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We simulate the gas-atomization process of a close-coupled annular nozzle for vacuum induction gas atomization at a
three-dimensional scale. Moreover, the relationship between the simulated droplet type and experimentally metallic powder
is established by comparing the morphology of droplets with powders. Herein, the primary atomization process is described
by the volume-of-fluid (VOF) approach, whereas the prediction of powder diameter after secondary atomization is realized
by the VOF-Lagrangian method. In addition, to completely reflect the breaking and deformation process of the metallic
flow, we employ the VOF model to simulate the secondary atomization process of a single ellipsoidal droplet. The results
show that the primary atomization process includes the formation of surface liquid film, appearance of serrated ligaments,
and shredding of ligaments. Further, gas recirculation zone plays an important role in formation of the umbrella-shaped
liquid film. The secondary atomization process is divided into droplet convergence and dispersion stages, and the predicted
powder diameter is basically consistent with the experiment. In general, the four main powder shapes are formed by the
interaction of five different typical droplets.

Keywords: metallic powder, close-coupled nozzle, two-phase, droplet morphology

PACS: 75.47.Np, 81.20.Ev, 47.55.df, 61.82.Bg DOI: 10.1088/1674-1056/abc167

1. Introduction

The rapid development of powder fabrication technology
has expanded the application horizon of metallic powders, es-
pecially in the areas of three-dimensional (3D) printing and
powder metallurgy.[1–4] Therefore, a large number of fabri-
cation processes, such as electrode induction melting gas at-
omization (EIGA), plasma atomization (PA), plasma rotating
electrode atomization process (PREP) and vacuum induction
gas atomization (VIGA) process, have been developed to pro-
duce spherical metallic powders.[5,6] EIGA, PA and PREP pro-
cesses are mostly used to prepare high-reactive metallic pow-
ders, such as titanium and superalloy powder,[7] while the
VIGA process is usually used to prepare low-reactive metal-
lic powders such as copper alloys, aluminum alloys, and stain-
less steels.[8] The vacuum induction gas atomization is con-
sidered as a promising powder fabrication route because of
its distinct advantages, such as high sphericity, controllable
powder particle size, low oxygen content and low production
cost.[9,10] The gas atomization utilizes a high-speed cold gas
stream to exchange a large amount of heat and kinetic en-
ergy to a high-temperature metal stream, resulting in atom-
ized metallic droplets, which rapidly solidify to form metal

powders without significant segregation.[11] During this pro-
cess, the nozzle structure plays a critical role in the atomiza-
tion process and determines the diameter and sphericity of the
atomized metallic powder. At present, the mainstream atomiz-
ing nozzles mainly include free-fall nozzles and close-coupled
nozzles. In general, the close-coupled nozzles are preferred
due to their high atomization efficiency and capability of pro-
ducing fine powder particles.[12,13]

The gas atomization of the close-coupled nozzle is car-
ried out in a closed furnace, so it is difficult to study it with
conventional experimental methods. For this reason, Ünal et
al.[14] used high-speed photography technology to study the
liquid breakage of fine aluminum powder prepared by close-
coupled nozzles during vacuum induction gas atomization.
Ting et al.[15] used the discrete Fourier transform (DFT) algo-
rithm to analyze the high-speed photographic lens recorded of
the process for preparing 304 stainless steel powder of gas at-
omization by the National Institute of Standards and Technol-
ogy (NIST). Hernandez et al.[16] used schlieren technology to
study the airflow field structure of close-coupled nozzle. How-
ever, the conditions required for these experiments are difficult
to meet in most laboratories, and the realization is very diffi-
cult.
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To address the difficulties of experimental research meth-
ods, with the gradual development of computational fluid dy-
namics (CFD) software and algorithms, most researchers be-
gan to use fluid simulation to conduct theoretical research on
the nozzle atomization process and mechanism. The atomiza-
tion process of the close-coupled nozzle is mainly divided into
the primary atomization process, in which the metallic liquid
flow is broken into droplets, and the secondary atomization
process, in which the droplets continue to be broken.[17] Ze-
oli et al.[18,19] simulated the primary atomization process for
different types of atomizer in three dimensions by volume-of-
fluid (VOF) multiphase flow using the Euler method. Zhao
et al.[20] simplified the geometric model of three-dimensional
(3D) symmetric close-coupled nozzles into two-dimensional
(2D) axisymmetric form to simulate the primary atomization
process, whereas the droplet breaking process did not oc-
cur as expected. Arachchilage et al.[21] studied the influence
of gas pressure on droplet diameter distribution at a three-
dimensional scale by the VOF method, which reproduced the
fragmentation of the metallic liquid flow. Most of these studies
focused on the influence of close-coupled nozzle atomization
process parameters or geometry on atomization. However, the
detailed metallic liquid flow or single droplet atomization de-
formation process and the atomized droplet morphology of the
close-coupled nozzle have not been studied. In addition, due
to the limitation of computing resources, it is difficult to simu-
late the integral atomization process of the metallic liquid flow
by using the VOF method, and the number of broken droplets
captured by this method is limited, so it is hard to predict the
powder diameter after secondary atomization.

To further realize the prediction of powder diameter after
secondary atomization. Some researchers have begun to ig-
nore primary atomization process, using the Euler–Lagrangian
method and the droplet instability breaking model to simu-
late the powder diameter distribution after the second atomiza-
tion for the close-coupled nozzle. Zeoli et al.[22] and Firman-
syah et al.[23] ignored the primary atomization and utilized
Taylor analogy break-up (TAB) and Kelvin–Helmholtz (KH)
instability break-up models to investigate the nozzle droplet
atomization and solidification process. Thompson et al.[24]

demonstrated that the Kelvin–Helmholtz Rayleigh-transport
(KH-RT) break-up model could be utilized to predict the parti-
cle size distribution of close-coupled nozzles. Kaiser et al.[25]

employed the KH instability break-up model to simulate the
interaction between gas shock wave and metallic melt. The re-
sults revealed that the shock wave structure is unfavorable for
the refined powder. However, this method requires a certain
simplification of the primary atomization result of the VOF
model simulation as the initial condition of the secondary at-
omization simulation, which will bring a large deviation in the
secondary atomization simulation.

