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The paper aims at modeling and simulating the atomization process of the close-coupled ring-hole nozzle in vacuum
induction gas atomization (VIGA) for metallic powder production. First of all, the primary atomization of the ring-hole
nozzle is simulated by the volume of fluid (VOF) coupled large eddy simulation (LES) model. To simulate the secondary
atomization process, we use the method of selecting the droplet sub-model and the VOF model. The results show that
the ring-hole nozzle forms a gas recirculation zone at the bottom of the delivery tube, which is the main reason for the
formation of an annular liquid film during the primary atomization. In addition, the primary atomization process of the
ring-hole nozzle consists of three stages: the formation of the serrated liquid film tip, the appearance and shedding of
the ligaments, and the fragmentation of ligaments. At the same time, the primary atomization mainly forms spherical
droplets and long droplets, but only the long droplets can be reserved and proceed to the secondary atomization. Moreover,
increasing the number of ring holes from 18 to 30, the mass median diameter (MMD, d50) of the primary atomized droplets
decreases first and then increases, which is mainly due to the change of the thickness of the melt film. Moreover, the
secondary atomization of the ring-hole nozzles is mainly in bag breakup mode and multimode breakup model, and bag
breakup will result in the formation of hollow powder, which can be avoided by increasing the gas velocity.

Keywords: metallic powder, hollow powder, gas atomization, ring-hole nozzle

PACS: 75.47.Np, 61.82.Bg, 47.55.df, 81.20.Ev DOI: 10.1088/1674-1056/abd771

1. Introduction

The development and application of metal additive man-
ufacturing (AM), powder injection molding (PIM), and pow-
der metallurgy (PM) technologies promote the development of
metallic powder preparation technology.[1,2] The demand for
high-quality spherical powder that meets key technical indi-
cators such as high sphericity, low oxygen content, low satel-
lite powder rate, and high yield of powder in specific inter-
vals is growing. Nowadays, the preparation methods of metal-
lic powder mainly include gas atomization (GA) represented
by German ALD company,[3] plasma rotating electrode pro-
cess (PREP) represented by Russia,[4] and plasma atomiza-
tion (PA) represented by Canadian AP&C.[5] Since gas atom-
ization has the advantages of low gas preparation cost, large
production, and controllable powder particle size, it has been
widely applied.[6]

The key to the technical indicators of using powder in
different manufacturing processes is the yield rate in specific
intervals. For example, the selective laser melting (SLM) of

metal additive manufacturing mainly uses powder in the range
of 15–53 µm, the electron beam melting (EBM) mainly uses
powder in the range of 45–105 µm, and the PIM mainly uses
powder in the range of less than 26 µm. The size range of the
prepared original powder is mainly controlled by the nozzle
structure design and atomization process parameters.[7,8] The
control of conventional cold gas atomization process parame-
ters, such as gas pressure, melting temperature, has a certain
effect on improving the yield of fine powder of the original
powder prepared,[9,10] but the effect of increasing the yield of
powder in different target intervals is limited. However, op-
timizing the nozzle structure, such as the gas jet angle and
the depth of the delivery tube, can effectively improve the
powder yield of specific intervals.[11] Commonly used pow-
der preparation nozzles mainly include free-fall nozzles and
close-coupled nozzles.[12] Generally, owing to their high at-
omization efficiency and controllable powder particle size, the
close-coupled nozzles are currently widely used.

To realize the preparation of metallic powders with differ-
ent specific intervals by designing nozzles, the close-coupled
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nozzles are further divided into close-coupled ring slit nozzles
for fine powder and close-coupled ring-hole nozzles for coarse
powder.[8] In recent years, with the development of SLM and
PIM, most researchers have focused on improving the yield of
fine powder for powder preparation. Therefore, numerous re-
search efforts have been focused on the close-coupled ring slit
nozzle for fine powder preparation. Ünal et al.[13] conducted
research on the improvements to close-coupled slit nozzle for
fine powder production. Li et al.[14] studied the production
of fine spherical powder during the gas atomization of pres-
surized melt through a close-coupled nozzle with a small in-
ner diameter. However, when using laser melting deposition
(LMD) technology to manufacture some larger parts, gener-
ally coarse spherical powder is required, and the target range
is 105–250 µm. There are few reports on the research of close-
coupled ring-hole nozzles used for preparing coarse powder.

The actual gas atomization is executed in a closed atom-
ization chamber, so it is difficult to conduct research directly
by experimental means. Therefore, many researchers have
used the method of computational fluid dynamics (CFD) to
study the atomization process and mechanism of the close-
coupled ring slit nozzle for gas atomization. Motaman et
al.[15,16] studied the back stream flow behavior of single-phase
gas during gas atomization in a close-coupled ring slit noz-
zle. Kaiser et al.[17] used a two-phase flow simulation method
to study the impact of close-coupled ring slit nozzles on the
gas/molten metal interaction. Zeoli et al.[18–20] used the VOF
method and the discrete phase model (DPM) to simulate and
experimentally study the initial stage of the primary atomiza-
tion process and metal droplet break-up, cooling, and solidifi-
cation of the close-coupled ring slit nozzle. Arachchilage et
al.[21] conducted a simulation study on the effect of high-
pressure gas on the droplet size distribution of the two-phase
flow of the close-coupled ring slit nozzle. The metallic liq-
uid flow atomization process and its underlying mechanism of
the close-coupled ring-hole nozzles are of significant impor-
tance for optimizing the nozzle structure and the atomization
process parameters, but there are few reports.

The atomization of the close-coupled nozzle is mainly
divided into the primary atomization process and the sec-
ondary atomization process.[19] To lay a theoretical foundation
for the optimal design of the close-coupled ring-hole nozzle,
this paper uses a VOF model combined with an LES turbu-
lence model to calculate the primary atomization of the three-
dimensional close-coupled ring-hole nozzle and secondary at-
omization of a single droplet. In addition, the single-phase gas
flow and primary atomization of metallic liquid flow for noz-
zles with different numbers of ring holes are also simulated
to study the primary atomization mechanism of close-coupled
ring-hole nozzles. Moreover, the secondary atomization pro-
cesses of a single long droplet under different gas velocities are

simulated, and the underlying mechanism is also discussed.
The commercial CFD software Fluent 2020 R1 was used to
perform transient simulations of the primary atomization and
the second atomization based on the finite volume method.

