentation. Liu
etal. [11] conducted an investigation into the flight and cooling processes of particles under
various operational parameters. The findings reveal that the average particle diameter (d50)
is significantly affected by gas-liquid interactions, exhibiting a decrease as the gas-liquid
ratio (GMR) increases. Wang et al. [22] addressed the issue of nozzle clogging by precisely
controlling the atomization sequence, specifically by initiating the gas flow prior to pooling
the alloy (AG) and pouring the alloy before activating the gas (GA) through vacuum
induction melting gas atomization (VIGA).

In order to achieve higher export velocities and finer powder particle sizes, numerous
researchers have dedicated themselves to the study of the geometric structures of gas
atomization nozzles. Urionabarrenetxea et al. [23], through the study of different intake
pressures and different throat widths of supersonic gas nozzles, vividly demonstrated
how these two parameters similarly modify the gas mass flow rate, the gas velocity field,
the aspiration pressure in the melt-conveying pipe, or the size of the recirculation zone
beneath the melt nozzle. Zeoli et al. [24] developed an isentropic plug nozzle (IPN) that,
in comparison to traditional annular slit nozzles (ASNs), significantly mitigates shock
waves and optimizes the transfer of kinetic energy from the gas to the unstable melt. This
advancement substantially enhances powder yield. Due to the variation in atomization
yield, which can reach up to 42% in median powder size (D50) under conditions above
and below the so-called trailing-edge closure pressure, Ting et al. [25,26] conducted a study
on the gas dynamics of annular slit high-pressure gas atomization nozzles under open-
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and closed-trailing-edge conditions. The results indicated that at lower atomizing gas
pressures, the flow field exhibited an open trailing state. However, when the atomizing
gas pressure reached 4.82 MPa, a closed trailing phenomenon was observed in the flow
field. Wang et al. [27] developed an innovative tightly integrated dual-nozzle system
and examined the effects of variations in primary and secondary pressures on the gas
flow dynamics, melt atomization process, and characteristics of the resulting particles.
These characteristics include particle dimensions, sphericity, and the occurrence of satellite
particle formation. Zhao et al. [28] designed tightly coupled gas atomization nozzles with
different exit gas Mach numbers to investigate the distribution of nozzle exit gas pressure,
velocity, temperature, and the structural characteristics of the flow field at the nozzle
outlet. The results indicate that nozzles operating at high Mach numbers can produce
finer powders at faster cooling rates. To better leverage the advantages of gas atomization
production in terms of powder particle size, it is crucial to gain a detailed understanding of
the design mechanisms underlying atomization nozzle structures.

The powder particles under high pressure (5-8 MPa) exhibit advantages such as good
sphericity, optimal particle size, and a more concentrated distribution. However, practical
production faces challenges including excessive energy loss and safety hazards. In our
previous work [29], we established a numerical model for multiphase flow during the
secondary atomization process in a closed vortex at pressures ranging from 5 to 8 MPa to
investigate the melt fragmentation behavior and defect droplet evolution under different
pressure parameters. Building on these atomization results, we upgraded the traditional
cylindrical converging nozzle type I (NTI) by designing the semi-converging—diverging
nozzle type II (NTII) and the fully converging—diverging nozzle type III (NTIII). These new
designs achieve effects comparable to those obtained with high atomization gas pressures in
NTI while operating at lower atomization pressures. Subsequently, a detailed investigation
was conducted on the secondary atomization and fragmentation process of NTIII under a
closed-vortex state at 5 MPa. This study also analyzed the fragmentation process of powder
particles. This work provides valuable insights into gas atomization with respect to energy
efficiency and production safety.

