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A numerical modeling framework for predicting the effects of operational 
parameters on particle size distribution in the gas atomization process for 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Propose a numerical modeling frame
work to simulate the gas atomization 
process. 

• Consider the flow physics in both pri
mary breakup and secondary breakup 
processes. 

• Validate the numerical models with the 
results of gas atomization tests. 

• Analyze the effects of atomizer oper
ating parameters on particle size 
distribution.  
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A B S T R A C T   

Gas atomization is utilized to produce good-quality metal powders. A numerical modeling framework is 
developed to simulate the gas atomization process. A two-phase VOF flow model in OpenFOAM is applied to 
track the primary breakup of the melt stream by a high-speed gas flow. The generation of primary melt droplets is 
extracted from the VOF field. A Lagrangian-Eulerian multiphase flow model in Ansys Fluent is adopted to track 
the secondary breakup of the primary melt droplets under the high-speed gas flow. The final particle size dis
tribution is obtained by analyzing the particles sampled at the outlet of the atomization chamber. The process of 
gas atomization can be affected by many factors such as the atomization equipment, operating parameters, and 
material properties. Sensitivity analysis is conducted through modeling to investigate the effects of these factors 
on particle size distribution. The model predictions are validated by specially designed gas-atomization 
experiments.  
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1. Introduction 

Additive manufacturing (AM) has been transitioned successfully 
from a prototyping tool to an established and economical method for 
functional component production [1]. For the popular AM technologies 
such as Powder Bed Fusion and Direct Energy Deposition, metal powder 
characteristics [2,3] such as particle morphology, size distribution, 
flowability, and bulk density, play very important impacts on both the 
AM processes and the functional quality of the component produced. 
The matching of powder characteristics to any specific application (AM 
machine) and the requirements of product-specific function becomes 
crucial. Hence, to produce good quality powders for AM applications, 
the powder production process and its operating parameters should be 
optimized. 

Some standard powder production techniques [3,4] have been 
developed to produce high-purity and quality metal powders. Among 
them, gas atomization of liquid metals is a very efficient process 
employed in the powder metallurgy industry, yielding very small and 
spherical powders compared to other conventional techniques [5]. The 
gas atomization process utilizes a high-speed cold inert gas stream to 
disintegrate a high-temperature metal melt stream, resulting in atom
ized metallic droplets, which rapidly solidify to form metal powders 
without significant segregation [6]. Due to the very high cooling rate 
experienced by the powders, excellent mechanical and chemical prop
erties can be achieved. Such powders are also highly spherical which is 
important because good flow characteristics and dense packing are 
required for AM applications. The gas atomization process also enables 
great control of various powder properties [7–9] and thus shows po
tential for mass production [3,6]. Therefore, it is important to under
stand the effect of each operating parameter on the gas atomization 
process and the powder size distribution. 

The gas atomization process involves the complex multiphase 
coupling between the high-speed gas jet and the high-temperature 
molten metal stream, which occurs under the conditions of extremely 
high momentum and energy exchanges through the liquid-gas interface 
disintegration. Gas atomization experiments have been conducted to 
understand the correlations between particle formation and the various 
atomization process parameters [8,10,11]. The process conditions such 
as physical properties of feed materials of both hot metal liquid and cold 
gas jet, atomization nozzle specification, operating parameters, and 
spray-tower geometry, determine the final properties of metal powders 
in terms of size distribution and morphology by influencing the breakup 
dynamics of the primary liquid sheet into small droplets and the cooling 
of droplets to fine particles in the spray chamber. To understand the 
interaction process between the melt stream and the high-speed gas jet, 
the breakup process of the liquid stream into droplets was studied using 
high-speed photography technology [10,12,13], and the gas flow field 
was investigated using the PIV technique [14] and schlieren technology 
[15,16]. It is difficult and costly to study the effects of detailed multi
phase flow physics on particle formation through gas atomization ex
periments. To compensate for the limitations of experimental methods, 
numerical modeling provides another approach to investigate the flow 
physics involved in the gas atomization process. The experimental re
sults under certain specific conditions are also useful in validating the 
numerical models. 

The gas atomization process can be divided into two regimes: pri
mary and secondary atomization. The primary atomization regime starts 
when the melt interacts with the high-speed gas flow. The melt stream 
will deform and create an unstable wave-like structure, and then it 
breaks up into ligaments and large droplets [7,17,18]. The secondary 
atomization regime begins further downstream when the large droplets 
and ligaments extend due to the interfacial instability and break up into 
smaller droplets [5,19–21]. This breakup process will continue until the 
critical Weber number is reached or till the droplet is solidified. In de
cades, various computational-fluid-dynamics based multiphase 
modeling algorithms and software tools [5–7,11,14,17,19,20] are 

developed to simulate the gas atomization process, building in-depth 
perception of the gas-melt interactive effect, disintegration of melt 
steam, and distribution of molten droplets and solidified particles within 
the atomization region. Tong and Browne [22] made the first try at 
simulating the interaction of the melt stream and gas jet in the gas at
omization process using a two-phase flow modeling approach (front 
tracking method) in a 2D model. Even though their simulation did not 
show the formation of droplets and ligaments, it highlighted the 
importance of two-phase flow dynamics in the gas atomization process. 
Zeoli et al. [23] simulated the primary atomization process for different 
types of atomizers in 3D models using a volume of fluid (VOF) two-phase 
flow modeling method. Their simulations showed the gas-melt interac
tion at the early stage of primary atomization. Zhao et al. [24] simplified 
the geometry of the 3D gas atomizer into a 2D axisymmetric model to 
simulate the primary atomization process using the VOF method in 
Ansys Fluent. The simulation showed the melt stream was spread radi
ally by the circulating gas under the melt nozzle and was stretched 
downward by the gas jet at the outside of the nozzle tip. However, the 
primary breakup of the melt stream into droplets was not observed in the 
simulation. Arachchilage et al. [7] studied the gas atomization process 
of aluminum at different gas atomization pressures in a 3D quarter- 
sector cylindrical model using the VOF method in OpenFOAM. The 
fragmentation of melt flow into droplets was simulated. The simulations 
predicted the effect of gas pressure on the droplet size distribution at the 
early stage of primary atomization. Compared to the particle size dis
tribution of the powders obtained at the end of experiments, the pre
dicted droplet size distributions had large discrepancies. This is because 
the secondary breakup of droplets is not included in the modeling. Wang 
et al. [11] simulated the gas atomization process of 316 L stainless steel 
at a three-dimensional scale. The formation of droplets via liquid-metal 
flow tearing and breaking by a close-coupled atomizer was simulated 
using the VOF multiphase flow in Ansys Fluent. Local mesh refinement 
was adopted to capture the primary atomized droplets. Small droplets 
were converted to drop particles and tracked using a Lagrange method. 
The secondary breakup of small droplets was considered in the 
modeling. The particle size distribution was obtained from the simula
tion and was in reasonable agreement with the experiments. The recent 
work of Wang et al. [25] applied a VOF model to investigate the primary 
atomization behavior of a twin-nozzle gas atomization process. The ef
fect of various primary and secondary pressures on the gas flow field, 
melt atomization, particle characteristics (particle diameter, sphericity, 
and satellite particles), and phase structure were investigated through 
numerical simulations and experiments. 