2. Experimental method
Figure 1 shows the gas atomized metallic powder prepara-

tion equipment of the VIGA process. The equipment is mainly
composed of smelting crucible, insulation crucible, atomizing
chamber, etc. The atomizing gas is nitrogen, and the powder
material is 316L stainless steel. The relevant performance pa-
rameters of VIGA equipment are shown in Table 1.

Table 1. VIGA equipment performance parameters.

Equipment parameter Value
Smelting crucible capacity (kg) 100

The highest melting temperature (K) 1973
Minimum vacuum (Pa) 8×10−3

Melting rate (K·min−1) 65–110
Nitrogen inlet pressure (MPa) 3

Melting chamber pressure (kPa) 20
Atomization chamber pressure (kPa) −10

Melting temperature(316L) (K) 1700

1

2

3

4

5

6

7

8 9

Fig. 1. VIGA powder preparation equipment. 1-atomization chamber, 2-
powder collector, 3-melting chamber, 4-furnace door, 5-smelting crucible,
6-insulation crucible, 7-gas atomization spark, 8-molten steel, 9-insulated
molten steel.

insulation

 cruciblemelt

nozzle

gas

  geometric

period region

atomization

    region

atomization

  chamber

Fig. 2. Schematic diagram of gas atomization modeling.
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3. Simulation method
3.1. Establishment of the computational domain

Figure 2 shows that the actual atomization occurs in a
small area at the bottom of the nozzle of the atomization
chamber. The atomizing gas passes through the discretely dis-
tributed ring holes to form a series of gas jets with the same cir-
cumferential distribution. Therefore, the establishment of the
computational domain only needs to select the periodic model
containing the ring-hole structure and delivery tube.

Figure 3 shows the computational domain (80× 30 mm)
and boundary condition distribution of the simulation, includ-
ing the ring-hole structure, the delivery tube, and the atomiz-
ing region at the bottom of the nozzle. The simulated compu-
tational domain uses Fluent 2020R1 for poly-hexcore mesh-
ing. The initial number of cells are 18 holes-406704, 24
holes-351468, 30 holes-372937, and the minimum cell size is
0.1 mm. In addition, the side of the model is the periodic sur-
face of the ring-hole nozzle, so it is set as the periodic bound-
ary. The gas inlet of the ring hole nozzle is set as the pressure
inlet boundary. The inlet of the melt is set as the pressure in-
let boundary. The outlet boundary of the atomization chamber
is set as the pressure outlet boundary. The rest are set as the
wall. The specific parameters of the boundary conditions used
in the simulation are shown in Table 2. Moreover, the atomiz-
ing gas is nitrogen, the metal melt is 316L stainless steel, and
the corresponding physical parameters are shown in Tables 3
and 4.

Table 2. Boundary condition parameter setting.

Boundary conditions
Pressure inlet Pressure inlet Pressure

(melt) (gas) outlet

Gauge pressure (kPa) 20 3000 −10

Temperature (K) 1700 300 300

pressure inlet (melt) pressure inlet (melt)

pressure inlet (gas)
 pressure
inlet (gas)

si
m

u
la

ti
o
n
 g

e
o
m

e
tr

ic
 m

o
d
e
l

 periodic
boundary

 periodic
boundary

refinement area

pressure outlet 

Fig. 3. The computational domain and boundary conditions distribution of
the simulation.

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

Table 4. 316L alloy melt parameters.[17,19]

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 (N·m−1) 1.2
Solidus temperature (K) 1473

Liquidus temperature (K) 1573
H latent heat (J·kg−1) 250000

3.2. Establishment of the mathematical model
3.2.1. Single-phase atomization gas flow

A certain pressure of gas passes through the discretely
distributed ring-hole nozzles to form a discretely distributed
gas jet converging toward the middle of the nozzle bottom.
Consider the compressibility of the gas and set its density as
that of the ideal gas. The Reynolds stress model (RSM) is
used to calculate the turbulence effect of single-phase high-
speed gas jets. Three nozzles with different numbers of ring
holes are used in the simulation of single-phase gas flow, as
given in Table 5. To reduce the calculation amount properly,
the steady-state calculation is used to simulate the single-phase
airflow field of the close-coupled ring-hole nozzles. The pa-
rameters of density, energy, and momentum are spatially dis-
cretized in the second-order upwind style.

Table 5. Simulation parameters of the single-phase flow model.

Number of ring holes 18 24 30
Inlet gas pressure (MPa) 3
Outlet gas pressure (kPa) −10

3.2.2. Model description on primary atomization

The VOF multiphase flow method is used combined with
the LES turbulence model to calculate the primary atomiza-
tion of the ring-hole nozzle. In the VOF model, the inter-
face between multiple phases is tracked by solving the phase
volume fraction equation, as shown in Eq. (1).[18,19] For a
compressible flow, the mass, momentum conservation equa-
tions are shown in Eqs. (2) and(3).[23] The atomization of the
metallic liquid flow will undergo cooling and solidification
processes. The energy equation considering solidification is
shown in Eq. (4).[24]

Volume fraction equation
1
ρq

[
∂

∂ t
(αqρq)+∇ · (αqρqui)

]
= 0. (1)
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Mass equation
∂ρ

∂ t
+

∂

∂xi
(ρui) = 0. (2)

Momentum equation
∂

∂ t
(ρui)+

∂

∂x j
(ρuiu j)=−

∂ p
∂xi

+
∂τi j

∂x j
+ρg+σκn. (3)

Energy equation
∂

∂ t
(ρH)+

∂

∂xi
(ρu jH) =

∂

∂x j

(
k∂H
∂x j

)
+ST. (4)

Here α represents the volume fraction; ρ represents the den-
sity; ui and u j represent the velocity components in the xi and
x j directions; p represents the pressure; τi j represents the vis-
cous stress tensor; g represents the gravitational acceleration;
σ represents the surface tension coefficient; κ represents the
local interfacial curvature; n represents the interfacial normal;
H represents the enthalpy; k represents the heat transfer coef-
ficient of the gas flow; ST represents the viscous dissipation
term.