2. Numerical Modeling and Experimental Procedure
2.1. Gas Atomization Model

According to the structural characteristics of the tightly coupled gas atomization
system, the actual axisymmetric three-dimensional gas field is simplified into a two-
dimensional axisymmetric region as shown in Figure 1c, rotated counterclockwise by
90°. The computational domain extends from the end of the gas nozzle to the bottom
outlet, measuring 100 mm in length and 30 mm in width. For the designed three types of
nozzles, NTI consists of a discrete jet nozzle symmetrically formed by 18 individual nozzles:
specifically, a ring orifice type. NTII and NTIII utilize annular slit designs. High-pressure
nitrogen and high-temperature molten alloy enter the atomization chamber through their
respective gas outlet and delivery tube ends. Mesh generation was performed using Gambit
2.4.6, resulting in total node counts for NTI, NTII, and NTIII of 97,323, 94,419, and 96,075,
respectively. The corresponding mesh counts are 158,275, 15,368, and 157,126, respectively.
The minimum element size is set at 0.1 mm. Following mesh generation, simulations
were conducted using Fluent version 19.2 for solving equations and post-processing. The
computational domain’s walls are considered to maintain a constant temperature of 300 K,
whereas the melt hole is set at 1600 K with the exit pressure matching the ambient pressure.
Essential thermodynamic properties for nitrogen gas and the alloy melt [30-32] are sum-
marized in Tables 1 and 2. For boundary conditions, the gas inlet nozzle is defined as the
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pressure inlet boundary, the sides and bottom of the atomization chamber are defined as
pressure outlet boundaries, while all remaining surfaces are designated as wall boundaries.
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Figure 1. (a) Gas atomization device. (b) Schematic diagram of the atomization process (primary
atomization and secondary atomization). (c¢) Geometry diagram of atomizer calculation domain. The
enlarged section shows the nozzle construction type. (d) An enlarged view of NTIII.

Table 1. Thermophysical properties of nitrogen.

Density Specific Heat Viscosity Thermal Conductivity
(kg/m?) (J/(K mol)) (Pas) (W/(m K))
Ideal gas 1040.67 sutherland 0.0242

Table 2. The main thermodynamic parameters of Fe-based glassy alloy.

Density Specific Heat Viscosity Surface Tension
(kg/m?) (J/(K mol)) (Pas) (N/m)
7820 44.09 58 x 107° 0.8

2.2. Nozzle Design Mechanism

In the study of flow in variable cross-section pipes, a key formula is involved, which

is as follows [33]:
av 1 dA

V T Ma2-1A

where p represents pressure, p represents density, V represents velocity, T represents tempera-

)

ture, Ma represents the Mach number, and k represents the adiabatic index of the gas.



Metals 2025, 15, 313

50f17

Based on the Laval nozzle mechanism, this study designed NTII and NTIII on the basis
of NI. Since both NTII and NTIII adopt the design principle of the Laval nozzle, the shape
of the nozzle of type III will be used for illustration below. The two-dimensional model of
the atomizing nozzle is illustrated in Figure 2. The fluid at the nozzle exit originates from a
gas reservoir, which is referred to as the stagnation chamber. The entire nozzle is divided
into three sections: the convergent section, throat section, and divergent section. During
the convergent section of the nozzle, the flow remains subsonic; at the throat section of the
nozzle, the velocity reaches sonic speed; and in the divergent section of the nozzle, the flow
transitions to supersonic speeds.

M, <1 M, >1
M,=1
airflow \ a’ )
1
PO\ TO\ VO AO : dO Ae Pe\ Te\ Ve\ Mae
A 4
N\
/ throat
section
) L, L,
convergent divergent
section section

Figure 2. Two-dimensional structural schematic diagram of atomization nozzle.

Assuming that the airflow is isentropic, the relationship between the exit pressure at
the nozzle and the throat pressure can be expressed as follows [34]:

k
b, k-1 5\ I-F
— = |1+ ——Mae 2
S ( += 2)
where P, represents the outlet pressure, Py denotes the atomization pressure, k indicates
the adiabatic index of gas, and the gas Mach number at the outlet is denoted as Mae.

The exit area of the converging-diverging nozzle and the throat area conform to the
isentropic area ratio formula as follows [34]:

A, 1 k—1. ,\, 2 2D
=l (1 M) () ®)

where Ag represents the throat area and A, denotes the outlet area.