Some of the early numerical models [22,23], due to the limitation of 
computational resources, could not successfully predict the fragmenta
tion of melt flow by the high-speed gas jets in the primary breakup 
process, and the number of droplets captured by the simulation was very 
limited. Hence, the Eulerian-Lagrangian approach [19–21] was also 
used to investigate the gas atomization of molten metal and particularly 
the secondary breakup process. The primary atomization was ignored, 
and the model inputs of initial droplet size and location were based on 
assumptions. Zeoli and Gu [21] focused on the cooling/solidification 
process of the in-flight droplets. The droplet breakup was also consid
ered using the Taylor analogy (TAB) breakup model and Kelvin- 
Helmholtz (KH) instability model. Firmansyah et al. [26] included the 
two-way coupling between gas and the droplets with a focus on the 
droplet size distribution after the secondary breakup. Both the TAB and 
KH instability models were employed. The effect of initial droplet sizes 
on the final particle size distribution (PSD) was studied and verified by 
the experiments. Thompson et al. [19] concluded that the Kelvin- 
Helmholtz Rayleigh-Taylor (KHRT) breakup model could be utilized to 
predict the particle size distribution due to the secondary atomization. 
The model was employed to study the effect of operating parameters on 
the PSD in the gas atomization process. Recently Shi et al. [6] made good 
predictions on the particle size distribution after the secondary atomi
zation using the WAVE model in Ansys Fluent. 
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In addition, a simulation approach with a combination of Volume of 
Fluid (VOF) and Discrete Phase Model (DPM) was proposed by Wei et al. 
[27] to analyze the gas atomization process. The VOF method was 
applied to simulation the primary breakup of the melt stream in a 2D 
axisymmetric model. The Large-Eddy Simulation (LES) model could 
more accurately capture the large droplet separation process from the 
liquid column than the SST k-ω model. The DPM model was applied the 
simulate the secondary breakup model. The injection of the primary 
droplets was based on the primary breakup simulation result of the VOF 
model. They had constant positions, velocities, sizes, and mass flow 
rates. A similar numerical method was applied by Luo et al. [28] to 
simulate the formation of powders and the evolution of the defects in the 
gas atomization process. The primary breakup process was simulated 
using the VOF method with a dynamic adaptive mesh. Three injections 
of primary droplets were defined from the primary atomization simu
lation. These injections were constant in the secondary breakup simu
lation. The recent work by Wang et al. [29] used a similar numerical 
approach to study the influence of the atomization pressure and melt 
mass flow rate on the melt breakup behavior and the powder size dis
tribution. The size range of the primary droplets was obtained from the 
primary atomization simulation. An assumption of rosin-rammer size 
distribution was applied to initialize the particle injections in the DPM 
for the secondary breakup process modeling. Although the 2D axisym
metric models [27–29] require less computing resources and time to 
simulate the primary breakup process, they fundamentally can only 
predict the formation of “ring-shaped” droplets, not “sphere-shaped” 
droplets, resulting in errors in estimating primary droplet size, velocity, 
and position. Amatriain et al. [30] proposed another two-stage multi
phase model for close-coupled gas atomization by combining an Euler
ian multiphase model for the primary atomization and a Lagrangian 
particle tracking approach for the secondary atomization. A convection- 
diffusion equation for the liquid-gas surface density was solved and used 
to estimate the particle size. For the secondary atomization simulation, 
the injection of primary droplets with constant size at the estimated gas- 
liquid interface was assumed. 

In this study, a CFD-based numerical modeling framework is pro
posed to simulate the gas atomization process of molten nickel silicon 
alloys with a focus on the model’s capability to predict the final particle 
size distribution. Both the primary and secondary atomization processes 
are included in the modeling framework. The primary atomization 
process is simulated transiently using the VOF multiphase flow model of 
OpenFOAM within a small computational domain under the atomization 
nozzles with very fine mesh grids. Hence, the complex interaction be
tween the melt stream and the annular high-speed gas jet can be 
captured. The disintegration of the melt stream and the formation of 
ligaments and droplets are revealed in the simulation. At the outlet 
boundary of the computational domain, the droplets tracked by the 
Eulerian VOF method are converted into discrete droplets, where the 
information on droplet size, velocity, position, and time are recorded 
dynamically. The secondary atomization process is simulated transiently 
using the Euler-Lagrangian Discrete Phase Model (DPM) of Ansys Fluent 
within a relatively large computational domain including the high- 
pressure gas chamber, gas expansion flow path, and atomization 
chamber. The continuous gas flow is obtained by a compressible gas 
flow model. The droplets of the discrete phase are injected into the 
model according to the droplet information recorded in the primary 
atomization simulation. The movement and cooling of the droplets are 
tracked in a Lagrangian manner. The secondary breakup of the droplets 
is modeled using the KHRT model. The particles reaching the outlet of 
the atomization chamber are sampled. The particle size distribution is 
obtained through statistical analysis of the sampled particles. The tur
bulence model of Large-Eddy Simulation (LES) is adopted for simulating 
high-speed gas flows. Gas atomization tests are designed and performed 
to verify the numerical model performance. The particle size distribu
tions obtained from the simulations and experiments are compared, and 
they are in good agreement. In addition, the effects of different 

operating parameters and material properties on the final particle size 
distribution are studied. It shows that the gas atomization process is 
controllable to produce powders with good quality by regulating the 
operating parameters. 

2. Numerical modeling framework 

2.1. Flow physics in gas atomization process and modeling strategy 

A schematic cross-section diagram of a typical gas atomization 
nozzle is shown in Fig. 1. High-pressure gas is supplied through the side 
opening nozzle to the gas plenum. Then, the high-pressure gas exhaust 
from the opening slit to the atomization chamber at a supersonic speed, 
with a focusing point under the melt delivery tube. Molten alloy flows 
from the crucible to the atomization chamber through the guide tube. 
The melt stream will be disintegrated by the high-speed gas under the 
gas atomization nozzle. The gas atomization process can be divided into 
several basic stages: primary melt steam breakup, secondary droplet 
breakup, solidified droplet, and dilute particle loading flow, which oc
curs in different multiphase interaction zones as shown in Fig. 1. At the 
primary breakup stage, the melt liquid core interacts with the cold gas 
jets near the nozzle tips. The melt stream will deform and create unstable 
wave-like structures, then it breaks up into ligaments and large droplets. 
At the secondary breakup stages, the primary large droplets and liga
ments are stretched/dragged further by the high-speed gas flow. Due to 
the fast-growing Rayleigh-Plateau instability and Kelvin-Helmholtz 
(KH) instability, the primary droplets will break up into smaller drop
lets. This breakup process will continue until the critical Weber number 
is reached or till the droplet is solidified due to the cooling by the cold 
high-speed gas flow. Finally, the solidified particles will be cooled 
further by the gas flow inside the atomization chamber. Larger particles 
settle down at the bottom of the atomization chamber and are collected 
as powder products. Fine particles are extracted from the atomization 
chamber and collected through a side gas-particle separating cyclone. 

The gas atomization process has been studied using various experi
mental approaches. However, due to the high complexity in the flow 
physics of multiple length scales, material phase states, and strong flow 
turbulence, it is still very challenging to understand the physics details 
and provide specific guidance to control the operational parameters to 
produce the particles with the required characteristics, e.g. particle size 
distribution. Physics-based CFD modeling provides another cost- 
effective approach to investigate the gas atomization process, which 
can greatly compensate for the limitation of the experimental approach. 
As shown in Fig. 1, the CFD-based modeling method can be classified 
into three categories: full-length scale modeling, Eulerian interface and 
phase volume fraction tracking, and Lagrangian discrete particle 
tracking. The full-length scale model (FSM) intends to resolve the dy
namics of droplets and particles in all sizes through very fine mesh or 
adaptive mesh refining and coarsening methods. The accuracy of this 
type of numerical model depends strongly on the smallest length scale 
which can be resolved numerically. The model with a larger number of 
mesh grids has a high demand for computational resources and needs a 
longer simulation time, which makes it impractical for engineering 
process optimization. The Eulerian interface tracking method (e.g. VOF) 
is good at simulating the dynamic behavior of the melt-gas interface and 
the droplet formation during the primary breakup process. This method 
is good at simulating the primary droplets above a certain length scale (i. 
e. > 100 μm). It could be very computationally costly to resolve droplets 
with small diameters (i.e. 10 μm). On the other hand, the Lagrangian 
particle tracking method (e.g. DPM) is good at modeling the secondary 
breakup of large droplets into fine droplets and the particle temperature 
variation. The simulation results depend upon the input conditions for 
particle injections such as droplet size, position, velocity, temperature, 
etc. 

To combine the advantages of both the Eulerian Interface Tracking 
method and the Lagrangian Particle Tracking method, a new modeling 
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framework as shown in Fig. 2 is proposed to simulate the gas atomiza
tion process in this paper. The modeling procedure consists of two steps: 
(1) modeling the primary breakup of melt stream using the VOF method 
in OpenFOAM; (2) modeling the secondary breakup of primary droplets 
using the DPM method in Ansys Fluent. For the primary breakup regime, 
it is important to track the dynamic interaction between the melt stream 
and the cold gas jet, the formation of liquid ligament, and its breakup 
into primary droplets. It is found that the VOF method provided by the 
OpenFOAM InterFoam package is a very robust and flexible package for 
primary breakup modeling. The droplets tracked by the VOF method in 
OpenFOAM can be extracted and expressed in the form of discrete points 
with information on sampling time, position, size, velocity, etc. For the 
secondary breakup regime, the primary droplets interact further with 
the high-speed gas flow. Secondary breakup occurs due to the fast- 
growing liquid-gas interface instability resulting from the competing 
action of the aerodynamic dragging forces (determined by the relative 
speed between the droplets and the surrounding gas) against the droplet 
surface tension. Various secondary breakup models in Ansys Fluent are 
built for different breakup conditions and mechanisms. After the sec
ondary breakup, the droplet size becomes smaller and smaller. It also 

becomes more costly and difficult to resolve the shape of every indi
vidual droplet. Assuming the droplet is spherical, the Lagrangian 
method (Fluent DPM model) is adopted to track the droplet size, posi
tion, velocity, temperature, and so on. The solidification of droplets can 
also be considered by accounting for the variation of material properties 
(density, viscosity, surface tension, specific heat, and heat of fusion) 
with droplet temperature. In a practical situation of the gas atomization 
process, there is no cutting boundary between the primary and the 
secondary regimes. In most cases, there is a transition regime for them. 
From the modeling point of view, these two methods should be coupled 
with each other to integrate fully the flow physics of two atomization 
regimes. Specifically, the information of the droplets tracked using the 
VOF method for the primary breakup modeling should be extracted and 
passed to the Lagrangian model for the secondary breakup modeling. 