In this work, the VOF multiphase flow model is employed
to simulate the 316L stainless steel metallic flow atomization
process for close-coupled annular nozzle. Moreover, the for-
mation of droplets via metal-liquid flow tearing and breaking
by a close-coupled atomizer at a three-dimensional scale is
described in detail, which includes primary atomization and
initialization of secondary atomization processes. In addition,
the secondary atomization of the droplets is simulated, using
the VOF-Lagrangian method to integrally predict the pow-
der diameter distribution, while the prediction of the atom-
ized droplet morphology after the secondary atomization of
a single ellipsoidal droplet is also simulated using the VOF
model. We use MATLAB (FPsize3D) to extract the atom-
ized droplet information simulated by the VOF model. Fur-
thermore, the forming relationship between the typical droplet
shape and the powder morphology is analyzed. Herein, the
numerical simulations are mainly based on commercial CFD
software, i.e., Fluent19.2, which employs the finite volume
method (FVM) to solve the governing equations, using tran-
sient calculations to simulate metallic liquid atomization pro-
cess, prediction powder diameter and droplet morphology for
close-coupled ring slit nozzle.

2. Experimental and numerical methods
2.1. Experimental method

Figure 1(a) shows the VIGA powder preparation equip-
ment independently developed by our group. The key compo-
nents of the equipment mainly include melting room, smelting
crucible, insulation crucible, atomization tower, close-coupled
nozzle and powder collector. The smelting crucible capacity
of the equipment is 100 kg, the highest melting temperature
is 1973 K, the highest insulation temperature of the middle
insulation crucible is 1573 K, and the ultimate vacuum de-
gree in the atomization tower is 8×10−3 Pa. The preparation
of 316L stainless steel metal powder uses nitrogen as the at-
omizing gas, the inlet pressure is 2.5 MPa, the temperature
is 300 K, the smelting crucible is heated to 1700 K for cast-
ing and atomization, and the intermediate holding crucible is
heated to 1523 K. During the atomization process, the melt-
ing room containing the smelting crucible is pressurized to
20 kPa, while the atomization tower is reduced to −10 kPa
under the action of the vacuum pump. The process of atom-
ization of metallic liquid flow into fine powder mainly includes
the primary atomization, secondary atomization and the solid-
ification of the droplets, as shown in Fig. 1(b). The BT-9300S
laser particle size analyzer is used to measure the particle size
of the powder. The surface morphology of the 316L stainless
steel powder was examined using a scanning electron micro-
scope (SEM, GeminiSEM 500).
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Fig. 1. Experimental device and schematic of the VIGA powder preparation method: (1) smelting crucible, (2) insulation crucible, (3) close-
coupled nozzle, (4) melting room, (5) atomization tower, (6) powder collector.

2.2. Description of the primary atomization mathematical
model

The two-fluid method using the VOF approach, coupled
with the large eddy simulation (LES) turbulence model, is em-
ployed to simulate the formation and fragmentation of a pri-
mary atomization for a typical close-coupled nozzle. In the
VOF approach, the volume fraction of liquid (α) is defined in
each computational cell. If the cell is filled with liquid, α = 1,
otherwise α = 0. The VOF model is capable of tracking the in-
terface by solving the continuity equation of the volume frac-
tion, which can be given as follows:[18]

1
ρq

[
∂

∂ t
(αqρq)+

∂

∂xi
(αqρqui)

]
= 0, (1)

n

∑
i=1

αi = 1, (2)

ρ = α lρl +(1−α l)ρg. (3)

In addition, the volume fraction is discretized using the geo-
reconstruct approach. The subscript q represents any one of
the two phases. The atomized gas is processed into the primary
phase, and its volume fraction is computed using the general
constraint shown in Eq. (2). In a two-phase system, for exam-
ple, if the liquid phase (second phase) of volume fraction is
being tracked, parameters such as density in each cell is given
in Eq. (3).[18,19]

Generally, the Mach number of the close-coupled nozzle
gas jet is greater than 0.3, so it is considered to be a compress-
ible gas. Therefore, the gas-liquid flow is governed by the
compressible Navier–Stokes (N-S) equations. The mass equa-
tion, momentum equation and energy equation are given in the
following.[26,27]

Mass equation

∂ρ

∂ t
+

∂

∂xi
(ρui) = 0. (4)

Momentum equation

∂

∂ t
(ρui)+

∂

∂x j
(ρuiu j) =−

∂ p
∂xi

+
∂τi j

∂x j
+ρg+Fσ . (5)

Energy equation

∂

∂ t
(ρT )+

∂

∂xi
(ρu jT ) =

∂

∂x j

(
K∂T
c∂x j

−ρu jT
)
+ST. (6)

Using the continuum surface force (CSF) method to con-
sider the surface tension effect of liquid flow. The surface ten-
sion force is defined as

𝐹σ = σκ𝑛. (7)

To improve the accuracy of capturing the primary at-
omized liquid flow interface, the gradient adaption approach
is used, of which the minimum cell size after adaptation is
15 µm. Theoretically, it can catch a minimum droplet size of
25 µm. Studies by Markus et al. showed that the droplet size
after the primary breakup is about 10%–100% of melt nozzle
diameter.[28,29] Since the diameter of the melt nozzle is 4 mm,
the dynamic mesh refinement is sufficient to meet the accu-
racy requirements of simulation in the primary atomization
process. In addition, the solution process adopts a transient
coupled scheme. Density, momentum, and energy are dis-
cretized in a first order upwind, and the pressure is discretized
in the PRESTO. The 40-core CPU is used to calculate the pri-
mary atomization for 336 h, simulating of the physical process
is completed for 30 ms, in which the time step is 1× 10−8 s,
and the final outlet flow rate remains stable at about 0.08 kg/s.
It can be considered that the simulation basically converges.

2.3. Description of the secondary atomization mathemati-
cal model

The secondary atomization is mainly affected by the sur-
face tension and viscosity, during which aerodynamic force
deforms a drop, causing it to become fragment. Therefore,
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the dimensionless parameter, Weber number We, is defined to
describe the secondary atomization

We =
ρgU2

reld
σ

. (8)

Here, a larger We indicates a higher tendency toward
fragmentation.[30] Table 1 and Fig. 2 show the different
secondary atomization droplet breakup models for metallic
droplets with different Weber number ranges, including bag
break-up, multi-mode break-up and sheet stripping break-
up.[27]

Table 1. Different Weber number corresponding to the breakup
model.[31]

Breakup model Weber number range
Bag breakup ∼ 11 <We <∼ 35
Multimode breakup ∼ 35 <We <∼ 80
Sheet stripping breakup ∼ 80 <We <∼ 350

bag break up

multi mode break up

sheet stripping

Fig. 2. Typical modes of droplet breakup.

The bag break-up is analogous to the burst of soap bub-
bles from a soap film, which is attached to a ring. Though a
thin hollow liquid film ruptures to form small fragments, some
large droplets are also formed at the edges.[32]

The multi-mode break-up is similar to bag break-up, but a
downward liquid ligament is formed in the middle of the liquid
film. The liquid film is broken, then the edge and liquid liga-
ments are disintegrated, resulting in multi-sized fragments.[32]

During sheet stripping, the edge of ellipsoidal droplet di-
rectly transforms into a thin liquid film periphery. Then, the
liquid film is broken from the periphery to the central part.[27]

Ff

Fg⇁FD

Fig. 3. Schematic diagram of a single droplet force.