To increase the accuracy of the mesh capture of the atom-
ized droplets, the metal melt volume fraction gradient adap-
tion method is used, of which the minimum element size after
adaptation is 20 µm. The simulation is solved by transient
coupling algorithm, the density, energy, and momentum pa-
rameters are spatially discrete in the first-order upwind style,
and volume fraction is spatially discretized by the reconstruc-
tion method. The transient calculation time step is 2×10−7 s,
and the maximum number of iteration steps is 20. When the
calculation reaches the iteration residual convergence and the
outlet gas flow stabilizes at −0.0035 kg/s (24-hole nozzle), it
can be considered that the simulation has reached the conver-
gence requirements.

3.2.3. Model description on secondary atomization

The secondary atomization of droplets is mainly affected
by surface tension and viscosity;[25] as a result, the droplets
are forced to deform and break up under the action of aerody-
namic forces. An important dimensionless parameter Weber
number (We) for measuring droplet breaking is proposed, as
shown in Eq. (5). Table 6 shows the corresponding droplet
breaking models under different initial Weber number ranges
of droplets, including bag breakup, multimode breakup, and
sheet stripping breakup.[25] During the second atomization of
the droplets, the droplets are mainly affected by a dynamic
balance of the gravity (𝐹g), buoyant force (𝐹f), and the drag
force (𝐹D) by the gas, as shown in Fig. 4 and Eqs. (6)–(8).

We =
ρgu2

reld
σ

, (5)

where ρg represents the gas density; 𝑢rel represents the gas-
liquid relative velocity; d represents the droplet diameter; σ

represents the surface tension coefficient.

The buoyant force is 𝐹f =−ρgV g. (6)

The drag force is 𝐹D =
1
2

Cdρg
(
𝑢g−𝑢d

)∣∣𝑢g−𝑢d
∣∣Ad. (7)

Here, the drag coefficient[27] 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. (8)

Here d represents the droplet diameter; V represents the
droplet volume; Cd represents the drag coefficient; Ad repre-
sents the maximum cross-sectional area of droplet; Ra repre-
sents the Reynolds number; 𝑢g and 𝑢d are gas velocity and
droplet velocity respectively; ρl and ρg are droplet density and
gas density respectively.

Table 6. We range of typical breakup model.[26]

Breakup model We range

Bag breakup ∼ 11 <We <∼ 35

Multimode breakup ∼ 35 <We <∼ 80

Sheet stripping breakup ∼ 80 <We <∼ 350

Ff

Fg+FD

Fig. 4. Schematic diagram of droplet force.

Different initial droplet We ranges correspond to differ-
ent droplet breakup models. According to Eq. (5), this is
mainly caused by the different gas-liquid relative velocities
(urel = ug− ul) at different positions of the nozzle. It is gen-
erally believed that the flying velocity of droplets in the initial
stage of secondary atomization is relatively low, so the differ-
ence in gas-liquid relative velocity is mainly due to the differ-
ent gas jet velocities at different positions. Taking a 24-hole
nozzle as an example, the single-phase gas velocity in the sec-
ondary atomization area below the gas recirculation zone can
be divided into three parts, including the core area of the jet
with a gas velocity of about 450 m/s, the free boundary area
of the jet with a gas velocity of about 320 m/s, and the out-
ermost area of the jet with a gas velocity of about 210 m/s
(see Fig. 7(a)). In order to make the single droplet broken by
the sub-model simulation better reflect the secondary atomiza-
tion process of the ring-hole nozzle, the velocity and tempera-
ture of the atomizing gas are set to 450 m/s (230 K), 320 m/s
(242 K), and 210 m/s (253 K), respectively.
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The secondary atomization of droplets can extract a sin-
gle droplet as a sub-model (extracted with FPsize3D software),
and the VOF model coupled with the LES model is used to cal-
culate its deformation and breaking process. Figure 5 shows
the simulated computational domain and boundary condition
distribution of the sub-model. The second atomization occurs
during the falling process of the droplets, which are mainly
affected by the vertical downward airflow from the top; there-
fore, the top of the cylinder is set as the velocity inlet boundary.
In addition, the bottom of the cylindrical computational do-
main is the actual space position in the atomization chamber,
so it is also set as the pressure outlet boundary (the pressure
is −10 kPa and the temperature is 300 K). Since the selected
cylindrical area containing a droplet is small, it can be consid-
ered that there is no velocity gradient between the side of the
cylindrical area and the outside of the computational domain,
so the cylindrical side is defined as the wall. Moreover, the cal-
culation of the computational domain cylinder adopts ICEM to
divide the hexahedral grid, the initial grid number is 752444,
and the initial minimum element size is 10 µm. To improve
the ability to capture the gas-liquid interface, the metallic liq-
uid volume fraction gradient adaptation is also adopted. The
minimum element size after refinement is 1.5 µm, and theo-
retically, it is possible to capture droplets with a diameter of
2.6 µm.

Table 7. Initial simulation parameters of secondary atomization droplets.

Physical quantity Value

Droplet velocity (m·s−1) 20

Melt droplet size (µm) 500×80×80

Droplet temperature (K) 1630

pressure

 outlet wall

10 um

metallic

droplet

velocity

  inlet

Fig. 5. The computational domain and boundary condition distribution of
secondary atomization simulation.

From the discussion in Subsection 4.2, it can be seen that
only the long droplets formed by the primary atomization have
the ability to perform the second atomization. In order to sim-
plify the research, the FPsize3D software is used to randomly
extract the data of the long droplets with high superheat that
have just broken away from the primary atomization ligament
and calculate their average temperature, velocity, volume, and
size as the initial conditions for the second atomization simu-
lation. In addition, to facilitate modeling, the long droplet is

simplified into a hexahedral droplet of equal volume and the
same basic size. Specific initial droplet simulation parameters
are shown in Table 7. The simulation is carried out using the
transient coupling algorithm, and the parameters of density,
energy, and momentum are spatially discrete in the first-order
upwind style. The transient time step is 1× 10−8 s, and the
maximum number of iterations is 20. The simulation is it-
erated until the residuals converge, and the outlet gas flow is
basically stable at 0.001 kg/s (ug = 320 m/s), which means that
the calculation has reached convergence.

