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This paper aims at studying the influence mechanism of gas temperatures (300 K, 400 K, 500 K, and 600 K) on gas
atomization by simulating the integral atomization process of the close-coupled nozzle in vacuum induction gas atomization
(VIGA). The primary atomization is simulated by the volume of fluid (VOF) approach, and the second atomization is studied
by the discrete phase model (DPM) combined with the instability breakage model. The results show that, at an increased
gas temperature, the influences of gas–liquid contact angle and gas temperature in the recirculation zone on the primary
atomization are virtually negligible. However, increasing the gas temperature will increase the gas–liquid relative velocity
near the recirculation zone and decrease the melt film thickness, which are the main reasons for the reduced mass median
diameter (MMD, d50) of primary atomized droplets. During the secondary atomization, increasing the gas temperature
from 300 K to 600 K results in an increase in the droplet dispersion angle, which is beneficial to the formation of spherical
metal powder. In addition, increasing the gas temperature, the positive effect of gas–liquid relative velocity increase on
droplets refinement overweighs the negative influence of the GMR decrease, resulting in the reduced MMD and diameter
distribution interval. From the analysis of the atomization mechanism, the increase in atomization efficiency caused by
increasing the temperature of the atomizing gas, including primary atomization and secondary atomization, is mainly due
to the increase in the gas drag force difference between the inner and outer sides of the annular liquid film.

Keywords: metallic powders, VIGA technology, argon temperature, two-phase flow
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1. Introduction

The development of metal additive manufacturing tech-
nology (3D printing), such as selective laser melting or coax-
ial powder laser cladding, promotes high-quality fine spheri-
cal powder preparation technology.[1–3] The current methods
for preparing powders mainly include gas atomization and
plasma rotary electrode process (PREP). It is generally be-
lieved that the PREP method features high sphericity, less hol-
low and satellite powders but suffers from the fine powder
yield efficiency being low.[4,5] However, the gas atomization
method has the advantages of good sphericity, high fine pow-
der yield, and large production capacity, so it is still the main-
stream method for preparing metallic powder in 3D printing
technology.[6]

Free-fall gas atomization (FFGA) and close-coupled gas
atomization (CCGA) are the two most common atomizing
methods.[7] The particle size of FFGA powder is relatively
coarse, but in the widely used CCGA process, because the
distance between the nozzle outlet gas flow and the metallic
liquid flow is shortened, the atomization efficiency is signif-
icantly improved, and the prepared powder is fine with high

sphericity.[8,9] The fine spherical powder yield has always
been the most important concern in the preparation of metal
powder. The key technology of the CCGA process is the close-
coupled nozzle structure design and the choice of atomization
process parameters, which determine the fine spherical pow-
der yield.[7,10,11] The nozzle structure research focuses on the
design of the annular nozzle profile and the delivery tube.[10]

However, it requires a long time and high cost to improve the
proportion of fine spherical powder by designing the nozzle
structure, whereas adjusting atomization process parameters is
much more achievable and efficient. The atomization process
parameters mainly include the type of atomizing gas, the gas
pressure, gas temperature, and melting temperature of metal-
lic liquid flow. In order to obtain the influence mechanism
of these process parameters on the powder produced by the
CCGA process, researchers have carried out experimental and
theoretical studies. Arachchilage et al.[12] studied the effect
of different gas pressures on the droplet diameter distribution.
Zhang et al.[13] studied the influence of different atomizing
gas types on the cooling and solidification of a single metal
droplet. During the metal powder preparation process, the gas
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temperature also has a significant effect on the yield of fine
spherical powder. However, little research has been done on
the influence mechanism of gas temperatures on the produc-
tion of fine spherical powders with close-coupled nozzles.

The actual powder production process is carried out in
a closed furnace, and it is difficult to study it directly by
means of experiments. With the development of computa-
tional fluid dynamics (CFD) and commercial fluid simula-
tion software, researchers have begun to use many theoret-
ical simulation methods to study the gas atomization pro-
cess. The gas atomization process of close-coupled nozzles
is mainly divided into primary atomization and secondary
atomization.[14] Motaman et al.[15] studied the single-phase
flow field of the close-coupled nozzle using the CFD method
and schlieren. Zeoli and Arachchilage et al.[12,16] used the
VOF multiphase flow method to study the primary atomiza-
tion process of metal powder production. Thompson et al.[3]

used the Euler–Lagrangian method to achieve an accurate pre-
diction of the diameter of the metallic powder prepared by the
secondary atomization of the close-coupled nozzle. Kaiser et
al.[17] used the Euler–Lagrangian method to study the effect
of gas jet shock on secondary atomization to prepare powder.
These only simulate part of the nozzle atomization process.
However, there are few research methods based on the simula-
tion of the close-coupled nozzle atomization integral process,
including the primary atomization and the secondary atomiza-
tion.

The purpose of this paper is to study the influence mech-
anism of the gas temperature on the atomization of fine spher-
ical powders for the close-coupled annular nozzle by means
of integral simulation and some experimental verifications, so
as to strengthen the theoretical research to guide the practi-
cal gas atomization production. Hence, the VOF multiphase
flow model and DPM model were used to simulate the primary
and secondary atomization at different argon temperatures. In
addition, the Reynolds stress model (RSM) was used to de-
scribe the turbulence effect during nozzle atomization. The
current atomization simulation was performed by the com-
mercial CFD software Fluent19.2 based on the finite volume
method, which uses transient simulation for the primary atom-
ization and the secondary atomization.