During the secondary atomization process, the metallic
droplets are mainly affected by a dynamic balance of drag
force, gravity and buoyancy, as illustrated in Fig. 3. Under the
action of these forces, the primary atomized droplets undergo
ellipsoidal transformation and continue to atomize and break.
The specific buoyancy, drag force, and gravity are given in the
following.

The buoyant force is

𝐹f =−ρgVg. (9)

The drag force reads

FD =
1
2

Cdρg
(
ug−ud

)∣∣ug−ud
∣∣Ad, (10)

where drag coefficient[33] is Cd = 0.28+ 6√
Ra

+ 21
Ra , which is

related to the Reynolds number, Ra =
ρgd|ud−ug|

ug
.

The gravity is

𝐹g = ρlV𝑔. (11)

In the secondary atomization, after the spherical droplet
undergoes ellipsoidal transformation, various complex defor-
mations and breaks occur. Although the VOF model can re-
alistically simulate the breakup of continuous flow, the fur-
ther breaking of large number of ellipsoidal transformation
droplets cannot continue due to the limitation of computing
resources. The discrete phase model and the instability break-
up model of the Lagrange method are not suitable for the sim-
ulation of continuous liquid flow breakup, whereas they have
significant advantages for the simulation of droplet breakup.
To realize the prediction of the powder diameter distribution
after the secondary atomization, the VOF-Lagrangian method
combining the above two methods will be used to realize the
simulation of droplet breakup. In this process, by setting the
volume equivalent sphere diameter range, maximum radius
deviation standard and maximum radius surface orthogonal-
ity threshold, the volume fraction droplet breakup by the con-
tinuous flow can be converted into droplet particles that can
continue to calculate the secondary atomization, as shown in
Fig. 4. This will effectively avoid the use of a refined grid to
capture the volume fraction interface in the droplet breaking
process of the secondary atomization, which consumes huge
computing resources.

volume fraction droplet droplet particle

Fig. 4. Schematic diagram of the droplet conversion of the VOF-
Lagrangian method.
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The radius deviation standard is the value of the stan-
dard deviation of the distance between the center of mass of
the block and the center of each face grid[34] (r1,r2, . . . ,ri),
as shown Fig. 5(a). The radial surface orthogonality refers to
the relationship between the vector connecting center of grav-
ity with face center and the vector of the normal direction of
the face grid (see Fig. 5(b)). The relative orthogonal range is
0–1, and two vectors overlap for a sphere. Fluent 19.2 gener-
ally defines the threshold value of the maximum radius devi-
ation standard and maximum radius surface orthogonality as
0.5, that is, the radius deviation standard and radius surface
orthogonality of the droplet meets less than or equal to 0.5,
and the shape reaches a spherical shape.[34] Moreover, in the
converging stage and initial dispersing stage of the second at-
omized droplet discussed, the maximum droplet diameter is
1 mm. To reduce the consumption of computing resources be-
fore the droplet conversion by the VOF method, the droplet
conversion diameter range is set from 0 to 1 mm. In addition,
the mesh gradient adaptive method is also used to accurately
capture the volume fraction droplet interface, and the small-
est cell size after refinement is still 15 µm, catching primary
atomized droplets with a minimum size of 25 µm.

r1

r2

ri

face center

center of mass
center of mass

face normal vector

vector connecting 

center of gravity

 with face center

(a) (b)

Fig. 5. Block sphericity definition standard.

The fragmentation of droplet particles converted by the
VOF-Lagrangian method can be explained by the instabil-
ity break-up model, which mainly includes the TAB model,
the KH model and the KH-RT model.[35] In general, the
TAB model works better for the bag breakup and multimode
breakup (usually for We < 80), while the KH model provides
strong agreement with experimental data in the sheet stripping
breakup (We > 80).[35,36] However, Gu et al.[22,36] employed
both the models but did not observe any significant difference
in mean particle diameter. The KH-RT model built into the
Fluent software combines the Kelvin–Helmholtz wave frag-
ments to be considered with the KH model and Rayleigh–
Taylor instability, which was developed to simulate higher We-
ber number atomization. Moreover, it is estimated that the
minimum Weber number of droplets after the primary atom-
ization is basically greater than 100, which needs to be de-
scribed by the KH break-up model. In addition, Thompson et
al.[24] demonstrated that the KH-RT model can accurately pre-
dict droplets breakup for close-coupled nozzle. Therefore, the

KH-RT model is chosen to simulate and predict the powder
diameter distribution after secondary atomization.

The KH-RT model combines the effects of the KH model
with the Rayleigh–Taylor instabilities due to acceleration of
shed droplets ejected into free stream condition.[37] Both the
mechanisms model droplet breakup by tracking wave growth
on the surface of the droplet, with breakup occurring due to the
fastest growing instability based on local conditions. Specif-
ically, in the vicinity of the nozzle, the droplets ejected from
the liquid core suddenly accelerate when ejected into the free
flow, and RT instability plays a major role at this time.[38] The
frequency of the fastest growing wave is computed by[34,39]

ΩRT =

√√√√2
(
−gt

(
ρl−ρg

))3/2

3
√

3σ
(
ρl +ρg

) , (12)

where gt is the droplet acceleration in the direction of the
droplet travel. The corresponding wave number is given by[34]

WRT =

√
−gt

(
ρl−ρg

)
3σ

. (13)

Breakup occurs after RT waves have been growing for a
time larger than the breakup time, defined as

(tB)RT =
1

ΩRT
. (14)

The radius of the smaller child droplets is dependent upon
the RT wave length λRT,

λRT =
2π

WRT
. (15)

Only when λRT is smaller than the diameter of the parent
droplet, the break-up is allowed.[39,40] In addition, the corre-
sponding diameter of the child droplet is obtained from the
conservation of mass.

The transformation of metallic droplets into powder is
a rapid solidification process, and the heat radiation of the
droplets and the internal temperature gradient of the droplets
can also be ignored.[27] The cooling of the droplets conforms
to the description of the Newtonian cooling model,[26] so the
heat transfer equation of the droplets can be expressed as[41,42]

Cpd
dTd

dt
= ∆Hd

d fs

dt
− 6h

ρdd

(
Td−Tg

)
, (16)

where Cpd = (1− fs)Cl + Cs fs, ∆Hd = ∆Hf −
(Cl−Cs)(Tl−Td), and h =

kg
D

(
2.0+0.6

√
Ra 3
√

Pr
)
.