Figure 6(a) shows the starting position of the annular liq-
uid film during the primary atomization of nozzles with dif-
ferent model cell numbers. When the number of mesh for the
18-hole nozzle increases from 406704 to 590340, the start-
ing position of the annular liquid film is basically at 75 mm
(t = 8.3 ms), so it can be considered that the number of grids
406704 used in the simulation of the 18-hole nozzle is inde-
pendent. When the number of model grids for the 24-hole
nozzle is increased from 351468 to 574670, the starting po-
sition of the annular liquid film is basically stable at 75 mm
(t = 7.7 ms), so the number of grids 351468 used in the simu-
lation model is independent. When the number of model grids
for the 30-hole nozzle is increased from 372937 to 540,000,
the starting position of the annular liquid film is basically sta-
ble at 72 mm (t = 6.7 ms), so the number of grids 372937 used
in the simulation model is independent. Figure 6(b) shows
the length distribution during the secondary atomization of
the long droplet under different numbers of grids. When the
number of model grids is increased from 752444 to 1025150,
the droplet length keeps stable at a certain value (362 µm-
ug = 210 m/s, t = 12.74 µs; 380 µm-ug = 320 m/s, t = 9.57 µs;
and 300 µm-ug = 450 m/s, t = 8 µs). Therefore, the number
of grids 752444 used in the simulation model is independent.
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Model cell number (105) Model cell number (105)

2.4 3.6 4.8 6.0 2.5 5.0 7.5 10.0
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72

380

360

340

320

300

280

18 ring hole

24 ring hole

30 ring hole

ug=210 m/s

ug=320 m/s

ug=450 m/s

(a)
(b)

Fig. 6. (a) Liquid film position of primary atomization under different num-
bers of model meshes. (b) Droplet length of secondary atomization under
different numbers of model meshes.
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4. Results and discussion
4.1. Ring-hole nozzle single-phase gas field analysis

In Fig. 7(a), the gas jet formed by the outlet of the ring
hole is composed of the high-speed zone and the free boundary
of the edge. During the convergence of multiple discrete ring-
hole jets toward the middle of the bottom of the nozzle, the
low-speed free boundary thickness of the edge gradually in-
creases, which is unfavorable for preparing fine metal powder,
but ring-hole nozzles generally prepare coarser powder. As
the gas jet converges toward the middle, it gradually deflects,
forming a gas recirculation zone structure near the bottom of
the delivery tube. The gas recirculation zone is mainly com-
posed of two symmetrically distributed airflow vortices, form-
ing an intermediate airflow velocity upward, which changes to
radial flow after reaching a certain height, and then contacts
the gas jet boundary, finally returning to the initial position
of the flow trajectory. In this study, the flow of gas driven
by the gas jet out of the recirculation zone is greater than the
upward inflow of gas at the bottom of the recirculation zone.
Therefore, a large amount of airflow in the delivery tube flows
downward to compensate for the insufficient gas intake in the
recirculation zone, which will effectively accelerate the flow
of metallic liquid in the delivery tube during atomization (here,
the airflow velocity flowing downward in the delivery tube is
defined as the suction velocity), preventing the metallic liquid

flow solidifying and blocking the delivery tube. Therefore, the
downward suction speed in the delivery tube is a prerequisite
for the smooth atomization of the metallic liquid flow. Further,
the gas jets below the gas recirculation zone gradually merge
in an axial section, forming a downward flowing airflow.

Figure 7(b) further analyzes the velocity distribution of
discretely distributed ring hole jets in the radial cross-section.
On the radial section of y = 70 mm, there are discrete gas jet
structures that are not completely fused, but on the sections of
y = 50 mm and y = 30 mm, the discrete gas jets have com-
pletely merged. In general, the obliquely injected discrete gas
jets will form a downwardly flowing gas jet continuously dis-
tributed in the radial cross-section after passing through the
intersection point at the bottom of the gas recirculation zone.

Figure 7(c) shows the basic shape of the axis velocity dis-
tribution for nozzles with different numbers of ring holes is the
same. Below x = 60 mm, the gas velocity first increases, and
then fluctuation appears. In the gas recirculation zone of about
x = 60–70 mm, as the number of ring holes increases, the top
position of the gas recirculation zone moves downward, and
the axial range also gradually narrows, but the peak veloc-
ity gradually decreases. In the delivery tube area of x = 72–
90 mm, increasing the number of ring holes, the gas suction
speed gradually increases, which will reduce the possibility of
solidification of the metallic liquid flow in the delivery tube.

(a)
  velocity
magnitude

100

200

300

400

500

600

gas recirculation zone
velocity vector

90

80

70

60

50

40

30

20

10

0

C
o
o
rd

in
a
te

 Y

delivery tube

ring hole nozzle

free boundary

recirculation zone

velocity vector below the recirculation zone

(m/s)

(b)

y=30
y=50

y=70 

z

y
x

magnitude
  velocity

100

200

300

400

500

600

(m/s)

(c)

Coordinate Y (mm) 

gas recirculation zone

M
a
g
n
it
u
d
e
 v

e
lo

c
it
y
 (

m
/
s)

18 ring hole
24 ring hole
30 ring hole

450

400

350

300

250

200

150

100

50

0 10 20 30 40 50 60 70 80 90

(d)

gas recirculation zone

Coordinate Y (mm) 

0 10 20 30 40 50 60 70 80 90

18 ring hole
24 ring hole
30 ring hole

S
ta

ti
c
 t

e
m

p
e
ra

tu
re

 (
K

)

300

280

260

240

220

200

180

160

Fig. 7. (a) Gas velocity cloud diagram of the nozzle longitudinal section (24-hole nozzle). (b) Gas velocity cloud diagram of the nozzle radial section
(24-hole nozzle). (c) Gas velocity distribution of axis position for nozzles with different numbers of ring holes. (d) Gas temperature distribution of
axis position for nozzles with different numbers of ring holes.
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Figure 7(d) shows the temperature distribution of the noz-
zle axis position under different numbers of ring holes, and the
basic distribution shape is the same. In the delivery tube area
of x = 72–90 mm, as the number of ring holes increases, the
temperature in the delivery tube gradually decreases. How-
ever, since the maximum temperature change is 20 K, the ef-
fect on the solidification of the metallic liquid flow in the deliv-
ery tube can be basically ignored. In the gas recirculation zone
of about x= 60–70 mm, the gas temperature first increases and
then decreases, and as the number of ring holes increases, the
peak of higher temperature gradually moves downward. Fur-
thermore, in the area below 60 mm, the gas temperature first
decreases and then increases, and as the number of ring holes
increases, the overall temperature slightly decreases (maxi-
mum change 48 K), so it has little effect on the cooling rate
of the metallic liquid flow.