2.2. Numerical modeling of primary breakup 

The primary breakup occurs inside the atomization chamber near the 
tip of the close-coupled gas atomization type nozzle, where the molten 
alloy stream from the melt orifice is disintegrated by the high-speed cold 

Fig. 1. Gas atomization physics and numerical modeling methods.  

Fig. 2. Numerical modeling framework for the gas atomization process.  

J. Hua et al.                                                                                                                                                                                                                                      



Powder Technology 435 (2024) 119408

5

gas flow from the exit slit of the gas die nozzle. A CFD-based multiphase 
flow model for simulating the primary breakup process of the melt 
stream into primary droplets is constructed to capture the dynamic 
disintegration of the gas-liquid interface. The computational domain as 
shown in Fig. 3(a) consists of a 10-degree cylindrical sector of the at
omization chamber including both the supply tube for the molten alloy 
stream and the exit slit of the atomization gas flow. To capture the 
liquid/gas interface dynamic of the primary droplets produced, the 
mesh size for the computational domain should be fine enough and at a 
similar length scale as the droplet diameter. To simplify the CFD model 
with a focus on modeling the primary breakup process, the atomization 
gas expansion through the flow channel from the high-pressure gas 
chamber to the atomization chamber is ignored. Instead, a compressible 
gas flow model as shown in Fig. 3(b) is applied to estimate the atomi
zation gas flow condition at the exit slit of the gas die nozzle, which is 
used as the input boundary for the CFD model for simulating the primary 
breakup process. Therefore, the gas flow within the computational 
domain of the CFD model for primary breakup modeling can be assumed 
to have a constant density, i.e., incompressible. Here, a VOF multiphase 
flow model implemented in the OpenFOAM framework, InterFoam, is 
adopted to simulate the gas-liquid interface dynamics and the primary 
breakup in the gas atomization process. 

With the assumption of incompressible flow inside the computa
tional domain, the conservation equations of mass and momentum, and 
the advection of the volume fraction for the two-phase flow of the 
molten alloy and the atomization gas are as follows, 

∂ um
i

∂xi
= 0 (1)  

∂
(
ρm um

i

)

∂t
+

∂
(

ρmum
j um

i

)

∂xj
= −

∂ p
∂xi

+
∂

∂xj

(
τm

ij − τsg
ij

)
+ FS

i + ρGi (2)  

∂α
∂t

+
∂
(

um
j α
)

∂xj
= 0 (3)  

where um, ρm is the velocity and density of multiphase flow fields, 
respectively. p is the pressure field. α is the phase volume fraction with 
α = 0 for gas (g) and α = 1 for liquid (l). τm

ij is the resolved viscous stress 
tensor and τsg

ij sub-grid-scale stress tensor. Large Eddy Simulation (LES) 
is used to solve large-scale eddies while modeling small-scale eddies. G is 

the gravitational acceleration rate, and Fs is surface tension force on the 
liquid-gas interface. 

The viscos stress tensor τm
ij is defined as 

τm
ij = μm

(
∂um

i

∂xj
+

∂um
j

∂xi

)

(4)  

where μm is the mixture viscosity and defined by the volume fraction 
average of two phases as 

μm = αlμl −
(
1 − αl) μg (5)  

where superscript l stands for the liquid phase of melt and μ the material 
property viscosity. Similarly, the mixture density can be estimated as 

ρm = αl ρl −
(
1 − αl) ρg (6) 

The interfacial tension force among the phases is evaluated by the 
Continuum Surface Force (CSF) method by Brackbill et al. [31], 

Fs = σκ
∇α
|∇α|, (7)  

where σ is the surface tension coefficient, κ is the local interface cur
vature, and is estimated as, 

κ = ∇ •

(
∇α
|∇α|

)

. (8) 

Based on solving the above set of two-phase flow governing Eqs. 
(1–3), the dynamic distribution of phase volume fraction while the 
primary breakup of the melt stream is calculated, and the dynamic 
behavior of the melt-gas interface is predicted. Based on the distribution 
of melt phase volume fraction, an OpenFOAM post-processing package 
named “extractEulerianParticles” is used to extract the dynamic droplet 
properties, such as the sampling time, position, velocity, and size, at the 
outlet boundary of the computational domain, which is used as the input 
of initial droplets for the primary breakup modeling. 

2.3. Numerical modeling of secondary breakup of droplets and particles 

After the primary breakup of the melt stream, the droplets will be 
driven further by the cold high-speed atomizing gas flow leading to 
secondary breakup, cooling, and solidifying. Solidified particles will be 
collected at the bottom outlet of the atomization chamber. To simulate 

Fig. 3. (a) A CFD model for simulating the primary breakup of the melt stream into droplets using OpenFOAM, and (b) a CFD model for simulating the secondary 
breakup of the droplets using Ansys Fluent. The model for the primary breakup modeling shown in (a) geometrically overlaps with the model for the secondary 
breakup modeling at the region near the gas atomization nozzle as indicated by the dashed lines shown in (b). 
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the secondary breakup process, the Discrete Phase Model (DPM) based 
on the Lagrangian-Eulerian two-phase flow method in Ansys Fluent is 
adopted. 

2.3.1. Eulerian formulation for gas flow 
The atomization gas (Argon), flowing from the high-pressured gas 

die nozzle to the low-pressured atomization chamber, is considered 
compressible. The gas flow is governed by the following conservation 
equations for mass, momentum, and energy, 

∂ρg

∂t
+

∂ρg ug
j

∂xj
= 0 (9)  

∂ρgug
i

∂t
+

∂
(
ρgug

j ug
i
)

∂xj
= −

∂ p
∂xi

+
∂

∂xj

(
τij − τsg

ij
)
+ ρgGi + Sd,i (10)  

∂ρghg

∂t
+

∂
(
ug

j hg
)

∂xj
=

∂
∂xj

(
kt

Cg
p

∂Tg

∂xj

)

+ Sh (11)  

where superscript g stands for the continuous gas phase flow, which is 
described using the Eulerian formulation method. u,p, h, T are the fields 
of velocity, pressure, enthalpy, and temperature respectively. ρ, kt , Cpare 
the material properties of density, thermal conductivity, and specific 
heat, respectively. G represents the gravitation acceleration rate. Sd and 
Sh are the momentum and energy source terms due to drag and heat 
exchange between the dispersed phase (droplets/particles) and contin
uous carrier gas phase. τij is the resolved viscous stress tensor and τsg

ij 

denotes the sub-grid scale eddy viscosity modeled through large eddy 
simulation. The definitions of viscosity stress tensor τij and enthalpy is 
given as 

τij = μg
(

∂ug
i

∂xj
+

∂ug
j

∂xi
−

2
3
δij

∂ug
k

∂xk

)

(12)  

hg = Cg
pTg (13)  

where μg is the molecular viscosity of the gas phase. 

2.3.2. Lagrangian formulation for droplets/particle 
The dispersion of droplets/particles, driven by the high-speed gas 

flow, is modeled using a Lagrangian framework of the Discrete Phase 
Model (DPM) in Ansys Fluent. Since the number of droplets produced by 
the gas atomization process can be massively large, tracking every single 
droplet is not computationally feasible. The efficient way is to present 
the discrete droplets by a set of parcels, each one of them represents a 
group of identical droplets. Lagrangian tracking is performed for parcels 
instead of individual droplets. 

