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Simulation and validation of the gas flow in close-coupled gas atomisation 
process: Influence of the inlet gas pressure and the throat width of the 
supersonic gas nozzle 
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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  

• Simulated gas flow dynamics validated 
by Particle Image Velocimetry. 

• Adjusting the pressure inlet, similar gas 
flows result with different gas atomisers. 

• Longer supersonic plumes are obtained 
increasing the inlet atomising pressure. 

• The gas consumption value combines 
the effect of the pressure and the gas 
atomiser. 

• The numerical data explain the resulting 
particle size distributions of the 
powders.  
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A B S T R A C T   

The effectiveness of a close-coupled gas atomisation process largely depends on the operational and the geo-
metric variables. In this study, Computational Fluid Dynamics (CFD) techniques are used to model and simulate 
the gas flow in the melt nozzle area for a convergent-divergent, close-coupled gas atomiser in the absence of the 
melt stream. Firstly, a reference case, in which the atomisation gas is nitrogen at 50 bar and a supersonic gas 
nozzle with a throat width of L0 has been modelled, is presented. Then, the influence of both the inlet gas 
pressure and this design parameter are investigated, comparing the numerical results provided by simulations 
varying the inlet pressure from 5 to 80 bar and modelling different convergent-divergent gas nozzles with throat 
widths of 0.29•Lo, 0.5•Lo, 0.77•Lo and 2•Lo respectively. The simulation results show how similarly these two 
parameters modify gas mass flow rates, gas velocity fields, aspiration pressures in the melt delivery tube or the 
size of the recirculation zones below the melt nozzle. Therefore, it can be stated that this geometric variable of 
the gas nozzle may be as relevant as the inlet pressure in the atomisation process. The most important novelty of 
this study is related to experimental validation of the numerical results using the Particle Image Velocimetry 
(PIV) technique and through direct measurements of gas mass flow rates, with a clear correlation between 
simulated and measured data. Moreover, some results obtained with experimental atomisations using copper and 
nitrogen are also presented. The experimental results show that finer powders are produced by increasing the 
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atomising pressure or the throat width of the supersonic gas nozzle, which can be directly related to the gas flow 
dynamics calculated numerically.   

1. Introduction 

Metal powders are the basis of the Powder Metallurgy industry, 
which comprises of many processes to produce components with char-
acteristics tailored to a specific application, such as near-net-shape, 
controlled porosity, specific functionalities and properties (e.g. me-
chanical, thermal, electrical, magnetic, etc.), or low price. The powders 
produced by different manufacturing processes are pre-conditioned (e.g. 
by heat treating, sieving, mixing, milling, etc.), consolidated (e.g. by 
press and sintering, hot pressing, hot isostatic pressing, etc.) and sub-
jected to subsequent finishing processes (e.g. heat treating, machining, 
coating, etc.) [1–3]. In recent decades, metal Additive Manufacturing 
(AM) has generated great interest because it allows geometrically 
complex objects to be obtained and enables rapid prototyping of parts. It 
is a technology that produces three-dimensional parts by repeated layer 
deposition, as opposed to traditional manufacturing methodologies, 
which are based on material subtraction [4]. Although some systems 
employ a solid wire feed, most commercial methods use metal powder, 
whose morphology serves as a key component in the final quality of the 
printed part [5,6]. The most predominant method for producing powder 
for metal AM is the gas atomisation process, given its suitable balance 
between production volume, morphology and particle size [7]. 

Gas atomisation is an effective and widely used process to produce 
fine spherical metal powders and it is attractive because of its easy 
application to several materials with good process control. In this pro-
cess, a high-speed gas is used to break up a molten stream, thus trans-
ferring kinetic energy from the gas to the liquid metal stream, which 
then becomes unstable. Due to its lower cost, nitrogen is the preferred 
choice. When atomising materials reactive with nitrogen, argon is usu-
ally employed. The use of helium is expensive, but its high thermal 
conductivity enhances the cooling rate of the particles, helping to obtain 
amorphous structures [8]. The gas expanding around the molten stream 
causes a dramatic depressurization and the disintegration of the liquid. 
In the primary atomisation, the liquid column is broken into large 
droplets or ligaments by the expanding gas (Fig. 1). These large droplets 
disintegrate further during the secondary atomisation, forming smaller 
droplets that finally solidify in flight. 

The most common gas atomiser designs are the close-coupled and 
free-fall types. The underlying difference between these two technolo-
gies is the location of the gas-melt interaction zone. The gas exit is next 
to the melt nozzle exit in close-coupled atomisation, while in free-fall 
atomisers, a distance between 10 cm and 30 cm is maintained be-
tween them. This distance allows the liquid metal to flow downward in 
quiescent atmosphere before the high velocity gas interacts with it. 
Despite the drawbacks of backflow and freeze-off that normally do not 
occur during free-fall atomisation, close-coupled atomisers are able to 
produce finer powders because the shorter distance favours the transfer 
of energy. Up until now, two different gas nozzles have been widely used 
for close-coupled atomisation, namely the annular-slit and the discrete- 
jet nozzle. The annular-slit nozzle is an annular slot surrounding the 
melt feeding tube, while the discrete-jet nozzle is made up of a number 
of discrete holes. The annular-slit nozzles are more widely used by in-
dustry due to their superior performance in comparison with the 
discrete-jet ones. The CEIT-BRTA research centre is equipped with a 
Phoenix Scientific Industries Ltd. small-scale research atomisation unit, 
model HERMIGA 75/3VI, whose atomiser is a close-coupled gas atom-
iser with an annular-slit nozzle as illustrated in Fig. 1. 