In general, the close-coupled ring-hole nozzle will form a
gas recirculation zone at the bottom of the delivery tube, and
the downward suction gas velocity in the delivery tube is a
prerequisite for the smooth atomization of the metallic liquid
flow. In addition, the discrete gas jets will merge to form a
continuously distributed gas jet after passing through the in-
tersection point at the bottom of the gas recirculation zone.
Moreover, as the number of ring holes increases, the gas suc-
tion speed increases, which will effectively avoid the blockage
of metallic liquid flow in the delivery tube, but the impact of
the gas temperature change can be ignored. Further, a two-
phase flow simulation will be used to study the process of gas
jet atomizing metallic liquid flow.

4.2. Ring-hole nozzle primary atomization analysis

In Fig. 8, under the action of the gas recirculation zone,
the downward flow of the metallic liquid is hindered, so the
liquid gradually flows along the outer edge of the recirculation
zone, forming a hollow annular liquid film structure, realiz-
ing the transition from continuous flow to liquid film. This is
the beginning of the primary atomization of the ring-hole noz-
zle. In addition, the metallic liquid flow in the delivery tube is
mainly affected by gas buoyancy (𝐹f), gravity (𝐹g), pressure
(𝐹p, including gas pressure and hydrostatic pressure), and gas
drag (𝐹D). Satisfying 𝐹g +𝐹p +𝐹D > 𝐹f is the basic condi-
tion for the metallic liquid flow to pass through the delivery
tube for the primary atomization. 𝐹f is related to the gas recir-
culation zone, 𝐹D is related to the suction speed in the delivery
tube, and 𝐹p is mainly related to the gas pressure in the melting
chamber. Furthermore, the VIGA equipment’s melting cham-
ber can only be pressurized up to 25 kPa. Increasing the num-
ber of nozzle ring holes is also limited to the improvement
of 𝐹D in the delivery tube. Therefore, in order to atomize the

metallic liquid flow smoothly, 𝐹f for the metallic liquid flow at
the outlet of the delivery tube is the significantly controllable
and effective factor, which can be adjusted by controlling the
formation of a suitable gas recirculation zone.

volume
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0.4

0.2
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Ff

FD+Fg+Fp

gas recirculation

       zone

Fig. 8. Distribution of annular liquid film in the primary atomization (24-
hole nozzle).

Figure 9 shows the force diagram of the metallic liquid
flow during the primary atomization. The primary atomization
process can be divided into the film formation stage (I) and
the breakup stage (II). In this process, the liquid film is mainly
affected by gas drag (𝐹D), surface tension (𝐹s), and gravity
(𝐹g). The film formation stage must satisfy 𝐹DIx+𝐹sx >𝐹−sx,
which is the condition for the liquid film to extend radially. In
addition, satisfying 𝐹−DIy+𝐹−sy+𝐹g >𝐹sy at this stage is the
basic condition for the liquid film to flow downward. Among
these factors, only 𝐹DI can be changed by the gas flow field,
and other factors, including 𝐹g and 𝐹s, are related to the type
of atomized molten metal. 𝐹DI in the film formation stage
mainly comes from the radial flow and the return flow in the
gas recirculation zone, which determines the formation of the
annular liquid film in the primary atomization of the ring-hole
nozzle. In the breakup stage, the flowing liquid film satisfies
𝐹−DIIx +𝐹−sx > 𝐹sx and 𝐹−DIIy +𝐹−sy +𝐹g > 𝐹sy, causing
the flowing liquid film or broken droplets to gradually con-
verge toward the center of the nozzle, which is mainly caused
by 𝐹DII. 𝐹DII is the resultant force of the gas drag force in the
recirculation zone inside for annular liquid film and the gas jet
drag force on the outside. The gas velocity in the recirculation
zone is much lower than the atomizing gas jet velocity (see
Fig. 7(a)), resulting in a large difference in the drag force be-
tween the inside and outside of the annular liquid film in the
breakup stage, which is the main reason for the breaking of the
primary atomized liquid film. In general, the gas recirculation
zone plays an important role in the formation and breaking of
the primary atomized annular liquid film of the ring-hole noz-
zle.

057502-7



Chin. Phys. B Vol. 30, No. 5 (2021) 057502

F-DIx

F-DIIx

FsF↩sy

Fsy

Fsy Fsy

Fsy

F↩sy

F↩sy

F↩sy

Fsx

Fsx

FsxF↩sx

Fsx
F↩sx

F↩sx

F↩sx

F-DIy

F-DIIy

F-DIy

F-DIIy

FDIx

FDIIx

FDI

FDII

FDI

FDII

Fs

Fs

Fs

Fs

Fs

Fs

Fs

Ff

Fg    

film formation stage (I)

breakup stage (II)

Fig. 9. Schematic diagram of the force of the annular liquid film.

Further in Fig. 10(a), the discrete gas jets extrude the
outer boundary of the annular liquid film to form a periodi-
cally distributed fold liquid film boundary, and a serrated liq-
uid film is formed at the front end of the liquid film. As time
progresses, the tooth depth at the tip of the serrated liquid film
gradually increases, forming the tip of the ligament liquid film,
as shown in Fig. 10(b). Further, after the length of the lig-
aments liquid film formed at the front end of the liquid film
increases to a certain value, the breakup occurs at the root po-
sition to form a ligament, as shown in Fig. 10(c). Finally, in
Fig. 10(d), the long ligament breaks, forming droplet struc-
tures of various sizes, and the front end of the fold liquid film
partially tears and breaks, forming a small number of spher-
ical droplets. Generally, the primary atomization process of
the ring-hole nozzle is mainly divided into the formation of
the serrated liquid film tip, the appearance and shedding of the
ligaments, and the fragmentation of ligaments.