The movement of droplet/particle is tracked in a Lagrangian manner 
by the following Eqs. [32], 

dxd = ud dt (14)  

d
dt
(
ud) = FD

(
ug − ud)+

ρd − ρg

ρd G (15)  

where xd and ud are the droplet position and velocity, respectively. ug is 
the estimated gas velocity at the droplet location. ρd and ρg are the 
density of the droplet and gas phase, respectively. G is the gravitational 
acceleration. The term FD

(
ug − ud) is the drag force per unit particle 

mass from the continuous gas phase and FD is estimated as 

FD =
3μg

4ρdD2
d

CD Re (16)  

where Dd is the effective diameter of droplets, Re is the Reynold number 

defined as Re =
ρgDd|ug − ud|

μg . Assuming droplets are spherical, the drag 

coefficient CD can be estimated as 

CD =

⎧
⎨

⎩

24
Re
(
1 + 0.15 Re2/3) Re < 1000

0.424 Re ≥ 1000
. (17) 

Droplet/particle temperature (Td) is governed by the energy con
servation equation, 

ρd Vd Cd
p

d
dt
(
Td) = Ad h

(
Tg − Td)+ ρd Vd L

d
dt
(
f d
s

)
+Ad εσ

(
(Tw)

4
−
(
Td)4

)

(18)  

where Td, Tg and Tw are the temperatures of droplet/particle, gas flow, 
and atomization chamber wall, respectively. Vd and Ad are the droplet 
volume and surface area, respectively. h is the convective heat transfer 
coefficient between gas and particles, L is the latent heat of solidifica
tion, fs is the solid fraction of droplet/particle, ε is the particle emis
sivity, σ is the Stefan-Boltzmann constant. 

The convective heat transfer coefficient h is calculated by the widely 
used correlation of Neoli and Gu [21], 

h =
kg

dp

(
2+ 0.6 Re1/2 Pr1/3 ) (19)  

where kg is the thermal conductivity. Pr is the Prandtl number and 

defined as Pr =
Cg

pμg
kg

. 
The momentum source terms (Sd) in Eq. (10) and the energy source 

term (Sh) in Eq. (11) are obtained by summing the drag force and the 
heat exchange between the dispersed phase and the continuous phase 
over all droplets, 

Sd = −
∑

d
ρdFD

(
ug − ud) (20)  

Sh = −
∑

d

(

Ad h
(
Tg − Td)+ ρd Vd L

d
dt
(
f d
s

)
)

. (21) 

In the secondary breakup region of the gas atomization process for 
powder production, metal droplets go through undercooling, reca
lescence, peritectic, and segregated solidification before fully solidified 
[21]. The dynamic changes of droplet/particle temperature are tracked 
using Eq. (18). The changes in material properties, e.g. density, viscos
ity, surface tension, specific heat, and solid fraction with temperature 
can be estimated using the software package Thermo-Calc. 

Based on the simulation results, the particles’ physical properties 
such as size, position, velocity, and temperature can be obtained. The 
particle information at the outlet of the gas atomization chamber is 
sampled, and then the particle size distribution can be obtained through 
statistical analysis. 

2.4. Secondary breakup model 

Five secondary breakup models are developed in Ansys Fluent to 
simulate the further breakup of droplets in the high-speed gas flow. They 
are the TAB model, the Wave model, the KHRT model, the Schmehl 
Breakup model, and the Stochastic Secondary Droplet (SSD) model. The 
TAB model is based on Taylor’s analogy [33] between an oscillating and 
distorting droplet and a spring-mass system. It is recommended for low- 
Weber-number injections and is well-suitable for low-speed spray into a 
stand atmosphere. The Wave model by Reitz [34] considers the breakup 
of droplets to be induced by the relative velocity between the gas and 
liquid phases. It assumes that the time of breakup and the resulting 
droplet size are related to the fastest-growing Kelvin-Helmholtz (KH) 
instability [35]. The wavelength of the growth rate of the KH instability 
of the injection jet is used to predict the details of the newly formed 
droplet. The KHRT model [36] combines the effects of kelvin-Helmholtz 
waves driven by the aerodynamic forces and the Rayleigh-Taylor in
stabilities [37] due to the acceleration of shed drops ejected into the gas 
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flows. Both mechanisms are applied to track the wave growth on the 
surface of the droplet, and breakup occurs due to the fastest-growing 
instability based on local conditions. The Schmehl breakup model 
[38] describes three secondary breakup mechanisms: bag, multimode, 
and shear for the droplets of a liquid spray. The SSD model [39] treats 
breakup at high Weber numbers as a discrete random event resulting in a 
distribution of diameter scales over a range. In the case of gas atomi
zation, both KH and RT instabilities are involved. Therefore, the KHRT 
model is considered the most suitable model for the simulation of the 
further breakup of the droplets produced in the primary breakup. 

The KH model is based on linear stability analysis of a liquid jet. The 
eventual breakup and generation of new droplets is due to the fastest- 
growing mode of the surface waves. The wavelength (λKH) of the 
fastest-growing mode and its growing rate (ΩKH) [34,36] was found to 
be 

λKH = 9.02
(
1 + 0.45 Oh0.5)( 1 + 0.4 Ta0.7)

(
1 + 0.87 Weg

1.67) Rd (22)  

ΩKH =

(
0.34 + 0.38 Weg

1.5)

(1 + Oh)
(
1 + 1.4 Ta0.6)

̅̅̅̅̅̅̅̅̅̅̅̅σ
ρl Rd

3

√

, (23)  

where Rd is the radius of the primary droplet. Oh is the Ohnesorge 
number Oh = Wel

0.5/Rel. Ta is the Taylor number Ta = Oh Weg
0.5. 

Furthermore, Wel = ρlU2Rd/σ and Weg = ρgU2Rd/σ are the liquid and 
gas Weber numbers, respectively. Rel = U Rd/νl is the Reynolds number. 
U is the relative velocity between the droplet and the gas phase U =
⃒
⃒ug − ud

⃒
⃒. 

The drop lifetime in the presence of growing KH instabilities is 
defined as τKH =

3.726 Ct,KH Rd
ΩKHλKH

, where Ct,KH is the KH breakup time con
stant with a value in a range from 10 to 60. The radius of child droplets 
produced by KH-breakup is determined by the wavelength of the fastest- 
growing wave as Rc,KH = CKH λKH, where CKH is the size constant of KH 
breakup and set to be 0.61. 

Similarly, the RT model is based on the wave instability on the 
droplet surface. The wave frequency of the fastest-growing wave is 

ΩRT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
3
̅̅̅̅̅
3σ

√
( − Gt(ρl − ρg) )

3/2

(ρl + ρg)

√

(24)  

where Gt is the droplet acceleration in the direction of motion. The 
corresponding wave number is given as 

KRT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− Gt(ρl − ρg)

3σ

√

. (25) 

Breakup occurs when the RT waves have been growing for a time 
larger than the breakup time τRT = Ct,RT/ΩRT, where Ct,RT is the time 
constant of RT breakup with a default value of 0.5, and when the 
wavelength λRT = 2π CRT/KRT with the fastest growth rate is smaller than 
the local droplet diameter. The radius of smaller child droplets can be 
calculated with Rc,RT = π CRT/KRT , where CRTis the RT breakup radius 
constant with a default value of 0.1. 

2.5. Turbulence model—Large Eddy Simulation for high-speed gas flow 

Since high-speed gas flow is applied in the gas-atomization process, a 
turbulence model is required to model the high-speed gas flow in both 
stages of primary and secondary breakup. The most common simulation 
framework within the community is the Reynolds Averaged Navier 
Stokes (RANS) approach for turbulent gas flow [6,14,19]. In the 
framework of modeling atomization of liquid spray [32,40,41], Large 
Eddy Simulation (LES) is applied to simulate the interaction between the 
turbulent gas flow and liquid droplets. Turbulent flows are characterized 
by eddies with a wide range of length and time scales. The largest eddies 
are typically comparable to the characteristic length of mean flow (e.g. 

shear layer thickness). The smallest eddies are responsible for the 
dissipation of turbulence kinetic energy. The turbulent flow energy 
cascades from large to small scales through the interaction of eddies. The 
large eddies may interact with droplets posing strong effects on the 
breakup and size distribution. In LES, large eddies are resolved directly, 
while small eddies are modeled. Hence, the basic governing equations 
for gas flows are spatially filtered [42]. The filtering of the linear terms 
leads to the same terms for the filtered variables. In contrast, the filtering 
of the non-linear terms leads to similar terms with the filtered variables 
with additional sub-grid scale (SGS) terms which cannot be expressed in 
terms of the filtered variables due to the nonlinearity of the governing 
Eqs. [43]. The sub-grid scale stress resulting from the filtering operation 
is unknown and requires modeling. It can be computed through the 
Boussinesq hypothesis [42] as, 

τsg
ij −

1
3

τkkδij = − 2 μt Sij (26)  

where μt is the sub-grid scale turbulent viscosity. The isotropic part of 
the sub-grid scale stresses τkkis not modeled but added to the filtered 
static pressure term. Sij is the rate-of-strain tensor for the resolved scale 
defined as, 

Sij =
1
2

(
∂ui

∂xj
+

∂uj

∂xi

)

(27) 