2. Experimental and numerical methods
2.1. Experimental method

Figure 1 shows the VIGA equipment used to verify the
simulation, which was independently developed by our team.
The equipment for powder preparation is mainly composed
of a melting room, a smelting crucible, a heating coil, an at-
omization tower, a powder collector, an insulation crucible,
and a close-coupled nozzle. 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. In addition, a
combination of the water bath and electromagnetic induction
is used to heat the atomized gas in the intake pipe, and the
maximum heating temperature achieved is 423 K. Consider-
ing the actual gas heating equipment conditions, in order to be
able to carry out as many experimental verifications as pos-
sible, the inlet gas temperatures are respectively selected as
300 K, 400 K, 500 K, and 600 K. The preparation of 316L
stainless steel metallic powder uses argon as the atomizing
gas, the inlet pressure is 2.5 MPa, the temperatures is 300 K,
400 K, 500 K, and 600 K, respectively, the smelting crucible
is heated to 1700 K for casting and atomization, and the in-
sulation crucible is heated to 1523 K. During the atomization
process, the melting room containing the crucible smelting is
pressurized to 20 kPa, but the atomization tower is reduced to
−10 kPa under the action of the vacuum pump. ABT-9300S
laser particle size analyzer was used to analyze the diameter
distribution of the sample powder, and a scanning electron mi-
croscope (SEM, GeminiSEM 500) was used to observe the
powder morphology.

1

2

3

4

5

6

7

Fig. 1. VIGA experimental equipment diagram. 1-melting room, 2-
smelting crucible, 3-heating coil, 4-atomization tower, 5-powder collector,
6-insulation crucible, 7-close-coupled nozzle.

2.2. Model description on primary atomization

The two-fluid method uses the VOF multiphase flow
model coupled with an RSM model to simulate the primary
atomization process of the metallic liquid flowing out of the
delivery tube. In the VOF approach, the volume fraction of liq-
uid (αq) is defined in each computational cell. The value of the
cell filled with liquid is 1, while that of the cell filled with gas
is 0. A gradient of volume fraction from 1 to 0 appears at the
gas–liquid contact interface. The commercial CFD software
Fluent calculates the volume fraction equation for gas–liquid
two-phase flow, which can be given in Eq. (1).[18] The sub-
script q implies one of the two. The atomized gas is processed
into the primary phase, and its volume fraction is computed
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using the general constraint shown in Eq. (2). In a two-phase
system, for example, if the phases are represented by the sub-
scripts 1 and 2, and if the volume fraction of the second of
these is being tracked, the density ρ and viscosity µ within
each cell are given by Eqs. (3) and (4).[16,18]

1
ρq

[
∂

∂ t
(αqρq)+∇ · (αqρqui)

]
= 0, (1)

n

∑
q=1

αq = 1, (2)

ρ = α2ρ2 +(1−α2)ρ1, (3)

µ = α2µ2+(1−α2)µ1. (4)

To improve the computational convergence, the VOF vol-
ume fraction uses the interface compression method instead
of the interface reconstruction scheme. Moreover, the Mach
number of the close-coupled nozzle gas jet is greater than 0.3,
so it is considered to be a compressible gas. Gas–liquid two-
phase flow is controlled by the compressible Navier–Stokes
(N-S) equation. The mass equation, momentum equation, and
energy equation are shown in Eqs. (5)–(7).[14]

Mass equation
∂ρ

∂ t
+

∂

∂xi
(ρui) = 0. (5)

Momentum equation
∂

∂ t
(ρui)+

∂

∂x j
(ρuiu j)

=− ∂ p
∂xi

+
∂τi j

∂x j
+ρg+Fσ . (6)

Energy equation
∂

∂ t
(ρT )+

∂

∂xi
(ρu jT )

=
∂

∂x j

(
K∂T
c∂x j

−ρu jT
)
+ST. (7)

Here 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 acceleration of gravity, Fσ

represents the surface tension force, T represents the tempera-
ture, K represents the heat transfer coefficient of the gas flow,
crepresents the specific heat capacity, and ST represents the
viscous dissipation term. Using the continuum surface force
(CSF) method to consider the surface tension effect of liquid
flow, the surface tension force is defined as follows:[6]

𝐹𝜎 = σκ𝑛, (8)

where σ is the surface tension coefficient, κ is the local inter-
facial curvature, and 𝑛 is the interfacial normal.

To improve the accuracy of capturing the primary atom-
ized droplets interface, the gradient adaption approach was
used, and the minimum mesh size after refinement is 15 µm. It
is theoretically possible to visualize atomized droplets larger
than 21 µm. It is reported that the droplet size after the primary
breakup is about 10%–100% of melt nozzle diameter.[19,20]

However, the melt nozzle diameter simulated in this study is
4 mm. Therefore, the adopted grid size is sufficient to catch
the boundary of the primary atomized droplets.

2.3. Model description on secondary atomization

The secondary atomization of metallic droplets is mainly
affected by the surface tension (𝐹s) and viscosity, during
which aerodynamic force deforms a drop, causing it to be-
come fragment.[7] Figure 2 shows the schematic diagram of
the forces acting on the secondary atomized droplet during
the flight, including buoyancy (𝐹f), gravity (𝐹g) and gas drag
(𝐹D), and the expressions are shown in Eqs. (9)–(11). The
droplet deforms and breaks under the action of 𝐹D, 𝐹f and 𝐹g,
and gradually spheroidizes under the action of 𝐹s. In addition,
the secondary atomization is mainly a process in which the
droplets gradually transform into an annular liquid film, and
the edge of the liquid film is broken under the action of the
difference between the gas drag force (𝐹D2) of the gas recircu-
lation zone and the gas drag force (𝐹D1) of the gas jet[21] (see
Fig. 2(b)).

𝐹D =
1
2

Cdρg
(
𝑢g−𝑢d

)∣∣𝑢g−𝑢d
∣∣Ad, (9)

𝐹f =−ρgV g, (10)

𝐹g = ρdV g, (11)

where Cd = 0.28+ 6√
Ra

+ 21
Ra represents the gas drag coeffi-

cient; V represents the droplet volume; ρg and ρd represent
the gas density and droplet density respectively; 𝑢g and 𝑢d

represent the gas velocity and droplet velocity respectively;
Ad represents the cross-section area of the droplet. Further,
in order to better measure droplet breakage, two important di-
mensionless parameters are proposed as Weber number (We)
and Ohnesorge number (Oh)

We =
ρgureldd

σ
, (12)

Oh =
µd√

ρdddσ
. (13)

Here ρg and ρd are the density of gas and droplet respec-
tively, urel is the relative velocity of the gas jet to the primary
atomized droplet, dd is the diameter for the primary atomiza-
tion droplet, µd is the droplet viscosity, and σ is the surface
tension coefficient.