During the simulation process, we adopt the transient
coupling solution method, the parameters such as density, mo-
mentum and energy adopt the first-order upwind style as the
spatial discretization format, and the pressure adopts PRESTO
spatial discretization. The powder diameter prediction after
the secondary atomization is calculated by 40-core CPU for
477 h, the simulated atomization time is 40 ms, the calculation
time step is 8×10−8 s, and the final outlet gas flow is stable at
0.054 kg/s, which achieves simulation convergence.
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2.4. Meshing and the boundary conditions setting

In Fig. 6, the close-coupled annular slot nozzle is mainly
composed of gas inlet, gas chamber, annular slit nozzle and
delivery tube. The delivery tube is mainly used to transport
the metallic flow, and the key part to form the gas jet is the
annular slit nozzle structure. Therefore, in the process of es-
tablishing the simulation geometric model, it can be simplified
appropriately to remove the nozzle gas inlet and gas chamber.
Meanwhile, to reduce the calculation time and cost under the
premise of ensuring the accuracy, the actual three-dimensional
rotational symmetry model of the nozzle is simplified to a ge-
ometric structure of 1/4 rotation period (Fig. 7(a)). As the
calculation process utilizes the multi-phase flow VOF model
to capture the interface of primary atomized droplets, the at-
omization interval is locally meshed (Φ8.8×15.5 mm) at the
same time, the initial number of cell is 1414987 by ICEM soft-
ware, and the minimum cell size is 0.1 mm (Fig. 7(b)). Here,
using the VOF model and the VOF-Lagrangian method to sim-
ulate the breaking process of the metallic liquid flow and the
prediction of the powder diameter, it is necessary to refine the
same local area to capture the primary atomized droplets, but
the meshes of other areas are relatively coarse. Therefore, the
same set of meshes can be used in the simulation process of
the two methods. The specific cross-sectional size of the sim-
ulation geometry model is shown in Fig. 7(c).

As the actual atomization chamber is large, the part near
the nozzle (30 mm × 128 mm) is considered for simulations.
The reasonable selection of boundary conditions during noz-
zle atomization simulations renders a decisive influence on the
accuracy of results. The vertical interface of the revolving

body is defined as the periodic boundary. The bottom surface
and circumferential surface are considered as spatial positions
(Fig. 7(a)). During the gas atomization process, the pressure
inside the atomization tower is usually stable at −10 kPa and
the initial temperature is 300 K, which can be treated as the
pressure outlet boundary. Herein, nitrogen was used as the at-
omizing gas and stainless steel 316L was used as the atomized
metal. The physical properties of both materials are shown in
Tables 2 and 3. The gas was injected at a constant pressure of
2.5 MPa through the nozzle flow path to atomize the metallic
flow. Hence, the annular nozzle gas inlet was defined as the
gas pressure inlet boundary, and inlet pressure and tempera-
ture values were set to 2.5 MPa and 300 K, respectively. The
high-temperature metallic flow in the insulation crucible flows
into the atomization chamber through the nozzle delivery tube
under the pressure difference between melting chamber and
atomizing chamber. Therefore, the metallic liquid inlet is de-
fined as a pressure inlet boundary with 20 kPa pressure and
1700 K temperature. The other surface of the atomization sim-
ulation geometry model is the inner wall surface of the actual
close-coupled nozzle, which is regarded as the wall boundary.

gas inlet

gas chamber

annular slit nozzleannular slit nozzle

delivery tude

metallic liquid

Fig. 6. Annular slit nozzle detail of the close-coupled nozzle.
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7 mm
30 mm

2
2
 m

m

3
0
 m

m

3
0
 m

m

128 mm

4 mm 2 mm

(b)pressure outlet

pressure inlet (gas)
pressure inlet (metal melt)

period boundary
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Fig. 7. (a) Nozzle simulation geometry model and boundary condition distribution. (b) Nozzle simulation mesh model. (c) Nozzle simulation
geometry model section size distribution.
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Table 2. The 316L alloy melt molten parameters.[19,25]

Properties Value
Density (kg·m−3) 7700
Thermal conductivity (W·m−1·K−1) 16.4
Heat capacity (J·kg−1·K−1) 720
Viscosity (kg·m−1·s−1) 0.056
Surface tension coefficient (N·m−1) 1.2

Table 3. Nitrogen physical parameters.

Properties Value
Molecular weight (kg·mol−1 ) 28.0134
Viscosity (kg·m−1·s−1) 1.663×10−5

Thermal conductivity (W·m−1·K−1) 0.0158
Heat capacity ( J·kg−1·K−1) 520.64

Further, the annular gas jet merges at the bottom of the
recirculation zone and flows in a vertical downward direction.
In the initial dispersion stage of the secondary atomization of
the metallic liquid flow passing through the gas recirculation
zone, the droplets mainly exist in long elliptical shapes, at this
time the droplets are mainly subjected to the vertically down-
ward combined gas jet. Due to the limitation of computing
resources, it is difficult to directly simulate the secondary at-
omization of droplets for close-coupled nozzle using the VOF
model. To further study the sub-droplet shape of the ellip-
soidal droplets after breaking, the area around a single droplet
was randomly taken as a sub-model in the initial dispersion
stage, carrying out the secondary atomization simulation of
the ellipsoidal droplets.

To simplify the simulation, the ellipsoidal droplets are
simplified to rectangular long droplets, with corresponding
droplet size, gas velocity and other parameters shown in Ta-
ble 4 (parameters are obtained from the simulation results of
the initial dispersion stage). In Fig. 8, the two-dimensional
model of a rectangular area of 6× 1.2 mm near the droplet is
selected to simulate the breaking process of the long droplet.
Using ICEM software for mesh division, the initial number of
cells is 1146244, and the minimum cell size is 2 µm. Fur-
thermore, the VOF model is coupled with the LES model
to simulate the breaking process of long droplets. The top
of the droplet is defined as the velocity inlet boundary, and
the bottom is defined as the pressure outlet boundary. Due
to the small area near the droplet selected in the fluid do-
main, the boundary position on both sides of the droplet
can be considered as no velocity gradient, and equivalently
treated as the wall boundary. In the simulation process, den-
sity and momentum are set as a first-order upwind style, and
the pressure is discretized using PRESTO, and the volume
fraction is discretized in a geo-reconstruct method. The 40-
core CPU was used to calculate the single-droplet atomization
for 40 h, simulating atomization process is 18.9 µs, the time
step is 6× 10−9 s, and the final outlet gas flow is stable at
−9.278 kg/s, which can be considered as the simulation con-
vergence.

Table 4. Simulation parameters of single droplet breaking.