Both Ansys Fluent and OpenFOAM offer different models for the sub- 
grid scale turbulent viscosity μt. In this study, the Wall-Adapting Local 
Eddy-Viscosity (WALE) model is selected for the eddy viscosity, 

μt = ρ Ls
2

(
Sd

ijSd
ij

)3/2

(
Sij Sij

)5/2
+
(

Sd
ijSd

ij

)5/4 (28)  

where Ls is the mixing length for sub-grid scales and it is computed 
using, Ls = min

(
κ d,Cw V1/3 ). Here, κ is the von Karman constant, d is 

the distance to the closest wall, V is the volume of the computing cell, 
and Cw is the WALE model constant with a default value of 0.325. The 
definition of Sd

ij in the WALE model in Eq. (28) is given as, 

Sd
ij =

1
2

(
g2

ij + g2
ji

)
−

1
3

δijg2
kk, and gij =

∂ui

∂xj
(29)  

2.6. Numerical implementation 

Following the modeling strategy shown in Fig. 2, two simplified CFD 
models based on the geometry of the gas atomization nozzle and the 
atomization chamber are built to simulate the gas atomization process. 
Fig. 3(a) shows the CFD model for simulating the primary breakup of the 
melt stream using OpenFOAM. The model consists of a 10-degree cy
lindrical sector with a radius of 34.0 mm and an axial length of 38.0 mm 
under the gas atomization nozzle. The relatively small 3D computational 
domain makes it possible to capture the basic 3D dynamic features in 
melt stream disintegration and droplet formation with relatively fine 
mesh grids. The simulation domain is meshed with 386,309 hexahedra 
elements, and the smallest grid size is about 0.05 mm. The melt inlet is 
set as a velocity inlet boundary. The gas inlet is set as a volume flow rate 
inlet boundary. The top wall is set as a nonslip wall boundary. Both the 
side wall and the bottom outlet are set as pressure outlet boundaries. The 
solver “InterFoam” in OpenFoam v2212 is applied to solve the govern
ing equations. The time step size is adapted dynamically in the simu
lation so that the max Corant number is set to 0.6 for fluid flow and 0.3 
for VOF field convection, and hence it varies in the range from 1 × 10− 9 

s to 1 × 10− 7 s. The total simulation time is set to 40 ms. 
Fig. 3(b) shows the CFD model for simulating the secondary breakup 

of the melt droplets produced in the primary breakup using Ansys Fluent 
19.2. The model consists of a 10-degree cylindrical sector with a radius 
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of 54.0 mm and an axial length of 180.0 mm of the atomization cham
ber. The model also includes the high-gas plenum and gas expansion 
flow path (De-Laval nozzle) with a small throat of 0.05 mm. The simu
lation domain is meshed with 403,369 hexahedra elements. The gas 
inlet is set as a pressure inlet boundary. Both the top wall and side wall 
are set as nonslip wall boundaries. The bottom outlet is set as a pressure 
outlet boundary. With such settings of the computational domain, a 
compressible gas model is applied to predict the gas flow from the high- 
pressure gas plenum to the atomization chamber. It should be high
lighted that the model for the primary breakup modeling (as shown in 
Fig. 3(a)) geometrically overlaps with the model for the secondary 
breakup modeling at the region near the gas atomization nozzle as 
indicated by the dashed lines shown in Fig. 3(b). In this case, the 
droplets produced in the primary breakup modeling can be input into 
the secondary breakup modeling, which is based on the transient sim
ulations using the Ansys Fluent DPM model. The time step size is set to 
5 × 10− 6 s the continuous flow phase and 1× 10− 6s for the discrete 
particle phase. The total simulation time is set to 40 ms as well. In 
addition, when the CFD model shown in Fig. 3(b) is set without droplet 
injections, it can be used to predict the gas flow field under the specified 
gas atomization pressure 

3. Experimental method 

3.1. Gas atomization equipment 

The gas atomization facility utilized in this study features a VIGA 
(Vacuum Induction Inert Gas Atomization) atomizer. In this system, the 
raw materials are loaded into a 1.5-l crucible and melted within a vac
uum induction melting (VIM) furnace. Subsequently, they are atomized 
using an inert gas, accelerated through a De-Laval nozzle, in a close
–coupled configuration to the molten metal delivery nozzle, as illus
trated schematically in Fig. 1. The maximum temperature within the 
VIM furnace can be heated to 1700 ◦C, which is constrained by the use of 
alumina-based ceramics for both the crucible and the melt delivery tube. 
Throughout the entire process, it is possible to adjust the atmosphere 
pressure in both the melting chamber and the atomization tower inde
pendently. The vacuum level within both chambers can reach up to 6 ×

10− 3 mbar. An over-pressure of up to 1.35 bar can be applied exclusively 
within the melting chamber to favor molten metal flow through the 
delivery tube and adjust its flow. Before and during the whole atomi
zation process, a dedicated heating unit is used to heat the melt delivery 
tube to prevent the solidification of molten metal either within the tube 
or at the exit of the metal delivery nozzle. This apparatus is particularly 
critical due to the small diameter of the molten metal delivery nozzle, 
which can be set between 1.5 and 2.5 mm, depending on the chosen 
processing parameters. The melt temperature control differs between 
the melting and atomization phases. During melting, temperature is 
regulated using a thermocouple positioned at the base of the crucible. 
Conversely, during atomization, temperature is monitored with an op
tical pyrometer measuring the temperature of the uppermost surface of 
the molten bath. Following the atomization process, the powders are 
gathered in two distinct hoppers. The primary hopper contains 
approximately 90–95% of the powders, while the finer fraction of 
atomized powders is collected in the secondary hopper after being 
physically separated from the exhaust gas by a cyclone. 

3.2. Experimental procedure and material property 

Melt temperature, atomization pressure, and the overpressure 
applied to the melt delivery tube are the primary parameters to control 
when gas atomizing a molten metal bath. Melt temperature predomi
nantly affects the viscosity of the molten alloy, facilitating its flow 
through the melt delivery tube. It should be highlighted that overheating 
is a critical factor within the atomization process, as it reduces surface 

tension and promotes secondary breakup mechanisms during atomiza
tion [14]. As a general guideline, an overheating of approximately 150 
to 200 ◦C is typically applied to the molten bath when specific data are 
not available for the alloy to be atomized. However, certain alloys, such 
as those based on iron, exhibit a lower sensitivity to overheating when 
considering viscosity reduction as reported in [44]. Due to the lack of 
experimental data regarding NiSi12% viscosity, a generic 200 ◦C over
heating was employed for the atomization therefore, the molten bath 
temperature was carefully adjusted to approximately 1350 ± 5 ◦C. 
While undergoing atomization, a slight temperature increase, as detec
ted by the pyrometer, was observed, with the highest recorded tem
perature reaching 1375 ◦C at the end stage of the atomization process. 

Throughout the entire process argon gas served as both the shielding 
gas in the VIM furnace and the atomization gas in the atomization 
chamber. While nitrogen is a common choice in industrial practices for 
atomizing steels and nickel alloys, argon was chosen in this study for its 
superior inertness. An average atomization pressure of 40 bar was set for 
the atomization due to previous trials with Nickel alloys. This specific 
atomization pressure could give a net yield of powder in the 20–63 μm 
suitable for laser powder bed fusion (L-PBF) between 37 and 42% for 
stainless steels and Nickel alloys. Low atomization gas pressure can 
exclude the risk of metal freezing at the melt delivery nozzle and pro
duce coarser powders. When the atomization pressure is increased over 
50 bar, finer powders will be produced, and a high risk of instabilities at 
the nozzle tip could be caused [8]. 

The flow of molten metal through the melt delivery tube is controlled 
by the overpressure in the VIM furnace, which is added to the metal
lostatic pressure acting on the bottom of the crucible. When the flow of 
atomization gas remains constant, it ensures a consistent gas-to-metal 
(GMR) ratio. During these tests, the overpressure of 1.25 bar was 
established just before initiating the atomization process and main
tained consistently throughout. As atomization progressed, the metal
lostatic pressure on the melt delivery tube gradually decreased in 
concert with the gradual depletion of the crucible contents. These con
siderations are valid in the absence of a high-speed gas flow from the 
atomization head located beneath the crucible. However, as indicated in 
the literature [14], the high velocity of the atomization gas itself creates 
a suction effect, further altering the flow of molten metal. To account for 
these factors, the metal flow rate was averaged over the entire atomi
zation process and used as an input for modeling. 