F-Dy

FDx

FD1+FD2

Ff
Ff

Fg+FD

gas recirculation zone

gas jet 

(a) (b)

Fg

Fig. 2. Schematic diagram of droplet secondary atomization force.
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The We is the ratio of the disturbing aerodynamic force to
the surface tension, and the Oh represents the ratio of the vis-
cous force to the surface tension. A large We indicates a higher
tendency toward breakup while a higher Oh indicates a lower
tendency toward fragmentation.[16] In the current study, the
droplets secondary atomization process mainly includes bag
breakup, multimode breakup, and shear breakup,[6] as shown
in Fig. 3. Combined with We and Oh, the equation of eval-
uation for a typical secondary atomization breakup model is
established, as shown in Eq. (14).[22,23]

We =


12(1+1.077Oh1.6), bag breakup

20(1+1.2Oh1.5), multimode breakup
32(1+1.5Oh1.4), shear breakup

 . (14)

Generally, the Oh of primary atomization droplets for a
close-coupled nozzle is less than 0.001.[11] Therefore, it can be
considered that the secondary atomization breakup model of
the droplet is strongly related to the initial droplet Weber num-
ber, and the criteria for the correlation between the breakup
model and Weber numbers are presented in Table 1.

Table 1. Different Weber numbers corresponding to the breakup
model.[6,24]

Breakup model Weber number range

Bag breakup ∼ 11 <We <∼ 35

Multimode breakup ∼ 35 <We <∼ 80

Shear breakup ∼ 80 <We <∼ 350

primary

droplet secondary atomization process

bag breakup 

shear breakup

multimode breakup

Fig. 3. Typical secondary atomization breakup model.

Further combining the secondary atomization breakup
model to predict the particle size distribution of the powder af-
ter secondary atomization from a simulation perspective, two
important instability broken calculation models are proposed,
namely the Taylor analogy breakup (TAB) model and Kelvin–
Helmholtz (KH) model.[25,26] It is known that the TAB model
works better for the bag breakup and multimode breakup,
while the KH model coincides with experimental data for the
shear breakup.[26] Estimating the Weber number values of the
primary atomized droplets discussed in Subsection 3.2, it is
clear that they all meet the range of We < 80. Therefore, the
TAB instability breakup model was used to simulate the sec-
ondary atomization of droplets at different gas temperatures.

Meanwhile, factors such as droplet collision merger and cou-
pling of two-phase turbulence were also considered. In ad-
dition, since the primary atomization position, velocity, melt
temperature, and melt flow rate of the liquid flow under dif-
ferent gas temperatures are basically the same (see Figs. 12
and 14(b)), the same initial conditions for the secondary at-
omization of the droplets are set to simplify the simulation, as
shown in Table 2. Further, as the temperatures of the atomiz-
ing gas are 300 K, 400 K, 500 K, and 600 K, the initial droplet
diameters are set to 243 µm, 215 µm, 144 µm and 133 µm,
respectively.

Table 2. Initial spray parameters of secondary atomization.

Variable First point Last point

X-position (mm) 96 97

Y -position (mm) 3.5 4

X-velocity (m·s−1) −0.8 −0.8

Y -velocity (m·s−1) −0.2 −0.2

Temperature (K) 1700 1700

Flow rate (kg·s−1) 0.34 0.34

The TAB model is the most suitable alternative for low
Weber number sprays.[27] The TAB instability model han-
dles the vibrations of twisted droplets through an analogy of
a spring–mass system.[28] The restoring force of the spring
is represented by surface tension, the external force is repre-
sented by aerodynamic force, and the liquid viscosity repre-
sents the damping force. Setting y = 2x/r, then the manage-
ment equation for droplet deformation is as follows:[28,29]

d2y
dt2 =

Cf

Cb

ρg

ρl

u2

r2 −
Ck

ρl

σ

r3 y− Cdµl

ρlr2
dy
dt

. (15)

Here x is the displacement of the equatorial spherical position
of the unperturbed droplet, as shown in Fig. 4, r is the un-
perturbed droplet radius, ρl and ρg are the density of droplet
and argon, µl is the liquid viscosity. The other parameters are
dimensionless constants.

x

urel y/x/r

r

Fig. 4. Drop deformation system in TAB model.

Fragmentation of the melt droplets occurs only when
y > 1. An expression for the Sauter mean radius (r32) of the
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broken droplets can be derived by

r32 =
r

1+
4y2

3
+

ρlr3 (dy/dt)2

8σ

, (16)

where ρl is droplet density, and σ is droplet surface tension
coefficient.

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.[6] The heat transfer equation of the
droplets can be expressed as follows:[14]

Cpd
dTd

dt
= ∆Hd

d fs

dt
− 6h

ρdD

(
Td−Tg

)
, (17)

Cpd = (1− fs)Cl +Cs fs, (18)

∆Hd = ∆Hf− (Cl−Cs)(Tl−Td) , (19)

h =
kg

D

(
2.0+0.6

√
Ra 3√Pr

)
. (20)

Here Cl is the specific heat in the liquid state, Cs is the
specific heat in the solid state, ∆Hf is the melting enthalpy of
a unit volume alloy, fs is the fraction of the solid phase in the
droplet, Td is the instantaneous temperature, and D is the drop
diameter. kg is the thermal conductivity of the atomized gas,
Ra is the Reynolds number, and Pr is the Prandtl number. Tl

and Tg are the instantaneous metallic liquid phase temperature
and gas phase temperature, respectively.