2.3. Modeling the Fluid

In fluid dynamics, the flow of fluids is governed by three fundamental laws, including
the law of conservation of mass, which states that the total mass of the system remains
constant during the fluid flow process. The second law is the law of conservation of
momentum, which is based on Newton’s second law and uses the principle of action and
reaction as a theoretical tool. The external force applied to the fluid causes a conserved
energy exchange within the fluid. The last law is the law of conservation of energy, which
means that the total energy of the system must also remain conserved. The above three
laws are given by the following relations [35]:

The continuity equation satisfies the following formula:

d(pu;)
ox; =0 4)
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The momentum equation is given by the following formula:
w ——§Z+aii(ueffng) ®)
The energy equation conforms to the following formula:
a(g;‘jh) - uj$+;m(Kgff§Z) L ©6)

In Formulas (10)—(12), u; represents the mean velocity component, & denotes the mean
static enthalpy, x; signifies the spatial position, p refers to the mean pressure, p is the mean
density, the parameters u,¢r and K, ¢¢ correspond to the effective viscosity and effective
thermal conductivity, respectively, and ® stands for the viscous dissipation function.

2.4. The Discrete Particle Model

The gas-liquid two-phase flow field in this paper is studied based on the DPM model.
In this model, the movement trajectory of particles can be predicted through the force
balance equation, and the specific formula is as follows [36]:

dup  u—1uy gx(op —p)

Mpap = Mg +mpT+Fx @)

where m, represents the mass of the particles, u denotes the velocity of the continuous

phase, u, indicates the velocity of the particles, p refers to the density of the continuous
phase, p, signifies the density of the particles, F, stands for additional forces, m, u;Du’"

corresponds to particle resistance, and Fp represents the drag force.

18u CpR,
Fp=—= ‘ (8)
ppds 24
where the droplet Reynolds number R,, is defined by the following:
plu—up|D
Ry, = HE—0 ©)
The drag coefficient Cp is obtained from the following expressions:
Cp = 0.44(for R,, > 1000) (10)
(1+015R257)
= R., <1 11
CD Red/24 (for eq = 000) ( )
The equilibrium equation for droplet heating is expressed as follows:
dT; KN, z > dmy
mdchW = D ez_lﬂD (T Td)—f—QLW (12)
where p
m
z= —Cpfud—td(nDKmNu) (13)

Ny =2+ 0.6Re/?Prl/3 (14)
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2.5. Materials

The material utilized in this study was the Fe50Cr18Mo07.5Ni3.5P12B3C3.55i2.5 (at.%)
alloy. This alloy, characterized by its specific metallic and non-metallic composition, was
produced through the induction melting of high-purity elements: Fe: 99.7, Cr: 99.9, Mo:
98.5, Ni: 99.9, FeB: 99% (22.06 wt.% boron), FeP (21.20 wt.% phosphorus), C: (99.9%), and
5i: (99.9%) (Shenyang Institute of Metal Research, Shenyang, China). The entire process
was conducted under a high-purity nitrogen atmosphere to ensure optimal conditions for
alloy formation. Amorphous powders were prepared using a gas atomization equipment
(Shenyang Institute of Metal Research, Shenyang, China) at different atomization pressures
ranging from 4 to 8 MPa, with the maximum temperature being approximately 1600 K. The
inner diameter of the melt pouring tube was 3 mm, and the mass flow rate of the melt was
about 0.08 kg/s. The powder prepared by gas atomization was subjected to deoxidation
and dehumidification treatment, and its morphology was observed by scanning electron
microscopy (SEM, Zeiss Supra55).