Henein et al.[8] studied the primary atomization process
of Fe–Cr alloy using high-speed camera. The atomization
casting temperature of Fe–Cr alloy is 2023 K, and the num-
ber of shooting frames is 4000 fps.[8] During the atomization
process of the metallic liquid flow, an annular liquid film struc-
ture is formed at the exit of the delivery tube, and the outer
boundary of the annular liquid film is similar to periodic folds.
In addition, the formation and fragmentation of ligaments ap-
pears at the edge of the annular liquid film. Although the Fe–
Cr alloy is different from the 316L stainless steel alloy dis-
cussed in this article, the atomization mechanism and process
of the close-coupled ring-hole nozzle should be similar. There-
fore, high-speed imaging of Fe–Cr alloy gas atomization phe-
nomenon can basically verify the reliability of the ring-hole
nozzle primary atomization process simulation results.

Figure 11 shows the temperature distribution of the pri-
mary atomization for metallic liquid flow (taking the 24-hole
nozzle as an example). The temperature of the metallic liq-
uid flowing out of the bottom of the delivery tube gradu-
ally decreases, and the temperature of the annular liquid film
for the primary atomization is basically maintained at 1630–
1660 K. Because of the direct squeezing contact with the
low-temperature gas jet at the position of the annular liquid
film folds, the temperature of some positions has been close to

(a) (b) (c) (d)

7.57 ms 7.93 ms 8.29 ms 8.50 ms

Fig. 10. Primary atomization process of the ring-hole nozzle (the volume
fraction (α) iso-surface of the metallic liquid flow for the 24-hole nozzle,
α = 0.25).
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Fig. 11. The temperature distribution of the metallic liquid flow during the
primary atomization (the volume fraction (α) iso-surface of the metallic liq-
uid flow for the 24-hole nozzle, α = 0.25).
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the solidus temperature (1473 K). The primary atomized lig-
aments fall off mainly to form spherical droplets and long
droplets. The initial temperature of the long droplet is ba-
sically 1630 K, which is 60 K higher than the liquidus tem-
perature and has a certain degree of superheat for secondary
atomization. In addition, combining Eqs. (6)–(8), the volume
(V ), droplet diameter (d), and maximum cross-sectional area
of droplet (Ad) of the long droplet are relatively larger, so the
droplet will be subjected to greater gas drag and buoyancy.
Therefore, long droplets meet the basic conditions for further
fragmentation (secondary atomization). In addition, the ini-
tial temperature of the spherical droplets is kept within the
range of 1590–1630 K. Some droplets still have a certain de-
gree of superheat, but the temperature of the other droplets
is very close to the liquidus temperature of the metallic liq-
uid flow. Moreover, the spherical droplets are less affected by
aerodynamic forces according to Eqs. (6)–(8), which will di-
rectly solidify and shrink to form the spherical metal powder.
Therefore, only the long droplets can be reserved to perform
secondary atomization.

Figure 12 shows the primary atomization volume fraction

of the metallic liquid flow with different numbers of nozzles
ring holes. When the number of nozzle ring holes is 18, the
edge of the downward flowing annular liquid film is curved
and undulating, and the liquid film breaks at x = 66 mm,
forming a primary atomized droplet with a larger diameter,
as shown in Fig. 12(a). Further, when the number of nozzle
ring holes increases to 24, the edge waviness phenomenon of
the annular liquid film basically disappears, but there is a part
of the liquid film that adheres to the bottom of the delivery
tube. In addition, the thickness of the annular liquid film at the
front end is gradually reduced, and the liquid film is broken
at x = 67 mm, forming small primary atomized droplets, as
shown in Fig. 12(b). Finally, when the number of nozzle ring
holes is 30, the waviness phenomenon of the edge of the annu-
lar liquid film disappears, and only a small amount of metallic
liquid adheres to the bottom of the delivery tube, as shown in
Fig. 12(c). Moreover, the liquid film is broken at x = 64 mm,
the liquid film at the time of breaking is thicker than that of the
24-hole nozzle, and the primary atomization droplet diameter
is relatively larger.
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Fig. 12. Distribution of primary atomization volume fraction of metallic liquid flow with different numbers of nozzle ring holes. (a) 18-hole
nozzle, (b) 24-hole nozzle, (c) 30-hole nozzle.

Figure 13(a) shows the primary atomized droplet diam-
eter distribution for nozzles with different numbers of nozzle
ring holes. When the number of nozzle ring holes is 18, the di-
ameter of the droplets after the primary atomization is mainly
distributed in 75–480 µm, and the MMD of the droplets is
250 µm. When the number of nozzle ring holes increases
to 24, the diameter of the droplets after the primary atomiza-
tion is mainly distributed between 55–180 µm, d50 = 120 µm.
When the number of nozzle ring holes is 30, the diameter
of the droplets after the primary atomization of the metal-
lic liquid flow is mainly distributed between 65–280 µm, and
d50 = 180 µm. In addition, when the number of nozzle ring
holes increases from 18 to 30, the thickness of the melt film
firstly decreases from 0.57 mm to 0.22 mm and then increases
to 0.54 mm, as shown in Fig. 13(b). However, the length of

the primary atomized annular liquid film remains basically un-
changed at 8 mm, but the maximum inner diameter of the
primary atomized annular liquid film firstly increases from
2.6 mm to 7.6 mm and then decreases to 6.4 mm. Further
analysis is conducted based on the acceleration wave model
for melt break-up, and the equation is as follows:[28]

Dm =
D0

0.027

[
ρgu2

relD0

σLV

ρLurelD0

µL

]−0.4

. (9)

Combining Eq. (9), the main factors that control the di-
ameter of the primary atomized droplet of the nozzle are the
gas-liquid relative velocity (urel = ug− ul) and the melt film
thickness (D). Generally, increasing the number of nozzle ring
holes, the gas velocity (ug) in the gas recirculation zone at
the primary atomization position decreases, but the gas suc-
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tion speed in the delivery tube area increases (see Fig. 7(c)),
which will lead to an increase in the metallic liquid flow ve-
locity (ul) at the outlet of the delivery tube. Finally, this will
cause the gas-liquid relative velocity (urel) to decrease with the
increase of the number of ring holes during the primary atom-
ization, which is not conducive to the primary atomization of
the metallic liquid flow. In addition, as the number of nozzle
ring holes increases from 18 to 30, the maximum inner diam-
eter of the primary atomized annular liquid film increases first
and then decreases. It can be considered that increasing the
maximum inner diameter of the annular liquid film leads to
more sufficient contact between the metallic liquid film and
the gas jet during the primary atomization, resulting in the de-
creased thickness of the melt film. Moreover, the thinner the
melt film thickness, the more conducive to efficient primary
atomization. Therefore, the smallest MMD of the primary at-
omized droplet appears for the nozzle with 24 ring holes.
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Fig. 13. (a) Primary atomization droplet diameter for nozzles with different
numbers of ring holes. (b) Liquid film parameter distribution for nozzles with
different numbers of ring holes.