3.3. Experimental data analysis method 

After unloading the powders from the primary hopper, they under
went mechanical screening to remove any atomization debris, one single 
sieving pass was enough to remove the large atomization debris. A 
laboratory test sieve of 200 mm in diameter and 250 μm aperture (60 
mesh) compliant with ISO 3310-1 was used (Retsch GmbH, Haan - 
Germany). Subsequently, they were mixed with powders from the sec
ondary hopper using a tubular mixer to prevent the segregation of the 
finer particles. The particle size distribution (PSD) of the as-atomized 
powders was determined using laser diffraction, utilizing a Malvern 
Mastersizer 3000 equipped with an Aero S dry powder dispersion unit 
(Malvern Panalytical Ltd., Malvern – UK). A feed rate of 25% and a 
carrier gas pressure of 2.5 bar of compressed air were selected. To 
minimize experimental variability, three separate samples were 
measured three times each. The powder morphology was qualitatively 
assessed through scanning electron microscopy (SEM) for a sample 
sieved in the 20–63 μm range suitable for processing by L-PBF. A Zeiss 
EVO 15 equipped with secondary and backscattered electron probes 
(Carl Zeiss s.p.a. Milano – Italia) was used. 

J. Hua et al.                                                                                                                                                                                                                                      



Powder Technology 435 (2024) 119408

9

4. Results and discussion 

4.1. Observations of gas atomization tests 

Examining the snapshot presented in Fig. 4(a), numerous bright lines 
emanate from the core of the melt stream. These lines represent the 
trajectories of relatively large and hot primary droplets. The photograph 
documents the formation of cold splats, small portions of molten ma
terial that do not enter the secondary breakup region. Instead, they are 
accelerated tangentially to the atomization plume. A detailed exami
nation of the atomization plume at a high frame rate (1200 fps) provides 
insight into the close interaction between the gas and metal during the 
disintegration of the molten material. 

The frames presented in Fig. 4(b-d) cover an 8-s interval of atomi
zation. While the atomization plume appears stable to the naked eye, the 
use of high-frame imaging reveals a pulsating behavior [13]. The pri
mary breakup region, where primary ligaments form, is located close to 
the melt delivery nozzle, within a few millimeters. As a result of this 
primary breakup, droplets are generated and propelled away from the 
core region of the melt stream by the high-speed gas flow. The secondary 
breakup of these primary droplets occurs within 20 to 25 mm from the 
melt delivery nozzle. Below the melt stream core, a foggy zone with 
numerous fine droplets/particles is visible, as depicted in Fig. 4(a). 
These fragmented particles then undergo cooling as they descend along 
the atomization tower, ultimately collecting in the primary hopper. 

Fig. 5 illustrates the morphology of the NiSi12% powders obtained 
from the gas atomization test. The majority of the particles exhibit an 

approximately spherical shape, with a small number of satellites indi
cating optimal conditions for achieving high flowability. 

A quantitative assessment of powder morphology, conducted using 
the Malvern Morphologi 4 (Malvern Panalytical Ltd., Malvern – UK), is 
presented in Fig. 6. Powder circularity best characterizes the sphericity 
of the powders, while convexity is directly linked to the surface 
roughness of each analyzed particle and serves as an indicator of the 
presence of satellites. Both parameters are closely tied to powder size, as 

Fig. 4. (a) Overview of the spray pattern formed as the melt stream interacts with the high-speed gas flow in the gas atomization process; (b-d) Snapshots capturing 
the behavior of the melt-gas interface during the primary breakup of the melt stream and the secondary breakup of droplets using high-speed imaging. 

Fig. 5. SEM images of NiSi12% powders produced under the 40 MPa.  
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observed in Fig. 6. Smaller powders tend to be more spherical with fewer 
satellites, attributed to the higher surface tension during solidification, 
which reduces deviations from sphericity. 

The metal particle size distribution is analyzed using a laser particle 
analyzer. The particle size range measured by the laser particle analyzer 
is (0 μm, 3000 μm), which is much larger than the size range (0 μm, 200 
μm) we are interested in this study. Fig. 7(a) shows the particle volume 
ratio/frequency for different size groups within the particle size range 
(0 μm, 200 μm) obtained by a laser particle analyzer. The bin size for the 
particle size analysis increases exponentially which is more suitable for 
logarithmic scale plots of particle size distribution. Hence, the particle 
size distribution (ps

i) given by the laser particle analyzer depends on the 
selection of bin size with a size range (s1

i,s2
i). To make the particle size 

distribution independent of bin size and easy to compare with those 
obtained in simulation, it is better to use normalized differential fre
quency density instead of volume ratios within selected bins. The dif
ferential frequency density (ρs

i) for the particles within the bin bi with a 
size range (s1

i,s2
i) is calculated from the volume ratio/frequency (ps

i) as 
ρs

i = ps
i/
(
s2

i − s1
i). In addition, the particle size distribution within the 

interested size range (0 μm, 200 μm) is also normalized so that 
∫ 200 μm

0 μm 

ρs
id
(
si) = 100. With such processing, the updated particle size distri

bution in terms of normalized differential frequency density is shown in 
Fig. 7(b). 

4.2. Simulation results of reference case 

To evaluate the effectiveness of the proposed numerical modeling 
framework for the gas atomization process, numerical modeling is used 

to predict the droplet formation at the primary breakup stage, the sec
ondary breakup of the primary droplets, and the particle size distribu
tion under the reference test conditions presented in Section 4.1. The gas 
atomization reference test is designed to produce NiSi12% alloy 
powders. 

4.2.1. Primary breakup of melt stream 
For the reference test, the melt stream mass flow rate was calculated 

by dividing the total weight of alloy loaded in the crucibles over the 
atomization period. The estimated melt flow rate was 1.26 kg/min. The 
gas atomization pressure was operated at 40 MPa. The gas flow rate was 
obtained by measuring the mass consumption rate of atomization gas 
(argon), and it was about 2.28 kg/min on average. The gas density at the 
region near the outlet of the gas flow path from the gas plenum was 
estimated by a CFD modeling of the compressible single gas phase flow. 
The material properties of NiSi12% melt were estimated using the 
Thermo-Calc software and listed in Table 1. With the above-mentioned 
inlet flow rates and material properties of both melt and gas phases, the 
primary breakup model described in Sections 2.2 and 2.6 and imple
mented in OpenFOAM can be configured to run the simulation. 

Fig. 6. Quantitative powder morphology; (a) circularity as a function of powder size, (b) convexity as a function of powder size.  

Fig. 7. Particle size distribution within the size range (0 μm, 200 μm) in the form of (a) volume ratio/frequency and (b) the normalized differential frequency density. 
The cumulative particle size distribution is also displayed. 

Table 1 
Material properties for the primary breakup modeling.  

Material Density 
(kg/m3) 

Kinematic viscosity 
(m2/s) 

Surface tension 
(N/m) 

NiSi12% 
melt 

7441.56 1.20E-6 
1.26 

Argon gas Ideal gas law 2.74E-5  
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A series of predicted snapshots of the disintegration of the melt 
stream by the high-speed gas flow at a time interval of 0.2 ms are shown 
in Fig. 8. Fig. 8(a-c) shows the growth of a ligament under the melt 
nozzle tip. The melt ligament becomes longer and longer while the 
length of the melt stream core becomes shorter due to the local circu
lating gas eddy under the melt nozzle tip. Fig. 8(d-f) shows the disin
tegration of the ligament into droplets. Fig. 9 shows the detailed 
interaction process between the ligament and the high-speed gas flow. 
Fig. 9(a) shows that the high-speed gas impinges on the ligament from 
the upstream side, and there are several local circulating eddies on the 
downstream side. Then, the ligament breaks into several sections as 
shown in Fig. 9(b). The high-speed gas breaks these ligament sections 
further into droplets and drives them downstream as shown in Fig. 9(c). 
Finally, the ligament is pinched off the melt stream core, which resumes 
to an inverted cone shape under the nozzle tip as shown in Fig. 9(d). 
When the dynamic behavior of the melt-gas interface predicted by the 
numerical simulation shown in Fig. 9 is compared qualitatively with that 
captured by a high-speed imaging technique shown in Fig. 4(b-d) and 
the work of [13], they show similar features. 

It can be concluded from Fig. 9 that the interaction of gas flow eddies 
with the melt stream plays a very important role in the primary breakup 
process. The instability of the melt stream also affects the formation of 
gas flow eddies. The typical snapshots of the gas-speed distribution 
under the atomization nozzle are shown in Fig. 10. Since the Large eddy 
simulation turbulence model is adopted, gas flow eddies and fluctua
tions are predicted by the model, which posts strong effects on the 
instability on the surface of the liquid core leading to the primary 
breakup. It is believed that the Large Eddy Simulation is important in 
reasonably capturing the detailed flow physics of the primary breakup 
process [27]. 