Physical quantity Parameter
Gas velocity (m·s−1) 430
Droplet velocity (m·s−1) 30
Melt filament size (µm) 600×60
Melt filament temperature (K) 1519

2 mm pressure outlet

wall

droplet
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Fig. 8. Establishment of simulation model for droplet breakup.
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Fig. 9. Position distribution of liquid film and length distribution of
droplet under different model mesh numbers.

Figure 9 shows the starting position of the liquid film
and the droplet length distribution under different mesh num-
bers of the close-coupled nozzle model and the sub-model of
the secondary atomization simulation. The number of meshes
of the close-coupled nozzle model are 846426, 1414987, and
1960980 respectively. When the transient simulation time is
27 ms, the axial coordinates of the starting position of the
annular liquid film for the primary atomization are 97 mm,
96 mm and 96 mm, respectively. When the number of
meshes for the close-coupled nozzle increases from 1414987
to 1960980, the starting position of the annular liquid film
is stable at 96mm. It can be considered that the number of
meshes used in the primary atomization simulation (1414987)
is independent. In addition, the secondary atomization sub-
model is divided into different mesh numbers, which are
71281, 645841, and 1146244, respectively. When the tran-
sient simulation time is 7.6 µs, the lengths of the long droplet
are 0.478 mm, 0.468 mm, and 0.468 mm, respectively. In gen-
eral, as the number of mesh of the secondary atomization sub-
model is reduced from 1146244 to 645841, and the length of
the long droplet at the same time is stable at 0.468 mm, so the
number of mesh of 1146244 adopted in the secondary atom-
ization simulation is also independent.
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3. Results and discussion
3.1. Close-coupled nozzle gas-liquid flow velocity field

analysis

The atomization of close-coupled nozzles is a compli-
cated process of gas-liquid two-phase flow interaction. When
the metallic liquid flows through different positions, it has dif-
ferent effects on the mixture velocity flow field of the nozzle.
Figure 10(a) shows the mixture velocity flow field distribu-
tion when the metallic liquid flows out from the bottom of
the delivery tube. The compressible gas enters the furnace
through the nozzle airflow path, where one-dimensional isen-
tropic flow with increased speed and reduced pressure occurs.
This results in a pressure difference between the nozzle exit
and ambient within the atomizing tower, forming chain-like
Prandtl–Meyer clusters at the nozzle exit.[43–45] The existence
of gas shock wave structure can accelerate the attenuation of
gas, which is not conducive to the efficient preparation of fine
powder.[17,25] Further, limited by the nozzle structure, the gas
jet gathers at a certain angle to the center of the nozzle bot-
tom. During this process, the flow path of airflow gradually
deflects and forms a recirculation structure[46] above the in-
tersection of the airflow. When the gas jets meet, the major

portion of obliquely injected airflow deflects vertically down-
wards. Moreover, a portion of airflow moves vertically up-
ward and, after contacting the bottom of the delivery tube, it
continues to extend in the radial direction until contacting the
oblique supersonic jet boundary. With the influence of strong
turbulent flow energy of the gas jet, the air streams flowing in
recirculation zone are combined and return to the initial point
of recirculation zone to complete the recirculation cycle. In
addition, the location of the gas recirculation zone also has an
effect on the gas flow in the delivery tube. If the position of the
recirculation zone is too high, it is easy to cause the air flow
in the delivery tube to flow upward, which hinders the smooth
flow of the metallic liquid, otherwise it is easy for the gas flow
in the delivery tube to flow downward, accelerating the flow
of the metallic liquid. According to the flow trajectory of the
gas recirculation zone, the gas flow entering the gas recircula-
tion zone is smaller than the radial flow out of the recirculation
zone, which is the basic condition to ensure the suction speed
of the downward flowing air in the delivery tube.[46] This will
promote the flow of metallic liquid and prevent the solidifica-
tion in the delivery tube or at the bottom.
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Fig. 10. Mixture velocity distribution of gas-liquid flow at different moments. (a) Mixture velocity distribution when the metallic liquid flows
out from the bottom of the delivery tube. (b) Mixture velocity distribution when the metallic liquid flows through the recirculation zone. (c)
The mixture velocity distribution of axis position at different moments.

Further, when the metallic liquid flows through the gas

recirculation zone, the structure of the obvious gas recircula-

tion zone disappears due to the interaction between the flow

of metallic liquid and gas, as shown in Fig. 10(b). During the

downward flow of metallic liquid, the mixture velocity inten-

sity in the middle of the gas flow is lowered. At the same time,

the uneven airflow shedding structure appears at the edges of

the middle airflow, and high-speed airflow region is slightly
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deflected in the radial direction. When the metallic liquid
flows out from the bottom of the delivery tube, the mixture
velocity distribution at the axis position in the recirculation
zone is distributed in an arch shape, but once the metallic liq-
uid flow passes through the gas recirculation zone, the arched
peak of the mixture velocity distribution at the axis position
disappears, as shown in Fig. 10(c). In addition, under the load
of the metallic flow, the mixture velocity in the axial position
below the gas recirculation zone also significantly decreases.
In general, during the atomization of the metallic flow, the gas
recirculation zone changes significantly. The influence of the
gas recirculation zone is further analyzed, through the atom-
ization of the metallic flow.

3.2. Close-coupled nozzle primary atomization process
analysis

The primary atomization process of the close-coupled
nozzle initiates when the metallic liquid, flowing out of the
delivery tube, contacts with the gas recirculation zone. Once
the metallic liquid flows to the top of recirculation zone, the
downward flow is gradually decelerated due to the resistance
of gas flow in recirculation zone. Hence, the metallic liquid
starts to flow in radial direction. At this time, the metallic liq-
uid flow is mainly affected by the pressure (𝐹p) (including gas
pressure at the top and hydraulic pressure), gas drag force (𝐹D)

in delivery tube, gravity (𝐹g) and the buoyancy (𝐹f) of the gas
recirculation zone. There is a downward gas suction speed in
the delivery tube, forming a downward gas drag force, which is