2.4. Meshing and boundary setting

To study the influence mechanism of different atomiz-
ing gas temperatures (300 K, 400 K, 500 K, and 600 K) on
the atomization of close-coupled nozzles, the appropriate fluid
simulation geometry was firstly established based on the noz-
zle structure. In Fig. 5, the close-coupled nozzle is mainly
composed of a gas flow passage and a liquid flow passage.
The core of the gas flow passage is the annular Laval noz-
zle, which is the key to forming a supersonic gas jet.[30] The
Laval nozzle is mainly composed of a contraction section and
an expansion section. The gas flow in the Laval nozzle fol-
lows the one-dimensional flow theory, as shown in Eqs. (21)–
(23). The gas velocity in the Laval nozzle keeps increasing
and reaches supersonic velocity in the expansion section, but
the pressure and temperature keep decreasing. In addition, the
ratio of the cross-sectional area of the Laval nozzle exit to the
cross-sectional area of the throat determines the Mach number
of the gas jet at the nozzle outlet. Further, the hightempera-
ture metallic liquid flow interacts with the sonic jet through
the delivery tube, and the atomization process occurs.(

A
A∗

)2

=
1

Ma2

[
2

γ +1

(
1+

γ−1
2

Ma2
)] γ+1

γ−1
, (21)

p0

p
=

(
1+

γ−1
2

Ma2
) γ

γ−1
, (22)

T0

T
= 1+

γ−1
2

Ma2, (23)

where A represents the exit section area; A∗ represents the
throat section area; Ma = ug/c represents the Mach number; p
and T represent the inlet gas pressure and temperature respec-
tively; γ represents the ratio of specific heats.

expansion throat contraction

gas inlet 

gas chamber

delivery tube

liquid inlet

annular Laval nozzle

section
section

Fig. 5. Close-coupled nozzle structure diagram.

The acceleration of the gas is mainly by the annular Laval
nozzle structure, so the gas chamber portion can be removed
from the geometric model. To adapt to the existing com-
puting resources as well as reduce the calculation time and
cost during the establishment of the simulation model process,
the close-coupled annular nozzle with three-dimensional rota-
tional symmetry was simplified to a two-dimensional axisym-
metric structure. The atomized two-phase flow simulation ge-
ometric model structure is shown in Fig. 6. Furthermore, using
GAMBIT2.4.6 software to divide the grid, the number of ini-
tial cells was 78400, and the minimum cell size is 0.1 mm.
The Fluent 19.2 software was used to conduct the simulation.
Because the original mesh of the model is relatively coarse,
the primary atomization simulation mainly relies on the gra-
dient adaption approach of the metallic liquid flow to capture
the boundary of atomized droplets. Therefore, the mesh model
can also be used to simulate the secondary atomization process
using the Lagrangian method.

The actual atomization tower is huge, but the atomiza-
tion process mainly occurs in a small area below the nozzle.
Therefore, the numerical simulation can focus on this small
area (30 mm× 128 mm). In Fig. 6, the upper boundary and
the left boundary are the spatial positions of the actual atom-
ization tower, and the gas atomization process is basically sta-
ble at about−10 kPa, so they are defined as the pressure outlet
boundaries, the pressure is −10 kPa, and the temperature is
300 K. The lower boundary of the model is the axis boundary.
In this study, argon was selected as the atomizing gas, and its
parameters are shown in Table 3. During the actual gas atom-
ization process, the argon keeps a constant pressure of 2.5 MPa
through the pipeline and flows into the close-coupled nozzle
airflow passage, so the argon inlet is defined as the pressure
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inlet boundary, and the temperature is 300 K, 400 K, 500 K,
and 600 K, respectively. The stainless steel 316L was selected
as the atomized metal, and its physical properties are shown
in Table 4. The metallic liquid flow is introduced into the in-
sulation crucible from the smelting crucible, and a pressure of
20 kPa is added to the upper chamber. The metallic liquid flow
into the nozzle delivery tube under the action of gas pressure
and gravity. The metallic liquid inlet is therefore defined as
a pressure inlet boundary with 20 kPa pressure and 1700 K
temperature. The remaining positions are the inner wall of the
nozzle, so it is defined as the wall boundary.

Table 3. Argon parameters.[28]

Properties Value
Heat capacity (J·kg−1·K−1) 520.64

Thermal conductivity (W·m−1·K−1) 0.0158
Viscosity (kg·m−1·s−1) 2.125×10−5

Molecular weight (kg·mol−1) 39.948

Table 4. 316L alloy melt parameters.[26]

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) 250,000

spray chamber

pressure inlet (316L)

pressure outlet

pressure inlet (argon)

axis delivery tube
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Y
/
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Fig. 6. Two-dimensional axisymmetric model structure.

During the atomization simulation process, adopting the
transient coupled scheme, the energy, density, and momentum
are discretized in the first-order upwind style, and the pressure
is discretized in the PRESTO! format. The time step of the pri-
mary atomization simulation is 2×10−7 s, and the max itera-
tions/time step is 20. The second atomization simulation time
step is 6×10−7 s, and the max iterations/time step is also 20.
Finally, taking the primary atomization at 300 K gas tempera-
ture as an example, the gas flow rate at the outlet boundary of
the model is kept at −0.274 kg/s, so it can be considered that
the simulation has converged.

Figure 7 shows the gas velocity and the position of the
annular liquid film under different grid numbers of the close-
coupled nozzle. The mesh numbers of the close-coupled noz-
zle model are 21947, 78400, and 219882, respectively. The

number of model grids has been increased from 78400 to
219882, and the fixed point (100, 8) velocity of single-phase
airflow simulation is basically stable at 433 m/s (t = 12 ms),
so the number of grids used in the simulation is independent
of 78400. In addition, as the number of model grids increases
from 78400 to 219882, the initial position of the annular liquid
film is basically stable at 95 mm (t = 12.62 ms), so the number
of grids 78400 for primary atomization simulation is indepen-
dent. Moreover, when the number of model grids is increased
from 78400 to 219882, the fixed point (100, 8) gas velocity
is basically stable at 413 m/s (t = 2.96 ms), so the number of
grids 78400 used in the secondary atomization simulation is
independent.
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Fig. 7. Position distribution of annular liquid film and gas velocity under
different model grid numbers (taking the gas temperature of 300 K as an
example).