3. Results and Discussion
3.1. The Gas-Phase Flow Field Characteristics of Three Distinct Nozzle Types

The content in Figure 3al—e3 presents a gas-phase computational fluid dynamics
model of three types of nozzles (NTI, NTII, NTIII) at gas pressures ranging from 4 to
8 MPa in the closed-wake condition. When the gas enters the atomization chamber, its
pressure decreases while its velocity increases sharply, resulting in the formation of a series
of expansion waves at the nozzle exit. The gas continues to accelerate, generating internal
shock waves and recompression shocks until it reaches a stable state. In NTI (4-6 MPa), the
main characteristics include both primary and secondary recirculation zones. Notably, there
exists a stagnation point (where the velocity is zero) below the primary recirculation zone
along the axis, while two stagnation points are present within the secondary recirculation
zone. Additionally, a “bowed” Mach disk appears at the front end of these stagnation
points. As atomization pressure increases, the position of the secondary recirculation zone
gradually shifts downward. In NTI (7 MPa), a small third recirculation zone emerges at the
lower end of the secondary recirculation zone, which also contains two stagnation points
along its axis. Consequently, there are now five stagnation points along this entire central
axis. In NTI (8 MPa), there is an approach and connection between the secondary and
third recirculation zones. In addition to maintaining their original primary and secondary
structures, an extended third recirculation zone is formed as well.

In NTII (4-5 MPa), the secondary recirculation zone is a prominent feature. However,
in NTII (6 MPa) a small third recirculation zone appears at the lower end of the secondary
recirculation zone, similar to that observed in NTI (7 MPa). In NTII (7 MPa), an extended
third recirculation zone forms; in addition to the primary and secondary recirculation
zones, this phenomenon resembles what occurs in NTI (8§ MPa). In NTII (8§ MPa), both
the secondary and extended third recirculation zones shift downward along the axis and
elongate as a whole. A comparative analysis of flow fields between NTI and NTII suggests
that achieving identical flow field conditions under different atomization gas pressures
requires approximately 1 MPa less pressure for NTII than for NTIL.

In NTIII (4 MPa), the secondary recirculation zone is its main characteristic. However,
in NTIII (5 MPa), a small third recirculation zone appears at the lower end of the secondary
recirculation zone, similar to that observed in NTI (7 MPa). In NTIII (6 MPa), an extended
third recirculation zone forms, a phenomenon akin to what is seen in NTI (8 MPa). In
NTIII (7-8 MPa), the secondary and extended third recirculation zones merge into a unified
super-large extended secondary recirculation zone. Comparing the flow fields of NTI
and NTIII suggests that achieving the same flow field state under different atomization
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gas pressures requires approximately 2 MPa less pressure for NTIII than for NTL These
observations indicate that NTIII demonstrates greater superiority in reducing energy loss.
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Figure 3. CFD models of NTI (4-8 MPa), NTII (4-8 MPa), and NTIII (4-8 MPa) under closed-wake
conditions. (al-el) represent the velocity field diagrams of NTI at atomization pressures ranging from
4 to 8 MPa; (a2—e2) represent the velocity field diagrams of NTII at atomization pressures ranging

from 4 to 8 MPa; (a3—e3) represent the velocity field diagrams of NTIII at atomization pressures
ranging from 4 to 8 MPa.

Figure 4 illustrates the static pressure curves along the centerline of three nozzles (NTIL,
NTII, NTIII) at gas atomization pressures ranging from 4 to 8 MPa. The static pressure
values at the base of the diversion pipe initially increase, reaching a peak at the stagnation
point (indicated by the green dotted arrow), before subsequently decreasing. After passing
through the Mach disk (as indicated by the black dotted arrow), there is another increase
in static pressure values, leading to the emergence of second and third stagnation points
(marked by brown dotted arrows). The region between these stagnation points constitutes
what is referred to as the secondary circulation zone. As the pressure rises to a certain
threshold, additional stagnation points—the third and fourth—become apparent (denoted
by red dotted arrows). At this juncture, the area situated between these new stagnation
points represents what can be termed as the third recirculation zone. Notably, upon
comparing the pressure curves for all three nozzles across different atomization pressures,
it becomes evident that when NTII operates at an atomization pressure approximately
1 MPa lower than that of NTI, its static pressure curve is similar to that of NTI. Similarly,
when NTIII's atomization pressure is about 2 MPa lower than that of NTI, its static pressure
curve is also akin to that of NTI. This observation correlates well with the airflow field
cloud map presented in Figure 3.