the prerequisite for the metallic liquid pass to through the de-
livery tube smoothly. If 𝐹p+𝐹g+𝐹D >𝐹f, the general metal-
lic liquid flow can be smoothly atomized and broken through
the delivery tube. However, if 𝐹p+𝐹g+𝐹D <𝐹f, the metallic
liquid flow gradually decelerates, and it will be easy to solid-
ify the metallic liquid in the delivery tube and block the chan-
nel, which will not be conducive to the atomization process.
The 𝐹p +𝐹g +𝐹D > 𝐹f is the basic condition for the close-
coupled nozzle to smoothly atomize the metallic flow. Among
these factors, the pressure 𝐹p is directly controlled by the up-
per chamber where the insulation crucible is located, however
the buoyancy and drag force are mainly affected by the gas
recirculation zone. Therefore, the nozzle atomizing gas pres-
sure, the spray angle and the delivery tube extension length,
which have an influence on the gas recirculation zone, are the
key factors to control the smooth atomization of the nozzle.
The gas recirculation zone that forms gas buoyancy gradually
shrinks to a fixed size under the action of pressure, drag force
and gravity, forming a stable annular umbrella-like film (see
Fig. 11). Zeoli et al.[43] studied a similar structure of a minia-
ture fountain. With continued atomization, the thickness of
loop-shaped umbrella-like liquid film is reduced. When the
liquid film is close to the boundary of supersonic jet, pulsating
shearing action of turbulent flow and surface wave of liquid
film are simultaneously promoted. However, before reaching
the critical thickness, the liquid film does not break and flows
are downward along the sonic jet boundary.
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Fig. 11. The umbrella-like liquid membrane structure during primary atomization.
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In Fig. 12(a), when the liquid film thickness is reduced
to a critical value, it exhibits an asymmetrical fold deforma-
tion under the action of pneumatic turbulent disturbance at the
boundary of sonic jet. The tip edge of the annular liquid film
exhibits various wrinkle depths at different locations. Some
of the tip thicknesses reach the critical value, forming a small
number of broken droplets. As indicated in Fig. 12(b), the
broken liquid film continues to move downward, however, the
movement is accompanied by curling and tearing of the liq-
uid film. The wrinkled tip deforms to form a serrated liquid
film tip morphology. The thickness and surface wave of the

serrated liquid film tip reach a critical value and form primary
atomized droplets. Figure 12(c) shows that the portion of ser-
rated liquid film, which has not been broken and continues to
flow downward, forms a ligament structure with a high peak
between the segments. Owing to airflow shearing and surface
tension, the ligament liquid wave peels off from the peak posi-
tion of surface wave and forms spherical droplets, constituting
the primary atomization process of the close-coupled nozzle.
The primary atomization process mainly includes the forma-
tion of surface liquid film, appearance of serrated ligaments,
and shredding of ligaments.

metal flow

gas jet

t=27.6 ms
metal flow

gas jet

t=28.1 ms

gas jet

t=28.6 ms
metal flow

(a) (b) (c)

Fig. 12. The primary atomization process of metallic liquid flow (in this study, the metallic liquid iso-surface with a volume fraction of 0.25 is
defined as the gas-liquid boundary): (a) wrinkling of liquid film, (b) formation of serrated ligaments, (c) formation of ligaments and shedding.

(a)

metal flow

gas jet

t=29.5 ms

convergence

(b)

t=30 ms

gas jet

metal flow

divergence

Fig. 13. The initial secondary atomization process of metallic liquid
flow: (a) convergence segment distribution, (b) initial divergence seg-
ment distribution.

Ünal et al.[14] used high-speed cameras to photograph the
process of preparing aluminum powder with a close-coupled
nozzle of the VIGA process at low metallic flow rate. The
process shows the annular umbrella-like film structure of the
primary atomization, as well as the appearance of wrinkles
and serrated ligaments at the edge of the annular liquid mem-
brane. Although there are differences in material composition
between the aluminum alloy and the studied 316L stainless
steel alloy, the flow state of the liquid atomization process

should be basically the same. The shape of the annular liq-
uid film formed by the aluminum atomization process taken
by Ünal is basically similar to that of the primary atomization
process of this simulation. This also proves the correctness of
the primary atomization simulation and the feasibility of the
theory of annular liquid film formation to a certain extent.

In Fig. 13(a), during the initial secondary atomization, a
large amount of various droplets is formed by separating from
the main liquid film, and a mixture of surface-like droplets,
band-like droplets and fine droplets is formed by combining
the primary droplets. Figure 13(b) shows that the flow direc-
tion of droplets gradually becomes parallel to the airflow due
to the airflow drag, dispersing the droplet groups into loca-
tion close to the boundary of the gas jet (see Fig. 10(b)), and
the shear effect of the gas stream is also increased. Further-
more, the liquid film is broken and torn into droplets. Then,
the droplets start to transform into ellipsoidal droplets and the
liquid film thickness is gradually reduced. The liquid film be-
comes instability after reducing to a certain thickness. The
edge of liquid film is broken under the action of gas jet turbu-
lent flow, resulting in the formation of fine droplets and con-
stituting the secondary atomization process. Obviously, the
secondary atomization process can be divided into two stages:
droplet convergence and droplet dispersion, as shown by our
experimental verification (Fig. 14), which is consistent with
the aforementioned simulation result. In summary, the pro-
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cess occurs due to the interaction between the inner bound-
ary of gas jet and metallic flow (see Fig. 10(b)). Moreover,
the convergence stage only occurs in a small area below the
nozzle, however, the divergence stage occurs in almost the en-
tire area of the atomization furnace below the nozzle, which
includes the divergence, deformation, breaking and solidifica-
tion of most of the droplets of the secondary atomization.

convergence

divergencedivergence

Fig. 14. Image of the atomization process of 316L metal powder by the
close-coupled nozzle.

Furthermore, the concepts of equivalent volume diame-
ter (dV) and equivalent surface diameter (dS) are introduced to
assess the diameter distribution during both stages,

dV =
3

√
6V
π

, dS =

√
S
π
. (17)

In both the stages of secondary atomization, the delau-
nay triangle method of MATLAB software was used to cal-
culate the equivalent volume and equivalent surface of the
atomized droplet to realize the droplet diameter calculation.
Figure 15(a) shows that the equivalent volume diameter dur-
ing the convergence stage (count the number of 152 droplets)
ranges from 25 to 425 µm, where the mass medium diame-
ter (MMD d50) is 158 µm. However, the equivalent surface
diameter ranges from 30 to 650 µm, where d50 = 180 µm.
Based on the average of both droplet sizes (d50), the equiv-
alent surface diameter is greater than the equivalent volume
diameter of 22 µm. Figure 15(b) shows that the initial disper-
sion stage (count the number of 300 droplets) equivalent vol-
ume diameter mainly distributes in the range of 40 to 680 µm,
where d50 = 150 µm. However, the equivalent surface di-
ameter is mainly distributed in the range of 80 to 1000 µm,
where d50 = 200 µm. Based on the average of both droplet
sizes (d50), the equivalent surface diameter is greater than the
equivalent volume diameter of 50 µm. In theory, the volume
equivalent diameter of an ideal spherical droplet is equal to the

surface equivalent diameter. The sphere is a 3D structure with
the smallest surface area under the same volume. Therefore,
once the droplets are non-spherical, it will lead to the phe-
nomenon that the equivalent surface diameter is larger than
the equivalent volume diameter. During the transition from
the convergence stage to the initial dispersion stage, the differ-
ence between the equivalent surface diameter and equivalent
volume diameter gradually increases, which may be the result
of non-spherical deformation of the droplet during this pro-
cess.