3. Results and discussion
3.1. Analysis of dynamic airflow field

Figure 8(a) shows the velocity distribution of the single-
phase airflow field of the close-coupled nozzle (gas tempera-
ture 300 K). The gas jet at the nozzle outlet is mainly com-
posed of a high-speed area in the center and a low-speed free
boundary at the edge, and it converges toward the center of the
nozzle bottom at a certain angle (β ). In the high-speed area,
due to the pressure difference between the nozzle outlet gas
pressure and the ambient pressure, an alternating expansion
wave and compression wave structure is formed. In addition,
during the downward flow of the atomizing gas, the gas jet is
deflected, forming a gas recirculation zone[31] at the bottom of
the delivery tube. The characteristics of the gas recirculation
zone, including speed, location, temperature, and gas–liquid
contact angle, etc., have a crucial effect on the primary at-
omization of the close-coupled nozzle.[22] For instance, if the
velocity or position of the central area of the gas recircula-
tion zone is too high, the metallic liquid flow cannot flow out
of the delivery tube smoothly, causing the delivery tube to be
blocked and the atomization process stopped.[21] On the con-
trary, the gas atomization efficiency is low, and the prepared
metal powder is relatively coarse.
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Fig. 8. (a) Gas velocity field structure distribution. (b) Gas jet Mach number
cloud. (c) Distribution of velocity at different gas temperatures. (d) The gas
velocity distribution inside and outside the recirculation zone at x = 94 mm.

Figure 8(b) (left) shows the Mach number cloud of the
nozzle single-phase airflow (gas temperature 300 K). Obvi-
ously, the chain shock structure of the gas jet from the outlet

of the annular nozzle is less and inconspicuous, which will ef-
fectively avoid the rapid attenuation of the jet and benefit the
atomization process.[15,22] This is consistent with the gas jet
structure of a close-coupled nozzle taken by ünal et al.[32] us-
ing schlieren technology, which can prove the correctness of
the simulation.

In Fig. 8(c), as the atomizing gas temperature increases
from 300 K to 600 K, the maximum velocity of the nozzle out-
let gas jet increases from 490 m/s to 690 m/s, but its basic jet
distribution pattern does not change. According to Eq. (21), if
the Laval nozzle structure is fixed, the Ma of the outlet gas jet
is constant. According to ug = Ma

√
γRT , the gas velocity ug

at the exit of the Laval nozzle will increase linearly with the in-
crease of gas temperature, and its overall distribution will not
change. In addition, as the temperature of the atomizing gas
increases, the gas velocity in the recirculation zone (the range
of x is between 0–2 mm.) is basically unchanged, but the gas
jet velocity on the outside increases significantly (the range of
x is between 2–10 mm.), as shown in Fig. 8(d), which will re-
sult in an increase in the gas velocity difference between the
outside and inside of the recirculation zone.

In Fig. 9(a), the velocity distribution trend of the model
axis position is basically the same under different gas temper-
atures. The velocity of the delivery tube region with the axis
position at 98–128 mm basically maintains at about 110 m/s.
The area of the gas recirculation zone with the axis position
between 90–98 mm shows a peak. Obviously, as the temper-
ature of the gas increases, the velocity peak at the position
of the recirculation zone gradually increases from 100 m/s to
140 m/s, but its position remains basically unchanged. In the
range of less than 90 mm, a sudden increase in velocity oc-
curs, and fluctuation in a certain range is also observed. As
the gas temperature increases, the maximum axis velocity in-
creases from 430 m/s to 600 m/s (below the gas recirculation
zone). In Fig. 9(b), as the temperature of the gas increases,
the trend of the axis temperature changes is also basically the
same. The temperature of the delivery tube, whose axis po-
sition is 98–128 mm, remains about 290 K. The higher the
inlet gas temperature, the higher temperature of the axis posi-
tion (90–98 mm) of the recirculation zone, and the maximum
temperature difference remains basically 146 K. In the area
below 90 mm, the temperature obviously increases with the
increase of gas temperature. This may influence the metallic
liquid flow atomization and solidification process, resulting in
differences in the morphology and particle size of the powder
after preparation. In Fig. 9(c), increasing the gas temperature,
the convergence angle of the gas jet at the position of the re-
circulation zone is maintained at about 26◦. In other words,
increasing the temperature of the atomizing gas does not af-
fect the angle of the jet at the nozzle outlet. In summary, when
the gas temperature rises from 300 K to 600 K, the gas veloc-
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ity and temperature in the atomizing area will increase, but the
specific distribution will not change.
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Fig. 9. (a) Velocity distribution on the axis. (b) Temperature distribution on
the axis. (c) Gas jet angle changes with different temperatures.

3.2. Primary atomization analysis

In Fig. 10(a), due to the effect of the gas recirculation
zone, the metallic liquid flow at the bottom of the delivery
tube gradually flows in the radial direction, forming an annular
liquid film structure.[16,24] As the annular liquid film extends
downward, its thickness gradually decreases, and a ligament
liquid film is formed at the tip. Furthermore, the ligaments

fall off and break, forming some large droplets of primary at-
omization. ünal et al.[32] used high-speed camera technology
to study the primary atomization process of aluminum liquid
when the argon atomization pressure is 2.4 MPa. The alu-
minum liquid forms an annular liquid film structure at the bot-
tom of the delivery tube, and the ligament is broken, which
basically verified the principle of the primary atomization in
this paper.

 annular

liquid film

Fig. 10. Primary atomization annular liquid film of the close-coupled nozzle
(when the gas temperature is 500 K, the iso-surface of the volume fraction
(αq) of the metallic liquid flow αq = 0.25).

Figure 11 shows the principle of the primary atomization
of the close-coupled nozzle. The primary atomization process
is mainly divided into the film formation stage and the frag-
mentation stage. In the film formation stage, the metallic liq-
uid flow at the outlet of the delivery tube is mainly extended
in the radial direction under the action of the gas drag 𝐹D2 in
the gas recirculation zone to form an annular liquid film. At
this time, the extension angle of the liquid film flow is defined
as the annular liquid film expansion angle A. In addition, in
the fragmentation stage, the liquid film is mainly subjected to
the gas drag force 𝐹D2 provided by the inner gas recirculation
zone and the gas drag force 𝐹D1 provided by the outer gas jet.
The large difference between the gas drags 𝐹D1 and 𝐹D2 is
the cause of the ligament break. During the ligament break
process, it will extend to the center of the nozzle bottom at a
certain angle under the action of the gas drag. This angle is
defined as the ligament instability breaking angle B.