The aspiration pressure values at the bottom of the diversion pipe are presented in
Figure 5 at gas atomization pressures ranging from 4 to 8 MPa. In Figure 5a, it can be
observed that, except for NT III at atomization pressures of 7 MPa and 8 MPa, all other
atomization pressures satisfy the negative pressure condition. This ensures the smooth
outflow of the alloy melt. In Figure 5b, the maximum static pressure values for NTI, NTII,
and NTIII increase with rising atomization pressure. Notably, the maximum static pressure
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value for NTIII is significantly higher than the values for NTI and NTII across different
atomization pressures. This discrepancy may be attributed to the design characteristics
of NTIII, which features a full contraction—divergence mechanism. As a result, the outlet
gas flow pressure is considerably greater than the surrounding environmental pressure,
leading to strong shock waves acting along the axis.
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Figure 4. The static pressure distribution curves along the centerline for NTI (4-8 MPa), NTII
(4-8 MPa), and NTIII (4-8 MPa) are shown. The black solid arrows indicate the locations of the
recirculation zones, the Mach disk is given by the black dashed arrows, the green dashed arrows
show the stagnation fronts of the main recirculation zones, the brown dashed arrows are connected
to the stagnation points of the second recirculation zones, and the red dashed arrows point to the
stagnation points of the third recirculation zones.
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Figure 5. (a) The aspiration pressure values at the bottom of the diversion pipe at gas atomization
pressures ranging from 4 to 8 MPa. (b) Maximum static pressure values at gas atomization pressures
ranging from 4 to 8 MPa.

The velocity curves along the central axis for three types of nozzles under different
atomization pressures (4-8 MPa) in closed-vortex states are presented in Figure 6al-e3. In
NTI, at pressures ranging from 4 to 6 MPa, during the primary circulation phase, the airflow
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enters the atomization chamber through the nozzle and generates a shock wave. Under
high-pressure kinetic energy, the gas velocity instantaneously reaches supersonic speeds.
Due to the sharp angle convergence of the airflow upon ejection, the maximum pressure
energy impacts a single point, which becomes a stagnation point where the velocity is zero.
Subsequently, part of this airflow reverses along the axis and counteracts with incoming
flow from below via the guiding tube, forming a primary circulation zone. Meanwhile,
another portion continues to move axially until it encounters an arcuate Mach disk, where
its speed abruptly decreases. The influence of this Mach disk results in both downstream
and upstream flows along the axis, thereby creating a secondary circulation zone. In
contrast to conditions at 6 MPa, when the atomization pressure reaches 7 MPa not only
does it establish primary and secondary circulation zones but it also gives rise to a smaller
tertiary circulation zone at remote ends of the axis. The formation mechanism of this
tertiary circulation zone is fundamentally similar to that of the secondary one.
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Figure 6. The velocity distribution curves along the centerline for NTI (4-8 MPa), NTII (4-8 MPa),
and NTIII (4-8 MPa). The black solid arrow indicates the position of the recirculation zone, the
Mach disk is given by the black dashed arrow, the green dashed arrow indicates the stagnation
front of the main recirculation zone, the brown dashed arrow is connected to the stagnation point of
the second recirculation zone, and the red dashed arrow points to the stagnation point of the third
recirculation zone.

Similar to the conclusion drawn in Figure 3, when the same speed curve characteristics
are achieved under different atomization pressures, the pressure required by NTII is
approximately 1 MPa lower than that of NTI, while the pressure required by NTIII is
approximately 2 MPa lower than that of NTL

Figure 7a—c summarize the three common recirculation zone structures of the three
types of nozzles, and the following parameters are used as the criteria for the evolution of
the flow field: Atomization pressure (AP); Position of the maximum gas velocity (PMV);
Maximum gas velocity value (MVV); Initial position of the secondary recirculation zone
(IPSZ); Length of the secondary recirculation zone (LSZ); Initial position and length of the
third recirculation zone (IPTZ - LTZ). The specific parameter values are summarized in
Table 3.
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AP: Atomization pressure IPSZ: Initial position of the secondary recirculation zone

PMYV : Position of the maximum gas velocity LSZ: Length of the secondary recirculation zone

MVV: Maximum gas velocity value IPTZ - LTZ: Initial position and length of the third recirculation zone
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Figure 7. Schematic diagram of the recirculation zone structure. (a) Primary and secondary recircula-
tion zone; (b) Primary, secondary, and third recirculation zone; (c) Primary, secondary, and extended
third recirculation zone.