Further the morphology of droplets in the two stages is
assessed by its sphericity, which can be defined as

Φ =
4π

(
3VP
4π

)2/3

SP
. (18)
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Fig. 15. Comparison of different diameter evaluation standards: (a)
convergence stage, (b) initial dispersion stage.

In Fig. 16, the sphericity of the droplet in the initial dis-
persion stage is in the range of 0.25–0.95, while the sphericity
of the droplet convergence stage is within the range of 0.37–
0.9. Furthermore, in the initial dispersion stage, the proportion
of droplets in the range of 0.25–0.62 is greater than that in the
convergence stage. However, when the droplet sphericity is
in the range of 0.62–0.85, the proportion of droplets in the
convergence stage is greater than that in the initial dispersion
stage. If the sphericity of the droplet is closer to 1, it will mean
that the morphology of the droplet is closer to the ideal sphere.
Once the droplet undergoes an ellipsoidal transformation, the
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sphericity gradually approaches 0. Therefore, it can be fur-
ther considered that from the convergence stage to the initial
dispersion stage, the droplets have undergone an ellipsoidal
transformation.
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Fig. 16. Cumulative distribution of droplet sphericity.

3.3. Close-coupled nozzle secondary atomization process
analysis

In Fig. 17, the vertical downward flow is separated by
long droplets, forming a gas recirculation zone at the bottom of
the droplets. In addition, the gas flow accelerates from 300 m/s
to 500 m/s on the side of the droplet. During droplet atomiza-
tion, the droplet is mainly affected by the drag force (𝐹D),
gravity (𝐹g) and gas buoyancy (𝐹f) of the bottom gas recir-
culation zone. When a single droplet is atomized, the broken
child droplets gradually separate from the mother droplet, so
that the volume of the mother droplet decreases, which will
cause the buoyancy of the droplet during the atomization pro-
cess to gradually decrease (see Eq. (9)). However, in the early
stage of long droplet deformation and breaking, neglecting the
change of the maximum cross-sectional area of the droplet,
increasing in gas velocity on the side of the droplet causes an
increase in drag force (see Eq. (10)).

Velocity magnitude (m/s)

100 200 300 400 500

gas recirculation zone

Fig. 17. Velocity cloud diagram of single droplet atomization.

In Fig. 18, under the squeeze of the drag force and gas
buoyancy, the top of the droplet gradually flows along the side,
forming an annular fountain-like liquid film. The edge of the
fountain-like liquid film is torn and broken under the action of
drag force. As time goes by, the height of the fountain-like liq-
uid film gradually decreases, and finally a thin annular liquid

film structure is formed, which may tear and break under the
action of aerodynamic force. Moreover, this is very similar
to the ring-shaped liquid film structure formed by the sheet-
thinning of droplets taken by Guildenbecher with high-speed
photography.[47] Furthermore, the partial zoomed in display
shows the fine droplets (diameter basically less than 30 µm)
formed after the long droplets are atomized, which are basi-
cally small near-spherical droplets.
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(metallic liquid)
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(b) t=7.6 ms

(c) t=12.9 ms
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Fig. 18. Distribution of single droplet breaking volume fraction at dif-
ferent moments (all the parts with a droplet volume fraction greater than
1% are described in the same color to show as much as possible the de-
tails of the droplet interface after breaking).

100 mm

Fig. 19. SEM image of the metallic powder actually prepared.

Figure 19 shows the actual metallic powder prepared by
the close-coupled nozzle, and most of the fine powder (diam-
eter less than 30 µm in diameter) have a very high degree of
sphericity. However, coarse powder mostly exists in the form
of satellite powder with poor sphericity. Although there are
some agglomerations of fine powder, this may be caused by
artificial spreading of the powder when preparing the SEM
sample. Therefore, this further proves the credibility of the
conclusion discussed above that long liquid droplets basically
form fine spherical powder after atomization.

Further, the VOF-Lagrangian method was used to predict
the diameter of the powder after the secondary atomization of
the close-coupled annular slit nozzle. Figure 20 show the con-
vergence and dispersion stages in the secondary atomization
process. Though this method cannot reflect the true droplet
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shape after atomization, it can reflect the secondary processes
from convergence to dispersion stage through the particle di-
ameter distribution.
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Fig. 20. Particle diameter distribution during secondary atomization:
(a) convergence stage, (b) dispersion stages.
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Fig. 21. The diameter distributions of secondary atomized powder: (a)
simulated powder particle diameter distribution, (b) comparison of sim-
ulated and experimental results.

Figure 21(a) shows the simulated particle diameter distri-
bution after secondary atomization, indicating that the diam-
eter of the powder ranges from 20 to 50 µm and the MMD

is 32.5 µm (d50). Compared with the surface equivalent di-
ameter of 200 µm and volume equivalent diameter of 150 µm
during initial dispersion stage, the particle size is significantly
reduced due to the breaking of ellipsoidal droplets. The theo-
retically calculated d50, d90 and d10 values are 32.5 µm, 45 µm
and 25 µm, whereas the corresponding experimentally mea-
sured values are 35±4 µm, 50±4.6 µm and 22±3 µm, respec-
tively. Figure 21(b) shows that experimental and simulated re-
sults show excellent consistency, demonstrating the reliability
of adopted theoretical model.

3.4. Close-coupled nozzle typical powder morphology for-
mation analysis

In Fig. 22, the metallic powder prepared by the close-
coupled nozzle of the VIGA method mainly includes the fol-
lowing four morphologies, namely, spherical powder, torn-
surface powder, incompletely fused powder and satellite pow-
der. Among them, spherical powder and satellite powder are
the most common, whereas torn-surface powder and incom-
pletely fused powder are rare. In the metal additive manufac-
turing process, the fine spherical powder in the target interval
is mainly used, and other types of metal powder should be
avoided as much as possible in the powder preparation pro-
cess. According to the simulation results, the relationship be-
tween the morphology of the prepared powder and the simu-
lated droplet shape can be established.

spherical powder
torn-surface powder

10 μm 10 μm

(a) (b)

(c) (d)incompletely fused powder

satellite powder
10 μm10 μm

Fig. 22. The SEM image of typical powder morphology: (a) spherical pow-
der, (b) torn-surface powder, (c) incompletely fused powder, and (d) satellite
powder.

Figure 23 shows the formation of four different types
of droplets, including bonded droplet, spherical droplet, el-
lipsoidal droplet and sheet droplet during the primary atom-
ization stage. Moreover, four different types of droplets are
formed during the initial secondary atomization stage, in-
cluding spherical droplet, curved droplet, ellipsoidal droplet
and bonded droplet. In general, there are mainly five types
of droplets formed from the primary atomization to the sec-
ondary atomization droplet deformation stage, mainly includ-
ing spherical droplet, ellipsoidal droplet, sheet droplet, curved
droplet and bonded droplet.
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Fig. 23. Typical single droplet shape at different stages (the color change of the droplet in the figure only shows the change in the size of the
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Fig. 24. The relationship between the morphology of the prepared powder and the simulated droplet shape.