In Fig. 12, the primary atomization process of metal-
lic liquid flow at different gas temperatures basically follows
the process discussed above, but the details are slightly dif-
ferent. When the gas temperature is 300 K (see Fig. 12(a)),
the structure of the annular liquid film is obvious at the pri-
mary atomization, but a long and fine ligament liquid film was
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formed at the forefront of the liquid film. As the gas tempera-
ture increases to 400 K, the annular liquid film structure is ba-
sically the same as the former, but the forefront ligament liquid
film is distorted, causing the ligament liquid film to break (see
Fig. 12(b)). At a gas temperature of 500 K, the depth of the
annular liquid film is significantly increased, and the thickness
of the forefront ligament liquid film is further reduced, which
also causes distortion and deformation, leading to instability
and fragmentation of the ligament (see Fig. 12(c)). Further in-
crease the gas temperature to 600 K (see Fig. 12(d)), the depth
of the annular liquid film is almost maintained at the same as
that at the gas temperature of 500 K. In addition, the length
of the foremost ligament liquid film is further shortened, and
the degree of distortion of the liquid film is greater. There-
fore, the broken droplets are significantly smaller than that of
the first three conditions previously discussed. In general, as
the temperature of the atomizing gas increases, the ligaments
formed at the bottom of the annular liquid film gradually be-
come shorter and thinner.

In Fig. 13, the gas temperature increases from 300 K to
600 K, and the annular liquid film expansion angle A is basi-
cally maintained at about 60◦ besides, the ligament instability
breaking angle B is maintained at about 110◦. From the distri-
bution law of single-phase gas flow in Subsection 3.1, it can be
found that increasing the gas temperature does not affect the
convergence angle of the gas jet, which is basically maintained
at 36◦. Therefore, it can be considered that the increase of the
gas temperature does not change the gas–liquid contact angle
during the primary atomization.
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Fig. 13. The flow direction angle of the primary atomization liquid film at
different atomizing gas temperatures.

Due to the scale limitation of the two-dimensional ax-
isymmetric model, the number of droplets for the primary at-
omization is statistically small. In order to better reflect the
effect of different atomizing gas temperatures on the particle
size distribution of the droplets after the primary atomization,
a normal distribution fitting method was used to analyze the
statistical distribution of the diameter of the primary atomized
droplets. In Fig. 14(a), as the gas temperature increases from

300 K to 600 K, the droplet diameter distribution gradually
shifts to the left; that is, the overall droplet diameter gradu-
ally decreases. When the gas temperatures are 300 K, 400 K,
500 K, and 600 K, the MMD of the primary atomized droplets
are 243 µm, 215 µm, 144 µm, and 133 µm, respectively. Fig-
ure 14(b) shows that as the gas temperature increases, the tem-
perature of the melt film at the bottom of the delivery tube
is basically stable at about 1698 K (extract the coordinates of
the melt film position (96, 1.5) temperature). However, the
maximum gas jet velocity increases from 490 m/s to 690 m/s
near the gas recirculation zone at the primary atomization po-
sition. Further analysis is conducted based on the melt break-
up model,[33] and the equation is as follows:

Dm =
D0

0.027

[
ρgu2

relD0

σlV

ρlu2
relD0

µl

]−0.4

, (24)

where Dm is the mass median diameter, D0 is the melt film
thickness, ρg and ρl are gas density and melt density, σlV is
the melt surface tension coefficient, µl is the melt viscosity,
and urel is the gas–liquid relative velocity.
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Fig. 14. (a) Fitted normal distribution of the primary atomized droplets di-
ameter. (b) The maximum gas velocity near the recirculation zone and the
temperature of the melt at the exit of the delivery tube at different atomizing
gas temperatures.

Combining with Eq. (24), the gas–liquid relative veloc-
ity (urel = ug − ul) near the gas recirculation zone and melt
film thickness (D) of ligament mainly affect the primary atom-
ized droplet diameter of the metallic liquid flow. Meanwhile,
the gas–liquid contact angle and the gas temperature in the re-
circulation zone also have an important effect on the primary
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atomization process. As the temperature of the gas increases
from 300 K to 600 K, the gas suction speed in the delivery tube
region basically keeps unchanged (see Fig. 9(a)), resulting in
little change in liquid velocity. But as the gas temperature in-
creases, the gas jet velocity increases near the recirculation
zone. Thence, this will result in raised gas–liquid relative ve-
locity near the gas recirculation zone, promoting the primary
atomization of the metallic liquid flow. Moreover, in this pro-
cess, the thickness of the primary atomization forefront liga-
ment liquid film gradually decreases (see Fig. 12), which also
facilitates the primary atomization. In addition, increasing gas
temperature from 300 K to 600 K, taking the simulation result
of the axis position of the gas recirculation zone as an example,
the maximum gas temperature change is 146 K (see Fig. 9(b)).
Higher gas temperature can result in a higher temperature in
the recirculation zone, which helps to reduce the cooling rate
of the metallic liquid flow and promote the atomization pre-
formation, but in fact, the melt temperature at the exit of the
delivery tube is basically stable (see Fig. 14(b)), so the effect
of a temperature change of 146 K on the primary atomization
is obviously weaker. Further, during the primary atomization
process, the gas–liquid contact angle also remains basically
unchanged. In general, as the gas temperature increases from
300 K to 600 K, the gas–liquid relative velocity near the gas
recirculation zone increases while the melt film thickness de-
creases, resulting in the decrease of the MMD for the primary
atomized droplets.

The gas drag force is formed by the difference in velocity
between the gas and liquid phases. Increasing the gas–liquid
relative velocity will also lead to an increase in the gas drag
𝐹D. As the temperature of the atomizing gas increases, the
gas jet velocity increases significantly, while the velocity of
the recirculation zone is basically unchanged (see Fig. 8(d)).
The primary atomization is mainly due to the large difference
between the 𝐹D1 of the gas jet on the outer side of the annu-

lar liquid film and the 𝐹D2 of the gas recirculation on the inner
side, causing the ligament liquid film to break. As the tempera-
ture of the atomizing gas increases, the gas velocity difference
between the inside and outside of the gas recirculation zone
increases, and the gas drag difference between the inside and
outside of the annular liquid film also increases. Therefore, the
thickness and length of the forefront ligament liquid film grad-
ually decrease, and the MMD of the primary atomized droplet
gradually decreases.