Table 3. Parameter values of three types of nozzles at different atomization pressures.

NT AP LMV MVV IPSZ LSZ IPL-TRZ
(MPa) (NDL) (m/s) (NDL) (NDL) (NDL)
4 2.7 587 2.8 1.5 -
5 3.3 624 35 1.6 -
I 6 4.0 648 4.2 1.3 -
7 44 663 4.8 1.1 7.7-0.7
8 5.0 675 5.2 4.7 -
4 3.2 618 3.3 1.5 -
5 3.9 650 4 1.7 -
II 6 44 662 4.7 1.5 7.8-0.7
7 49 677 5.0 4.5 -
8 5.6 689 5.7 4.2 -
4 3.7 636 3.9 1.7 -
5 4.6 669 49 1.2 7.6-1.3
III 6 54 689 5.5 39 -
7 5.7 691 5.8 52 -
8 6.1 697 6.2 4.8 -

Table 3 presents the parameter values of three types of nozzles at different atomization
pressures. Firstly, the PWM and MVYV of the three nozzles (NTI, NTII, NTIII) increase
with the rise in atomization pressure. Based on preliminary conclusions drawn from
Figures 3, 4 and 6, NTI (6 MPa) with the characteristic of a secondary circulation zone is
taken out and compared with NTII (5 MPa) and NTIII (4 MPa). The values of MVYV, IPSZ,
and LSZ in NTII (5 MPa) are all higher than those in NTI (6 MPa), indicating that when
achieving the same state, NTII reduces the pressure by approximately 1 MPa compared
to NTL In contrast, for NTIII (4 MPa), although the LSZ value is relatively high, all other
parameters are lower than those of NTI (6 MPa). This suggests that when achieving the
same state, the pressure reduction of nozzle IIl compared to nozzle I is less than 2 MPa. NTI
(7 MPa), characterized by three-cycle zone properties, is compared with NTII (6 MPa) and
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NTIII (5 MPa). The parameter values of NTII (6 MPa) are generally consistent with those of
NTI (7 MPa). In contrast, the parameter values in NTIII (5 MPa) exceed those of NTI (7 MPa),
indicating that, compared to NTI, NTIII does not exhibit a linear increase with a slope of 1
in terms of reducing energy loss as the atomization gas pressure increases. In summary,
NTIII demonstrates a significantly greater advantage in minimizing energy losses.

3.2. The Gas—Melt-Phase Flow Field Characteristics of Two Distinct Nozzle Types

Figure 8 shows the gas-liquid flow fields and the velocity profiles along the geometric
centerline of two types of nozzles (NTI and NTIII) at gas atomization pressures ranging
from 4 to 7 MPa. Due to the ability of NTI to achieve complete amorphization at pressures
of 6 MPa and 7 MPa, and considering that NTIII offers a significant advantage by operating
at a reduced pressure of 2 MPa compared to NTI within the gas-phase flow field, this
study focuses on investigating the gas-liquid two-phase behavior for NT I (67 MPa)
and for NTIII (4-5 MPa). Overall, after the alloy melt enters the atomization chamber a
significant change occurs in the flow field. Firstly, NTI and NTIII exhibit similar flow field
characteristics. Specifically, compared to a gas-phase flow field, the primary circulation
zone of the gas-liquid two-phase flow is reduced. This reduction is attributed to the inflow
of alloy melt, which diminishes the reverse airflow along the axis due to its influence.
Furthermore, both nozzles display analogous structures in their secondary recirculation
zones. Notably, there exists a high-speed shock wave region at the front end of these zones.
In contrast, within NTI and NTIII it is observed that as pressure increases, so does the
velocity of the high-speed shock wave region. Additionally, both locations for secondary
circulation zones shift backward while their lengths increase with rising pressure levels. A
comparison of velocity profiles along the axis for NTI and NTIII leads to conclusions akin
to those derived from the gas-phase flow field: that NTIII (4 MPa) cannot achieve the effect
of NTI (6 MPa). However, when both are increased by 1 MPa, the high-speed shock wave
region velocity for NTIII (5 MPa) reaches 658 m/s, while that for NTI (7 MPa) is measured
at 610 m/s. This indicates that NTIII (5 MPa) exhibits superior characteristics compared to
NTI (7 MPa).