4.3. Ring-hole nozzle secondary atomization analysis

In Fig. 14, during the process of the gas jet passing
through the side of the metallic droplet from the inlet posi-
tion, the velocity first increases from 320 m/s to 450 m/s, and
then decreases to about 380 m/s. In addition, the separated

gas jet flowing on the side of the droplet gradually deflects to
the middle position of the droplet, forming a structure of a gas
recirculation zone at the bottom of the droplet. At this time,
the droplet is mainly subjected to gas drag force (𝐹D), gravity
(𝐹g), and gas buoyancy (𝐹f). Under the action of these three
forces, the droplet undergoes a further secondary atomization
deformation and breakup process. From the discussion in Sub-
section 4.2, it can be seen that the primary atomization of the
ring-hole nozzle is mainly to form long droplets and spheri-
cal droplets, but only long droplets can undergo the secondary
atomization process.

velocity magnitude (m/s)

50 150 250 350 450

gas recirculation zone

Fig. 14. Gas velocity distribution of single droplet breakup (ug = 320 m/s).

In Fig. 15, taking the secondary atomization process of
long droplets with a gas velocity of 320 m/s as an example,
the deformation and solidification process of the ring-hole
nozzle long droplets are analyzed. Under the action of the
gas jet, the long droplets begin to form a fountain-like annular
liquid film on the top of the droplet, and the temperature at
the center of the annular liquid film on the top drops to about
1610 K, while the edge position drops to 1550–1573 K. In
addition, part of the edge position of the annular liquid film
has reached the solidus temperature (1473 K), but the tem-
perature of the bottom droplet column basically remains at
1630 K (see Fig. 15(a)). As the atomization continues, the
fountain-like liquid film gradually extends downward, and the
droplet length becomes shorter. In the process, the edge of
the fountain-like annular liquid film is broken, forming a large
number of droplets with a temperature lower than the liquidus
temperature. Moreover, the area where the annular liquid film
temperature is close to the solidus temperature increases, and
the temperature of the bottom droplet column also drops to
1570–1610 K (see Fig. 15(b)). Subsequently, the length of the
central droplet column is shortened to zero, and the extended
annular liquid film forms an open bag liquid film structure, but
the area of the liquid film close to the solidus temperature is
basically unchanged. Besides, the temperature of the droplets
formed by breaking is 1473–1550 K, which mainly undergoes
further solidification and shrinkage to form the metal powder
(see Fig. 15(c)). Finally, the bag liquid film is closed, and
a ligament structure with a temperature close to the liquidus
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Fig. 15. Long droplet secondary atomization process (the volume fraction (α) iso-surface of the droplet at different moments for the 24-hole
nozzle, α = 0.25, ug = 320 m/s).

temperature is formed at the bottom of the bag liquid film. In
addition, the partially broken droplets have finished solidify-
ing, forming the spherical metal powder. At this time, the area
near the solidus temperature on the side of the bag liquid film
increases, but the position of the bag mouth at the bottom of
the liquid film still maintains a temperature of about 1610 K
(see Fig. 15(d)). This will make the bag mouth more likely
to be broken, causing the bag liquid film at the top to sepa-
rate from the ligament at the bottom, forming hollow droplets
and ligaments with superheat. Since most of the surface of
the hollow droplet has been solidified, it directly solidifies and
shrinks to form a hollow powder, but the ligament with a cer-
tain degree of superheat may be further broken and deformed,
forming different types of metal powder.

Figure 16 shows the secondary atomization deformation
process of long droplets under different inlet gas velocities.
When the gas velocity is 210 m/s, a fountain-like annular liq-
uid film is formed on the top of the long droplet, and as time
goes by, the annular liquid film gradually transforms into a
bag liquid film, as shown in Fig. 16(a). In addition, in the
process of droplet deformation, there is basically no breakage
of the liquid film. When the gas velocity further increases to
450 m/s, and the process of changing the fountain-like annular
liquid film into a bag liquid film also appears. However, the
difference is that during the transformation process, the annu-
lar liquid film is broken by perforation, forming a ligament
structure, and finally, the ligament and the bag liquid film are
broken, as shown in Fig. 16(b).

Guildenbeche et al. used high-speed photography to study
the typical breaking model of Newtonian droplets.[29] As for
bag breaking, the droplet deformation process tends to blow
the center of the drop downstream, resulting in the forma-
tion of the bag, which is similar to the second atomization
process of long droplets discussed above when the gas veloc-
ity is 210 m/s and 320 m/s, forming a closed bag liquid film.

static temperature (103 K)

static temperature (103 K)

(a)

t=12.7 ms t=24.7 ms t=32.7 ms

(b)

t=8 ms t=12 ms t=17.88 ms

1.47 1.49 1.51 1.53 1.55 1.57 1.59 1.61 1.63

1.47 1.49 1.51 1.53 1.55 1.57 1.59 1.61 1.63

Fig. 16. Breaking process of long droplets with different gas velocities (the
volume fraction (α) iso-surface of the droplet at different moments for the
24-hole nozzle, α = 0.25). (a) ug = 210 m/s, (b) ug = 450 m/s.

Moreover, the multimode breaking mainly includes the forma-
tion of a bag, accompanied by the formation of long ligaments,
which is basically the same as the deformation process of long
droplets at a gas velocity of 450 m/s. Generally, although the
atomized material types are different, the basic physical pro-
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cess should be similar. Therefore, these can basically verify
the feasibility of a single long droplet secondary atomization
process simulation.