3.3. Secondary atomization analysis

Figure 15 shows the three stages of droplet temperature
change during the secondary atomization process. The gas
recirculation zone absorbs more melt heat during the primary
atomization, so the droplet temperature is kept at a higher
temperature during the initial secondary atomization stage at
the bottom of the recirculation zone. At this time, only a few
edge droplets are in contact with the free boundary of the
gas jet, and a certain amount of cooling occurs. In addition,
a large number of droplet collisions will occur at this time,
but due to the higher temperature of the droplets (> 1573 K,
liquidus temperature), so the impact on the prepared metal
powder is small, as shown in Fig. 15(a). Under the action of
the falling secondary atomized droplets, the annular gas jets
converging in the middle of the nozzle bottom are separated,
and the droplets are gradually dispersed in the radial direc-
tion. As the dispersed droplets begin to enter the gas jet, the
cooling rate of the droplets will increase rapidly. Theoret-
ically, the cooling and solidification rate of droplets with a
smaller diameter is greater than that of droplets with a larger
diameter. Therefore, the mixed distribution of particles with
different temperatures appears, as shown in Fig. 15(b). At
this point, the droplet temperature is close to the liquidus tem-
perature, and the solidification process may gradually begin.
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Fig. 15. Temperature distribution of secondary atomization droplets.
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If the droplets are not dispersed enough, causing droplets of
different temperatures to collide, the powder will easily form
bonded powder after solidification and shrinkage due to the
low degree of overheating, as shown in Fig. 16(a). The sec-
ondary atomized droplets continue to disperse, and a small
number of smaller droplets have been solidified, but the larger
diameter droplets are undergoing a solidification process, as
shown in Fig. 15(c). If the droplets are not fully dispersed
at this time, causing the solidifying large droplets to collide
with the solidified small powder, satellite powder will easily
form, as shown in Fig. 16(b). Therefore, realizing the adequate
dispersion of the secondary atomized droplets will effectively
avoid the formation of bonded powder and satellite powder,
which is beneficial to the formation of spherical powder.

20 mm 10 mm

(a) (b)

Fig. 16. Typical powder SEM morphology of (a) bonded powder and
(b) satellite powder.

Figure 17 shows that when the atomizing gas temperature
is 300 K, 400 K, 500 K, and 600 K, the dispersion angles of the
secondary atomized droplets are 10◦ 13.8◦ 14.22◦ and 16◦ re-
spectively. As the temperature of the atomizing gas increases,
the dispersion angle of the secondary atomized droplets also
increases, which is conducive to the adequate dispersion of
the droplets. In theory, it can effectively reduce the formation
of bonded powder and satellite powder, which is beneficial to
the preparation of spherical powders. In addition, increasing
the temperature of the atomizing gas from 300 K to 600 K,
the gas temperature in the secondary atomization area below
the gas recirculation zone also increases (see Fig. 9(b)), which
will give the fully dispersed droplets more time to shrink
and solidify into a spherical powder. Figure 18(a) shows
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Fig. 17. Dispersion angles of secondary atomization at different gas temper-
atures.

when the atomizing gas temperature is 300 K, the simulated
droplet dispersion angle is 10◦, and the experimental spark dis-
persion angle is also 10◦. Further, increasing the gas temper-
ature to 400 K, the simulated droplet dispersion angle is 13◦,
and the experimental spark dispersion angle is basically 12◦,
as shown in Fig. 18(b). The simulation is in good agreement
with the experiment, which can basically prove the credibility
of the secondary atomization simulation.

In Fig. 19, when the gas temperature is 300 K, the powder
diameter is mainly distributed within the range of 14–194 µm
(d50 = 56 µm). When the temperature increases to 400 K, the
powder diameter is mainly distributed in the range of 12.5–
125 µm (d50 = 41 µm). As the gas atomizing temperature
increases to 500 K, the powder diameter is mainly distributed
in the range of 16–64 µm (d50 = 40 µm). The powder diameter
is mainly distributed in the range of 16–55 µm (d50 = 33 µm)
when the gas temperature increases to 600 K. As shown in
Fig. 20, enhancing the atomizing gas temperature from 300 K
to 600 K, the overall interval width of the powder distribu-
tion (defined as the distance from d10 to d90) after secondary
atomization reduces from 78 µm to 18 µm. Theoretically,
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Fig. 18. Dispersion angle distribution of secondary atomized droplets at (a)
300 K and (b) 400 K.
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Fig. 19. Powder diameter distribution after secondary atomization at differ-
ent gas temperatures: (a) 300 K, (b) 400 K, (c) 500 K, (d) 600 K.

Lubanska established a formula to estimate the mass median
diameter of gas atomized powder[34]

d50 = κlub

(
µl

µg

σ

u2
relρl

)0.5 [
D0

(
1+

1
GMR

)]0.5

. (25)

Here urel is the gas–liquid relative velocity, σ and ρl are the
surface tension coefficient and density of the droplet, κlub is
a nozzle-related constant, D is the diameter of the delivery
tube, µg and µl are the dynamic viscosities of the gas and the
droplet, respectively, GMR is the gas-to melt-mass-flow rate
ratio.