When the atomization pressure is 7 MPa, the amorphous content of the powder is
the highest and the cooling rate is the greatest [37]. Therefore, Figure 9 shows the vector
diagrams of the gas-liquid two-phase flow field of NTI (7 MPa) and NTIII (5 MPa), and the
corresponding particle breakage regions.

Firstly, both NTI (7 MPa) and NTIII (5 MPa) exhibit similar characteristics. Due to the
lower velocity and incompressibility of molten droplets, the size of the primary recirculation
zone is reduced. Following this primary recirculation zone, the airflow velocity gradually
increases until it reaches a high-speed shock wave region. Subsequently, under the influence
of a “Z"-shaped Mach disk, there is a sudden deceleration that leads to the formation of
a secondary recirculation zone. This secondary recirculation zone is divided into two
parts by an axis line: below this axis line, airflow circulates counterclockwise within its
respective region; above it, airflow circulates clockwise. These two sections facilitate
further fragmentation of large liquid droplets that have been broken down in the primary
circulation zone. At the tail end of the secondary recirculation zone, airflow continues to
move downward along the axis at low speed. This process repeats itself until ultimately
leading to particle cooling and solidification.
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Figure 9. (a) The flow velocity field and corresponding particle distribution under the gas-liquid
flow field at NI (7 MPa). (b) The flow velocity field and corresponding particle distribution under the
gas-liquid flow field at NTIII (5 MPa). The process of fragmentation is divided into three distinct
stages: the formation zone of large droplets (section A); a fractured transition zone (section B); a fully
crushed zone (section C).
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In the gas-liquid two-phase flow field, the gas jet impacts the discrete phase particles.
After the flow field stabilizes (about 40 ms), the particle images of NTI (7 MPa) and NTIII
(5 MPa) are compared. In the particle images, red particles represent the largest particles
(approximately 160-200 um), yellow and green particles represent medium-sized particles
(approximately 60-160 um), and blue particles represent smaller particles (approximately
10-60 um). Through image comparison, after the secondary recirculation zone breaks the
particles NTI (7 MPa) has more medium-sized particles (measured by the width of the
green part). The number of large-sized particles that are not fully broken in NTI (7 MPa) is
also greater than that in NTIII (5 MPa) (indicated by the yellow dashed circles, i.e., the red
particles within the circles). In the second half of the breaking process, most of the large-
sized red particles in both NTI (7 MPa) and NTIII (5 MPa) are broken into medium- and
small-sized particles. However, compared with NTIII (5 MPa), NTI (7 MPa) still contains a
small number of large-sized particles and relatively more medium-sized particles (indicated
by the red circles). This observation indicates that the breaking effect of NTIII (5 MPa) is
better than that of NTI (7 MPa).

The analysis focuses on the droplet fragmentation process of NTIII (5 MPa). It is
evident that the fragmentation process can be divided into three distinct phases. In Region
A, large-sized particles are initially formed. In Region B, which corresponds to the high-
speed shock wave area, the gas velocity along the axis is excessively high, causing particles
to be carried downstream with the gas flow. As a result, it becomes challenging for these
particles to experience sufficient impact for effective fragmentation. Thus, this phase serves
as a transitional stage. In Region C, under the influence of vortices and reverse airflow
in the secondary recirculation zone, the droplet fragmentation process occurs repeatedly,
leading to thorough fragmentation and resulting in smaller droplets.