The droplets tracked by the VOF function are sampled at the bottom 
outlet of the computational domain, converted into point particles, and 
stored with the information of sampling time, diameter, position, and 
velocity. A statistical analysis of the sampled droplets gives the size 
distribution as shown in Fig. 11. The melt stream is well disintegrated 

into droplets smaller than 300 μm in diameter. The droplets produced in 
the primary process have the highest frequency density at a size of 
around 120 μm. 

Since the physical boundary for the primary breakup zone in the gas 
atomization process cannot be clearly defined, the simulation results 
depend upon the selections of the computational domain and mesh grid 
size. It is difficult to verify the simulation results with the experimental 
observations. To follow the basic mass conservation law, the size of the 
sampled droplets is adjusted so that the melt flow rate of the total 
droplets is the same as the one applied in the reference test. The sampled 
droplets are used as one of the key inputs to the modeling of the sec
ondary breakup inside the atomization chamber. 

4.2.2. Secondary breakup of melt droplets 
The secondary breakup model is described in Sections 2.3, 2.4, and 

2.6 and implemented in Ansys Fluent. Since a compressible ideal gas 
model is applied, the atomization gas pressure of 40 MPa is set to the 
inlet to the gas plenum. The total gas consumption rate predicted by the 
model agrees well with the measurement in the reference test. The 
droplets sampled at the primary breakup modeling stage are input into 
the model for the secondary breakup modeling. The KHRT secondary 
breakup model implemented in Ansys Fluent is applied to track the 
breakup of the primary droplets into fine droplets until the droplet 
surface is stable, which can be estimated by the droplet Weber number. 
The melt density, viscosity, and surface tension coefficient can vary with 
the droplet temperature. Hence, the cooling of droplets by the atomi
zation gas flow can have a strong effect on the final particle size dis
tribution. The variations of the melt thermal properties with 
temperature are estimated using Themo-Calc as shown in Fig. 12. 

Fig. 13(a) shows a snapshot of the predicted velocity magnitude 
distribution of the high-speed gas flow from the gas plenum to the at
omization chamber. Since the Large Eddy Simulation turbulence model 
is applied, the gas flow fluctuations and eddies are predicted inside the 
atomization chamber. Fig. 13 (b) shows a snapshot of droplet/particle 
distribution inside the atomization chamber. After the primary droplets 

Fig. 8. Model prediction of gas-liquid interface dynamic deformation and droplet formation due to primary breakup.  
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are input into the model, the high-speed gas creates a strong drag on the 
droplets leading to further break up into smaller droplets. The particles 
are transported and cooled by the gas flow to the downstream. 

4.2.3. Particle size distribution 
Particles are sampled at the outlet boundary of the atomization 

chamber during the transient simulation of the secondary breakup 
process. The statistical analysis is performed for the sampled particles to 
extract the particle size distribution. Fig. 14 shows the comparisons of 
the final particle size distribution predicted by the numerical model and 
the measurement for the reference test. They are in good agreement in 
the size range (0 μm, 200 μm). The model made slightly under- 
prediction for small particles (< 25 μm) and over-prediction for large 
particles (> 100 μm). 

In addition, two additional gas atomization tests are performed with 
the operating conditions: (a) gas atomization pressure at 35 MPa, gas 
flow rate at 2.18 kg/min, and melt flow rate at 1.92 kg/min; (b) gas 
atomization pressure at 45 MPa, gas flow rate at 2.57 kg/min and melt 
flow rate at 1.43 kg/min. The particle size distributions of the powders 
are compared with those predicted by the numerical model as shown in 
Fig. 15. In general, the particle size with the largest frequency density 
predicted by the numerical model agrees well with those observed in the 
experiment. 

To quantitatively evaluate the numerical model prediction accuracy 
of particle size distribution, the following deviation metric methods are 

applied. Based on the cumulative volume fraction of particle size dis
tribution, the percentile values of D10, D50, and D90 are checked. Based 
on the normalized frequency density (ρi

s), a relative prediction error 
(Erel) and an absolute prediction error(Eabs) are defined as 

Erel =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑i=N

i=1

(
ρi

s,sim − ρi
s,exp

)2
/

N

√

MAX
(

ρi
s,exp

) (30)  

Eabs =
1

100

∫ i=N

i=1

⃒
⃒
⃒ρi

s,sim − ρi
s,exp

⃒
⃒
⃒d
(
si ). (31) 

The model prediction accuracy of the particle size distribution for the 
gas atomization tests is summarized in Table 2. From the cumulative 
volume fraction distributions, it can be concluded that the model makes 
good predictions of D50 for all three gas atomization tests. For Test case 
A, the model underestimates the frequency density for small particles 
(<40 μm) as shown in Fig. 14(a), and the D10 is pretty overestimated. 
For Test cases B and C, the model overestimates the frequency densities 
for large particles (> 100 μm) as shown in Figs. 13 and 14(b), and the 
D90s are quite overstimated. Interpreted from the frequency density 
distributions, the numerical model makes better predictions for Test 
cases B and C in terms of the relative error (Erel), while better predictions 
for Test cases A and B in terms of the absolute error(Eabs). 

Fig. 9. Model predictions on the detailed interaction process between the melt ligament and high-speed gas flow, and the breakup into droplets.  
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4.3. Model sensitivity study on effects of operational parameters on 
particle size distribution 

4.3.1. Secondary breakup models 
Ansys Fluent offers five sub-models for droplet secondary breakup as 

described in Section 2.4. Each sub-model under certain assumptions 
includes certain mechanisms for secondary breakup. A sensitivity study 
of these secondary breakup sub-models was performed to identify which 
model is more suitable for simulating the droplet breakup in the gas 
atomization process. Fig. 16 shows the variation of particle distribution 
predicted by different sub-models for the secondary breakup under the 
conditions of the reference gas atomization test. The particle size dis
tributions predicted by both the KHRT and the WAVE models are quite 
similar, which is also close to the one measured in the gas atomization 

test. Both models underestimate the frequency density for the particles 
with diameters smaller than 22 μm. The prediction of the Schmehl 
model shows the smaller-sized particles within the diameter range of 
12–24 μm have the highest frequency density. The SSD model over
estimates the frequency density of the larger-sized particles compared to 
the reference test. The TAB model makes a reasonable prediction of the 
frequency density for particles smaller than 32 μm, over-prediction for 
particles within the range of 32–56 μm, and under-prediction for par
ticles within the range of 56–140 μm. Referring to the detailed 
description of the KHRT model in Section 2.4, it is believed the KHRT 
model is more suitable for simulating the secondary breakup of droplets 
in the gas atomization process. The KHRT model is therefore applied in 
other simulations presented in this paper. 

4.3.2. Effect of gas atomization pressure 
When the operating pressure for the gas inlet plenum is varied at 

PG = 30, 35, 40, and 45 bar in the simulations, the gas flow rates pre
dicted by the compressible single gas phase model are 1.71, 1.98, 2.28, 
and 2.55 kg/min, respectively. It is confirmed that the model predictions 
on the gas flow rates agree well with the measurements in the reference 
gas atomization tests where PG = 40 bar. To study the effect of gas at
omization pressure on the particle size distribution, the inlet flow rate of 
melt is artificially kept constant at 1.26 kg/min in the simulations. 
Fig. 17 shows the particle size distribution after secondary breakup 
under different inlet gas operating pressures. As the inlet gas operating 
pressure increases from 30 bar to 45 bar, the mass flow rate of gas in
creases as well as the gas flow speed. Due to the higher momentum in the 
gas flow, the melt stream can be broken into smaller droplets. As the 
inlet gas operating pressure increases from 40 bar to 45 bar, more small 
particles are generated, but there is no significant change in particle size 
with the highest frequency density. 

Fig. 10. Model prediction of the temporal distributions of the gas flow magnitude and flow eddies in the primary breakup process.  

Fig. 11. Predicted droplet size distribution after the primary breakup.  
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4.3.3. Effect of melt inlet flow rate 
If the gas atomization pressure is fixed at 40 bar, the effect of melt 

flow rate on particle size distribution in the gas atomization process can 
be investigated through simulations. Referring to the melt flow rate in 
the reference gas atomization test: ṁl,ref = 1.26 kg/min, the melt flow 
rates can be varied at different ratios: ṁl/ṁl,ref = 0.5,1.0 and 1.5. The 
distributions of particle size predicted by the simulations with different 
melt flow rates are shown in Fig. 18. When the melt flow rate is 
increased by 50% to the reference test, there is no significant change in 
the particle size distribution. However, when the melt flow rate is 
decreased by 50% to the reference test, the particle size increases 
slightly. Luo et al. [13] experimentally investigated the breakup 
behavior of the liquid jet in the gas atomization for powder production. 
Hua et al. [45] numerically studied the microdroplet formation in 
coflowing immiscible liquids. Different breakup modes for the liquid 
stream: dripping and jetting, are reported. The dripping mode occurs 
when the surface tension is strong and intends to attach the droplet to 
the small liquid delivery tube. It happens when the liquid stream flow 
rate is low and the dragging force from the external fluid flow is not 
strong enough. In the contrary situation, the liquid stream breaks up in 
the jetting mode. Normally, the droplet size produced in the dripping 
mode is relatively larger than that in the jetting mode. The droplet size 
variation can be larger in the dripping mode than that in the jetting 
mode. This helps to explain the simulation results about the effects of 
melt flow on the particle size distribution. 