It is clear that the main influencing factors of the powder
diameter after the second atomization are the gas–liquid rela-
tive velocity and GMR, according to Eq. (25). The increase of
gas–liquid relative velocity and GMR are beneficial to promot-
ing the secondary atomization, resulting in the easier prepara-
tion of finer powders. When the temperature of the atomizing
gas increases from 300 K to 600 K, the GMR reduces from
0.817 to 0.576 (see Fig. 20); however, taking the axis position
of the simulation model as an example, the gas jet velocity (ug)
below the location of the gas recirculation zone is increased by
a maximum of 170 m/s. In addition, as the temperature of the
atomizing gas increases, the gas suction speed in the delivery
tube area is basically unchanged (see Fig. 9(a)), so the metal-
lic liquid flow velocity (ul) for the primary atomization also
changes little. Generally, the velocity of the primary atomized
droplets formed just after falling off the ligament is basically
close to the velocity of the metallic liquid flow, and the primary
atomized droplets are the initial state of the second atomiza-
tion. Therefore, as the gas temperature increases, the initial ve-
locity (ud) of the secondary atomized droplets is basically un-
changed, which will result in an increase in gas–liquid relative
velocity (urel = ug − ud), promoting the secondary atomiza-
tion more than the negative effect of the decrease in the GMR.
Thence, the increase in the velocity of the gas jet induced by
increasing the atomizing gas temperature from 300 K to 600 K
is the main reason for the decrease in MMD and the narrower
interval distribution of the powder after the secondary atom-
ization.
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The secondary atomization is due to the breakage of the
liquid film caused by the large difference in the gas drag force
between the inner and outer sides of the annular liquid film
during the process of droplet turning into an annular liquid
film. Increasing the temperature of the atomizing gas leads to
an increase in the gas jet velocity on the outside of the sec-
ondary atomized droplet, which causes the outside gas drag
force 𝐹D1 to increase during the droplet deformation. How-
ever, similar to the primary atomization, this generally has a
small effect on the velocity of the gas recirculation zone in-
side the annular liquid film, so the gas drag 𝐹D2 can also be
considered to have a small change, which further increases the
gas drag difference (∆𝐹D = 𝐹D1 −𝐹D2) between the inside
and the outside of the annular liquid film. Finally, ∆𝐹D in-
creases significantly, leading to a decrease in the MMD of the
prepared powder.
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Fig. 21. Simulation verification at the gas temperature of (a) 300 K and
(b) 400 K.

Currently, due to the limitation of simple gas heating
equipment, it can only heat up to 423 K. Therefore, it is dif-
ficult to verify the simulation results of the gas temperatures
of 500 K and 600 K in this study, while the other two groups
can be compared with the experimental data. When the gas
temperature is 300 K, the d10, d16, d25, d50, d75, d90, and d97

of the simulation and experimental results are 32 µm, 36 µm,

40 µm, 58 µm, 81 µm, 107 µm, 139 µm and 23 (±6) µm,
28 (±5.11) µm, 36 (±5) µm, 56 (±3.59) µm, 82 (±4.73) µm,
111 (±6.43) µm, 144 (±8.68) µm, respectively, as shown in
Fig. 21(a). In Fig. 21(b), increasing the temperature to 400 K,
the d10, d16, d25, d50, d75, d90, and d97 of the simulation
and experimental results are 25 µm, 29 µm, 33 µm, 42 µm,
53 µm, 68 µm, 85 µm and 14.5 (±2.4) µm, 18.3 (±2.7) µm,
24 (±3.3) µm, 42 (±5) µm, 65 (±6.3) µm, 100 (±18.1) µm,
132 (±19.4) µm, respectively. The simulated powder diam-
eter distribution is basically consistent with the experimental
powder diameter distribution. In general, when the gas tem-
perature increases from 300 K to 600 K, which is beneficial to
the preparation of spherical metallic powder. In addition, in-
creasing the temperature of the atomizing gas can effectively
improve the fine powder yield of the metallic powder, and the
powder distribution can be significantly concentrated.

4. Conclusion and perspectives
The integral atomization process of the close-coupled an-

nular nozzle with a simplified two-dimensional axisymmetric
model at different gas temperatures (300 K, 400 K, 500 K, and
600 K) was simulated. The primary atomization process was
simulated using the VOF multiphase flow model of the Euler
method, and the secondary atomization process was simulated
using the DPM model and the instability breakup model of the
Euler–Lagrangian method. The paper obtains the following
conclusions:

(1) The diameter of the primary atomized droplets de-
creases with the increase of the gas temperature. The main
factors that affect the primary atomization include gas–liquid
contact angle, gas temperature in the recirculation zone, gas–
liquid relative velocity near the recirculation zone, and melt
film thickness. As the gas temperature increases from 300 K
to 600 K, the gas–liquid contact angle is basically unchanged.
Although the gas temperature in the recirculation zone slightly
increases, the temperature of the melt at the outlet of the de-
livery tube is almost unchanged, which barely influences the
superheat of the melt. Therefore, the effect of gas tempera-
ture in the gas recirculation zone can be ignored. However,
the gas–liquid relative velocity near the recirculation zone in-
creases significantly, and the thickness of ligament liquid film
gradually decreases, promoting the primary atomization pro-
cess, resulting in the decrease of the MMD for the primary
atomized droplets.

(2) When the atomizing gas temperature increases from
300 K to 600 K, the second atomizing droplet dispersion an-
gle increases from 10◦ to 16◦ and the gas temperature of the
secondary atomization area also increases, which will promote
the formation of spherical powder. In addition, at an increased
gas temperature, the powder diameter after secondary atom-
ization decreases from 56 µm to 33 µm (MMD), and the main
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distribution interval of the powder gradually narrows. The
factors that affect the second atomization mainly include gas–
liquid relative velocity and GMR. As the gas temperature in-
creases from 300 K to 600 K, the increase of gas jet veloc-
ity below the location of the gas recirculation zone results in
the raised gas–liquid relative velocity, which has a greater ef-
fect on the refinement of the droplets than the decrease of the
GMR.

(3) As for the atomization mechanism, the primary and
secondary atomization processes of the close-coupled nozzle
are accompanied by the formation of an annular liquid film. As
the atomizing gas temperature increases from 300 K to 600 K,
the gas jet velocity on the outer side of the annular liquid film
increases significantly, but the velocity in the inner recircu-
lation zone remains basically unchanged, resulting in an in-
crease in the gas velocity difference and thus an increased gas
drag force difference between the inner and outer sides of the
annular liquid film. As a result, the efficiency of the primary
atomization and the secondary atomization is improved.
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