Metal powder is the product formed by the deformation,
breaking, shrinking and solidification of droplets in different
stages of atomization. Figure 24 shows the relationship be-
tween typical droplets and metallic powders with different
morphologies. There are two main paths for the formation
of spherical metal powder (see Fig. 24(a)). The first is the
direct solidification of spherical droplets in the primary atom-
ization stage or the secondary atomization stage to form spher-
ical metal powder. Secondly, the curved droplets or ellipsoidal
droplets with higher superheat will undergo further deforma-
tion and breakage under the action of aerodynamic force to
form fine spherical droplets, which has been proven in Sub-
section 3.3. In addition, the torn-surface powder is mainly
formed because the sheet droplets formed in the primary at-
omization stage collide with the spherical powder, causing the
sheet droplets to wrap the spherical powder (see Fig. 24(b)).
Moreover, when the superheat of the bonded droplets in the
primary atomization stage or the initial secondary atomiza-
tion stage is low, aerodynamics cannot separate the bonded
droplets again, so the droplets will solidify and form incom-

pletely fused powder (see Fig. 24(c)). Finally, during the fur-
ther fragmentation of the elliptical droplets or curved droplets,
the formed fine droplets collide with larger size droplets or
these fine droplets collide with solidified powder to form satel-
lite powder (see Fig. 24(d)).

In general, the solidification of spherical droplets or
the further fragmentation of ellipsoidal droplets and curved
droplets is beneficial to the formation of spherical pow-
der. However, the collision between droplets and powder or
droplets and droplets is not conducive to the formation of
spherical powder. For example, the collision of sheet droplets
and fine spherical powder will easily form torn-surface pow-
der, and the collision of fine droplets and spherical powder will
easily form satellite powder. The collision between droplets
and droplets or between droplets and powder is mainly the re-
sult of nozzle gas jet acting on the powder or droplets. There-
fore, the key to preparing spherical powder is to reasonably
control the gas jet, reducing the collision between droplets and
powder.
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4. Conclusion and perspectives

The simulation of gas-liquid two-phase flow atomization
at a three-dimensional scale of a close-coupled annular nozzle
is conducted by the VOF approach, which can show the metal-
lic flow breakage and the droplet deformation breakup process.
The simulation results show that the gas recirculation zone
plays a decisive role in the formation of the primary atomized
annular umbrella-shaped liquid film. In addition, the metal-
lic liquid flow in the delivery tube meets 𝐹p +𝐹g +𝐹D > 𝐹f

is the basic condition for the nozzle to be able to atomize
smoothly. In addition, the primary atomization process of the
close-coupled nozzle mainly includes the formation of surface
liquid film, appearance of serrated ligaments, and shredding of
ligaments. The secondary atomization mainly includes droplet
converging stage and droplet dispersion stage, and the disper-
sion stage of the droplets basically includes the entire area be-
low the nozzle.

Due to the limitation of computing resources, it is dif-
ficult for the VOF method to continue the ellipsoidal droplet
fragment process simulation and prediction of powder diam-
eter distribution for close-coupled nozzle after secondary at-
omization. However, a single ellipsoidal droplet is selected
to establish a sub-model, simulating the droplet breaking can
be realized by coupling the VOF model and the LES model,
which realize the prediction of the morphology of the sub-
droplets formed after the ellipsoidal droplets are broken. As
a result, the simplified long droplet of the elliptical droplet
mainly forms fine near-spherical droplets less than 30 µm af-
ter breaking, which is consistent with the morphology of the
powder actually prepared. In addition, the VOF-Lagrangian
method and the KH-RT model are used to predict the pow-
der diameter distribution after secondary atomization. Finally,
the particle diameter prediction of the secondary atomization
simulation is in good agreement with the experimental powder
size distribution.

During the atomization process of the close-coupled noz-
zle, four morphologies powders are mainly formed, namely
spherical powder, torn-surface powder, incompletely fused
powder and satellite powder. Moreover, five typical droplet
shapes are also formed, including spherical droplet, ellipsoidal
droplet, sheet droplet, curved droplet and bonded droplet.
Spherical droplets, curved droplets and ellipsoidal droplet are
more likely to form spherical powder, while the collision of
sheet droplets and fine spherical powder or the collision of fine
droplets and spherical powder are not conducive to the forma-
tion of spherical powder. Therefore, in order to prepare spher-
ical powder, it is important to reasonably control the gas jet
of the close-coupled nozzle, reducing the collision of droplets
during the atomization process.

Appendix A
Nomenclature

ρ Mass density (kg·m−3)
α volume fraction
𝑢 velocity (m·s−1)
𝑢i Velocity components in the xi (m·s−1)
𝑢 j Velocity components in the x j (m·s−1)
p Pressure (Pa)

τi j Viscous stress tensor
𝑔 Gravitational acceleration (m·s−2)
T Temperature (K)
K Heat transfer coefficient of the gas flow (W·m−2·K)
c Specific heat capacity (J·kg−1·K−1)

ST The viscous dissipation term
𝐹σ The surface tension (N m−1)
σ The surface tension coefficient (N·m−1)
κ Local interfacial curvature (m−1)
𝑛 Interfacial normal

We Weber number
𝑈rel Relative velocity (m·s−1)
ΩRT Frequency (s−1)
𝑔t Droplet acceleration (m·s−2)

WRT Wave number
λRT Wave length (m)
Cl The specific heat in the liquid state (J·kg−1·K−1)
Cs The specific heat in the solid state (J·kg−1·K−1)
fs The fraction of the solid phase in the droplet

∆Hf The melting enthalpy of a unit volume alloy (J)
Td The superheat of droplet (K)
kg The thermal conductivity of the atomized gas (W·m−1·k−1)
Pr Prandtl number
dV Equal volume diameter (m)
ds Equal surface diameter (m)
V Droplet volume (m3)
S Droplet surface area (m2)
Φ Droplet sphericity
𝐹f Buoyancy (N)
𝐹g Gravity (N)
𝐹p Pressure (N)
t Time (s)
h Hour (h)
g Gas phase
l Liquid phase

Ra Reynolds number
𝐹D Drag force (N)
Cd Drag coefficient
Ad Maximum cross-sectional area of droplet (m2)
𝑢g Velocity of gas (m·s−1)
𝑢d Velocity of droplet (m·s−1)
d Droplet diameter (m)
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