4.3.4. Effect of melt viscosity 
The melt viscosity can vary significantly with the changes in droplet 

temperature while the droplet is cooled and solidified inside the atom
ization chamber. The variation of melt viscosity also has strong effects 
on the breakup behavior of the melt stream into droplets. Fig. 19 shows 
the droplet size distribution after secondary breakup under different 
melt viscosity ratios. The melt droplet is more difficult to break up with a 
higher viscosity according to the secondary breakup model described in 
Section 2.4. Melt with higher viscosity produces larger droplets/parti
cles through gas atomization. With the increased melt viscosity, the 

particle size with the highest frequency density becomes larger. The 
frequency density for small particles (< 60 μm) decreases while for large 
particles (>100 μm) increases. Hence, the powders will have a wider size 
range. 

4.3.5. Effect of melt surface tension 
The melt surface tension is one of the important forces to retain the 

droplets from breakup. The melt surface tension can also be 
temperature-dependent. As the temperature decreases, the surface ten
sion coefficient will decrease before the melt starts to solidify and in
crease significantly during the solidification process as shown in Fig. 12. 
Hence, the variation of the melt surface tension coefficient can signifi
cantly affect the final particle size distribution in the gas atomization 
process. Fig. 20 shows the droplet size distribution after secondary 
breakup under different surface tension ratios. The melt droplet is more 
difficult to break up with a higher surface tension. Melt with higher 
surface tension produces larger droplets/particles through gas atomi
zation. The melt with smaller surface tension produces smaller particles 
with a relatively narrow size distribution. 

4.3.6. Effect of melt superheat temperature 
Since both melt viscosity and surface tension are temperature- 

dependent, the melt droplet breakup dynamics are affected by the 
changes in temperature. During the secondary breakup process, the 
droplet size becomes smaller. The smaller droplets can be cooled more 
effectively by the high-speed cold gas. Hence, the secondary breakup 
process of melt droplets can be affected by the cooling and solidification 
processing significantly. The cooling dynamics of the melt droplets can 
be considered in the Fluent DPM model for the secondary breakup. 

Fig. 21 shows the particle size distribution after the secondary 
breakup under different melt superheat temperatures of 1600 K, 1500 K, 
1450 K, and 1430 K. When the melt superheat temperature is 1600 K, it 
is about 200 K higher than the liquidus temperature. The secondary 
breakup of the melt droplet occurs while its temperature is above the 
liquidus temperature. This means the droplet becomes fully broken up 
before the solidification process starts. In this case, the mean particle 

Fig. 12. Variations of the melt (NiSi12%) thermal properties: (a) density; (b) viscosity; (c) surface tension; (d) specific heat; (e) solid fraction with temperature 
estimated using Thermo-Calc. 
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size can be small and the particle size variation is also small. If the melt 
superheat temperature is not high enough, the melt droplet starts to 
solidify before the secondary breakup is completed. When the melt 

temperature becomes lower than the liquidus temperature, its viscosity 
will increase quickly, which results in the interruption of the further 
breakup process. Hence, the final particle size will be larger. Due to the 
large variations in the cooling rates of the droplets with different sizes, 
locations, and speeds, the interruption of the droplet breakup process 
due to its solidification can lead to a large variation in the final particle 
size. Similar trends are revealed in the simulation results shown in 
Fig. 21. 

5. Conclusions 

A computational fluid dynamics (CFD) based numerical modeling 
framework is proposed to simulate the gas atomization process of 
Nickel-Silicon alloy with a focus on predicting the final particle size 
distribution. In terms of multiphase flow physics, the gas atomization 
process is divided into two regions: the primary breakup region near the 
gas atomization nozzle tip and the secondary breakup region down
stream within the gas atomization chamber. The primary breakup of the 
melt stream by a high-pressured inert gas flow jet is simulated using a 
VOF two-phase flow model in OpenFOAM. The process of melt stream 
disintegration, ligament pinching off, and primary droplet formation 
can be captured through the modeling. The secondary breakup of the 
melt droplets generated at the primary breakup stage is simulated using 
an Eulerian-Lagragian discrete phase model (DPM) in Ansys Fluent. The 
movement, secondary breakup, and cooling of the droplets are tracked 
using a Lagrangian method. To evaluate the model performance, the 

Fig. 13. A snapshot of model prediction of the distributions of (a) the gas flow velocity magnitude and (b) particles (colored by diameter) inside the atomization 
chamber in the secondary breakup process. 

Fig. 14. Comparison of the particle size distributions in the form of normalized 
frequency density and cumulative volume fraction predicted by the numerical 
model and those measured in the reference gas atomization test. The gas at
omization pressure is set to 40 MPa. 
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proposed modeling approach is applied to predict the final particle size 
distribution obtained from a specially designed gas atomization test of 
Nickel-Silicon alloy. The model geometry and simulation domain are 
configured according to the equipment setup (e.g. the gas atomization 
nozzle and chamber) used in the gas atomization test. The boundary 
conditions for the modeling (e.g. gas atomization pressure and melt flow 
rate) are set according to the operating conditions from the gas atomi
zation tests. The material properties (density, specific heat, viscosity, 
surface tension) of NiSi alloy melt and their variations with temperature 
are estimated using a software tool – ThermoCalc. The particle size 

distribution predicted by the proposed modeling approach agrees well 
with that obtained by the particle size measurement of the powders 
produced in the gas atomization test. 

In addition, various numerical simulations are performed to inves
tigate the effects of different operating parameters (gas pressure, melt 
flow rate, melt superheat temperature) and melt material properties 
(viscosity and surface tension) on the particle size distribution. The 
simulations show how these parameters, when they are decoupled and 
considered individually, could alter the particle size distribution rela
tively compared to that obtained in the reference gas atomization test. In 
general, the condition of higher gas pressure, lower viscosity, lower 
surface tension, and higher superheat temperature can lead to the for
mation of finer particles in the gas atomization process. The effect of the 

Fig. 15. Comparison of the particle size distribution in the form of normalized frequency density and cumulative volume fraction predicted by the numerical model 
and those measured in the gas atomization tests. The gas atomization pressures are set to (a) 35 MPa and (b) 45 MPa. 

Table 2 
Comparison and evaluation of model prediction accuracy of particle size distribution for different gas atomization tests.  

Test cases: Gas atomization pressure Cumulative volume fraction Frequency density 

D10 (Sim:Exp) D50 (Sim:Exp) D90 (Sim:Exp) Erel Eabs 

Test case A: 35 MPa 38.4: 26.8 μm 75.6: 67.1 μm 150.5: 146.5 μm 19.2% 27% 
Test case B: 40 MPa 24.3: 20.6 μm 50.0: 44.7 μm 142.7: 97.5 μm 9.3% 25% 
Test case C: 45 MPa 22.8: 20.3 μm 46.6: 40.0 μm 124.7: 60.0 μm 10.1% 38%  

Fig. 16. Particle size distribution predicted by different sub-models for the 
secondary breakup: Taylor breakup model (TAB); Wave breakup model (Wave); 
KHRT breakup model (KHRT); Stochastic Secondary Droplet Model (SSD) and 
Schmehl breakup model. 

Fig. 17. Particle size distribution after secondary breakup under different inlet 
gas operating pressures at 30, 35, 40, and 45 bar. 

J. Hua et al.                                                                                                                                                                                                                                      



Powder Technology 435 (2024) 119408

17

melt flow rate can be trivial depending on the melt steam flow pattern 
near the nozzle tip. It should be pointed out that the effects of these 
operating parameters and material properties are always coupled with 
each other in reality. It causes challenges in controlling the gas atomi
zation process to get optimized particle size distribution of the produced 
powders. The numeral modeling approach provides us with an alter
native method to investigate the flow physics of the gas atomization 
process and understand the effects of different operating parameters and 
material properties. With this knowledge, the gas atomization process 
can be optimized for different materials and atomization equipment to 
produce quality powders for different applications. 
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σ
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Fig. 21. Comparison of the particle size distribution after secondary breakup 
under different melt superheat temperatures at 1600 K, 1500 K, 1450 K, and 
1430 K. 
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