3.3. Verification

The scanning electron microscopy (SEM) images of Fe-based alloy amorphous powders
with diameters ranging from 25 to 100 um, produced by NTI and NTIII at atomization
pressures of 7 MPa and 5 MPa, respectively, are presented in Figure 10a,b. From Figure 10a,
that is, at NTI (7 MPa), it can be seen that most of the powder particles present relatively
complete spherical shapes, while a few extremely irregular particles take on shapes such as
satellites, short bars, dumbbells, and filaments. However, from Figure 10b, that is, under
the condition of NTIII (5 MPa), these irregular powder particles are mostly in the shapes
of ellipses and satellites (there are fewer extremely irregular shapes). The reasons for the
appearance of these morphologies lie in the fact that both NTI (7 MPa) and NTIII (5 MPa)
have relatively high gas pressures, increasing the probability of droplet collisions. This
causes small droplets to adhere to the surface of large droplets, forming satellite structures.
However, NTIII, utilizing its contraction—expansion characteristics, has a lower pressure at
the gas outlet but a higher velocity. This results in droplets not being immediately broken
into fine short bars (due to the lower pressure), but the interaction between gas and liquid
is enhanced (due to the higher velocity), leading to a higher degree of sub-division. In
addition, the particle size distribution of both conforms to a normal distribution, and the
median particle size of NTIII (5 MPa, d50 = 52.2 pum) is slightly smaller than that of NTI
(7 MPa, d50 = 52.5 um). On the whole, NTIII (5 MPa) has a certain advantage in generating
smaller particles after crushing.
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4. Conclusions

The present study builds upon the traditional converging NTI to design two new types
of nozzles: the annular seam semi-converging—diverging NTII and the fully converging—
diverging NTIIIL. The flow field structure under 4-8 MPa was obtained through the k-¢
model and DPM model, and the superiority of NTII and NTIII in reducing energy loss
was clarified. The liquid fragmentation process of NTIII at 5 MPa was analyzed. The main
research results are as follows:

@

@)

®)

In the gas-phase flow field, at NTI (4-6 MPa), NTII (4-5 MPa), and NTIII (4 MPa) only
primary and secondary recirculation zones are present. At NTI (7 MPa), NTII (6 MPa),
and NTIII (5 MPa), in addition to retaining characteristics of primary and secondary
recirculation zones, a small third recirculation zone also emerges. When operating
at NTI (8 MPa), NTIII (7-8 MPa), or NTIII (6 MPa), not only do the primary and
secondary recirculation zone features persist, but the length of the third recirculation
zone is also extended. Through preliminary analysis of the gas-phase airflow field,
it can be inferred that when reaching the same state, NTII operates approximately
1 MPa lower than NTI, while NTIII functions about 2 MPa lower than spraying with
NTI. Compared to both NTI and NTII, NTIII demonstrates a greater advantage in
reducing energy loss.

In the gas-phase flow field, a comparison of parameters such as PMV, MVV, IPSZ,
LSZ, and IPTZ-LTZ indicates that NTII achieves a reduction of approximately 1 MPa
compared to NTI while maintaining the same state. However, when achieving the same
state at NTIII (4 MPa), the pressure drop relative to NTI (6 MPa) is less than 2 MPa.
Furthermore, all parameter values for NTIII (5 MPa) are higher than those for NTI
(7 MPa). This observation suggests that as the atomization pressure increases in NTIII,
the enhancement in flow field intensity no longer follows a linear relationship with a
slope of 1. Instead, it exhibits nonlinear growth characterized by a slope greater than 1.
In the gas-liquid two-phase flow field, NTI (67 MPa) and NTIII (4-5 MPa) exhibit a
reduction in the size of the initial recirculation zone compared to the gas-phase flow
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field. Following the primary recirculation zone, the gas velocity gradually increases,
rapidly forming a high-speed shock wave region along the central axis where velocity
reaches its peak. Subsequently, under the influence of the “Z” Mach disk, there
is a sudden deceleration that leads to the formation of a secondary recirculation
zone. The central axis divides this secondary recirculation zone into two distinct
parts: one aligned with and one opposing the gas flow. Notably, NTIII (5 MPa)
demonstrates a superior fragmentation performance compared to NTI (7 MPa). The
particle fragmentation process can be categorized into three regions: A (formation of
large droplets), B (transition area for fragmentation), and C (fully fragmented region).
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