Figure 17 shows the force principle diagram of the sec-
ondary atomized droplets. The upward gas flow in the middle
of the gas recirculation zone provides 𝐹f for the droplets. The
radial flow airflow and the return gas in the gas recirculation
zone at the bottom and the gas jet at the top provide 𝐹D for
the deformed droplets. 𝐹s provides the driving force for the
spheroidization of droplets in the breaking process. The sec-
ondary atomization of the ringhole nozzle droplets is mainly
divided into two stages: the transition from the annular liq-
uid film to the open bag liquid film (I) and the transition from
open bag liquid film to the closed bag liquid film (II). The
preconditions for the formation of an open bag liquid film
are 𝐹sy +𝐹DIy > 𝐹−sy and 𝐹sx +𝐹DIx +𝐹g > 𝐹−sx. At this
time, 𝐹DI, which is the dominant effect of droplet deforma-
tion, is mainly provided by the gas flow in the radial direction
of the gas recirculation zone. Therefore, as long as there is a
gas recirculation zone, the transition from the annular liquid
film to the open bag liquid film will occur. The closed bag
liquid film formation stage satisfies 𝐹−DIIy +𝐹−sy > 𝐹sy and
𝐹DIIx +𝐹sx +𝐹g > 𝐹−sx, where the key 𝐹DII is provided by
the side return gas flow in the gas recirculation zone and the
side gas flow of the droplet. The gas velocity ug on the side
of the droplet is much greater than that on the side of the re-
circulation zone (see Fig. 14), combined with Eq. (7), there
will be a large difference in 𝐹DII between the inside and out-
side of the bag liquid film, which is the main reason for the
breakage of the liquid film. Therefore, when the airflow ve-
locity is 210 m/s and 320 m/s, a completed closed bag liquid
film structure is formed (the difference in 𝐹DII between inside
and outside the liquid film has not reached the critical value
of fragmentation), but when the airflow velocity increases to
450 m/s, the liquid film is perforated, and the bag liquid film
disappeared (see Figs. 15 and 16). In general, the gas flow
velocity can control the formation of bag liquid film.
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Fig. 17. Schematic diagram of force on secondary atomized droplets.
(a) Formation of open bag liquid film. (b) Formation of closed bag liquid
film.

Figure 18(a) shows the secondary atomization deforma-
tion process of bag breakup with long droplets. In these pro-
cesses, the long droplet is first deformed into an open bag liq-
uid film and finally into a closed bag liquid film, and during
this process, the droplets undergo a cooling and solidification
process at the same time. If the droplets solidify during the
open bag formation process, an unclosed hollow powder struc-
ture will be formed, as shown in Fig. 18(b) (A). If the droplets
solidify when a closed bag structure has been formed, a closed
hollow powder will be formed, as shown in Fig. 18(b) (B).
Therefore, the bag breakup of droplets is the main reason for
the formation of hollow powder. However, by increasing the
velocity of the secondary atomizing gas, bag breakup can be
avoided, thereby preventing the formation of hollow powder.

100 um

(a) (b)
A

A

B

B

B

Fig. 18. (a) Bag breakup deformation process. (b) Hollow powder distribu-
tion of the prepared metallic powder.

In general, the secondary atomization process of ring-
hole nozzle droplets is mainly divided into two stages: the
transition from the annular liquid film to the open bag liquid
film and the transition from open bag liquid film to the closed
bag liquid film. The gas velocity determines whether these
two processes can be carried out completely. If the gas ve-
locity is high, the liquid film will be broken in a multimode
breakup mode, and the closed bag liquid film will eventually
disappear. However, if the gas velocity is low, the secondary
atomization of the droplets will be broken in a bag breakup
mode, and finally a closed bag liquid film will be formed. The
bag breakup is the main reason for the formation of hollow
powder, which can be avoided by increasing the gas velocity.

5. Conclusion and perspectives
This paper uses the VOF model combined with the LES

turbulence to simulate the primary atomization and the sec-
ond atomization of the close-coupled ring-hole nozzle, which
shows the breaking process of the metallic liquid flow and sin-
gle long droplet on a three-dimensional scale. In addition, in
order to further study the atomization mechanism of ring-hole
nozzles, the single-phase airflow and primary atomization of
nozzles with different numbers of ring holes are simulated.
The paper obtains the following conclusions:

1. The close-coupled ring-hole nozzle can form a gas recir-
culation zone at the bottom of the delivery tube, which
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plays an important role in the formation and breaking of
the primary atomized annular liquid film of the ring-hole
nozzle. The primary atomization mainly includes the
formation of the serrated liquid film tip, the appearance
and shedding of the ligaments, and the fragmentation of
ligaments, which is consistent with the phenomenon of
Anderson high-speed photography. In addition, spheri-
cal droplets and long droplets are formed during the pri-
mary atomization, while only the long droplets can be
reserved to continue the secondary atomization due to
superheat and aerodynamic forces.

2. Increasing the number of ring holes from 18 to 30 can
increase the gas suction speed, which will prevent the
blockage of the metallic liquid flow in the delivery tube
to a certain extent. Moreover, the increased number of
ring holes resulting in a change in the maximum inner
diameter of the annular liquid film for the primary atom-
ization that first increases and then decreases. The larger
the maximum inner diameter of the annular liquid film,
the more conducive to the full contact between the gas
jet and the annular liquid film, resulting in a thinner melt
film thickness. The thinner the melt film thickness, the
more conducive to efficient primary atomization. There-
fore, the MMD of the primary atomized droplets first
decreases and then increases.

3. The secondary atomization of the ring-hole nozzle
droplets mainly undergoes the transition from the an-
nular liquid film to the open bag liquid film and then
to the closed bag liquid film. However, the gas veloc-
ity determines whether a closed bag liquid film can be
formed eventually. The long droplets resulted from pri-
mary atomization mainly undergo bag breakup and mul-
timode breakup during the secondary atomization pro-
cess, which is consistent with Guildenbeche’s experi-
mental research. Furthermore, the bag breakup is the

main reason for the formation of hollow powder, which
can be prevented by increasing the gas velocity.
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