The influence of the processing variables is best understood in terms 
of their capacity to affect the energy delivered to the melt. Any change 
from one atomisation to another has an impact on the resulting powders 
since their characteristics depend on several operational variables, 
geometrical parameters and physicochemical properties of the gas and 
the melt. In general, a higher gas-to-melt mass flow rates ratio (GMR) 
results in a finer powder. As atomisations can be performed with several 
gases at different inlet pressures or even with slightly different gas at-
omisers, gas velocity and gas mass flow rates can be changed. On the 
other hand, the melt mass flow rate can be adjusted through the melt 
stream diameter and by pressurizing the melting chamber. . Super-
heating the melt decreases its viscosity and prolongs the post- 
atomisation solidification time, helping to produce smaller spherical 
particles too. 

Since the gas flow is the driving force in the breakup process, gaining 
insight into its dynamics is of paramount importance to understand the 
atomisation process. Computational Fluid Dynamics (CFD) is a brand 

Fig. 1. Schematic diagram of the primary atomisation of a melt stream by the rapidly expanding gas (left) and photograph showing the proximity between the gas 
and the melt exits (right). 
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branch of fluid mechanics that uses numerical analysis and data struc-
tures to analyse and solve problems involving fluid flows as complex as 
the mixing efficiency in a micromixer module [9], the aerodynamic 
noise radiation from different rotor blade profiles [10] or the influence 
of the dry ice blasting nozzle geometry [11–14]. Various highly complex 
phenomena occurring during the gas atomisation process can also be 
modelled and simulated using CFD techniques. Simulations reveal de-
tails of the flow that are not experimentally accessible, but that have an 
impact on the powder properties. The majority of the previous studies 
simulate the gas flow dynamics in the absence of the liquid metal in 
order to understand the influence of certain operational and design 
variables on the atomisation process [15–22]. For example, Mi et al. 
[15] found that higher inlet pressures produce longer supersonic gas 
plumes, whereas Mates et al. [17] compared numerically the efficiency 
of different gas nozzle geometries. Ting and Anderson [18] conducted an 
investigation on the gas dynamics of the open-wake and closed-wake 
conditions to validate the predictions of a pulsatile atomisation model 
earlier proposed by Ting [23]. Zeoli et al. [19] proposed the concept of 
isentropic plug nozzles to reduce the shocks and maximize the kinetic 
energy transferred from the gas to destabilize the melt stream,showing 
also that preheating the atomising gas considerably reduces its con-
sumption and produces greater velocities . Li et al. [20] revealed that the 
convergent-divergent nozzle expands the gas to a pressure very similar 
to the ambient pressure, so supersonic velocities are reached at the exit. 
In contrast, the convergent nozzle provides a highly sub-expanded and 
sonic flow, as well as a strong overpressure around the melt tip. Aydin 
and Ünal [22] proved that CFD simulations provide an accurate esti-
mation of the actual aspiration pressure and that further increases of the 
gas pressure produce higher gas flow rates but not a significant increase 
in velocity magnitudes in the supersonic regime. 

More complex studies are based on simulating only the secondary 
atomisation stage, as well as the solidification and cooling of liquid 
droplets during their flight time in the atomisation chamber, by means 
of Lagrangian Particle Tracking (LPT) [24–26]. In these studies, the 
injection points and initial diameters of the droplets are not derived 

from simulations of the primary atomisation so they are often chosen 
arbitrarily. However, a later study has demonstrated that the charac-
teristics of the particle injection significantly affects the resulting par-
ticle size distributions [27]. Due to the inherently complex interaction 
between two fluids with extreme differences in terms of physical prop-
erties and time and length scales, there are only few studies modelling 
the primary atomisation stage of this metal production process [28–30]. 
Thus, accurate modelling of the transition from primary to secondary 
atomisation remains a challenge. In recent years, several multiphase 
models have been developed to simulate the disintegration of other 
liquids such as water and fuels, where Eulerian–Lagrangian (EL) ap-
proaches have taken on a leading role. They are mostly based on 
Interface Capturing Methods (ICM) in Eulerian models for the dense part 
of the spray, and then switching to LPT in the dilute region (ICM + LPT). 
A substantial amount of literature is available on this topic, proposing 
models that differ from the Eulerian model and transition criteria 
[31–34]. Although considerable advances have been made, EL transition 
models demand excessive computing power for current average com-
puters. In the particular case of close-coupled gas atomisation, the 
calculation time required for reaching a statistically steady state is long. 
Furthermore, the presence of shock waves and the thermal nonequilib-
rium between phases lead to a highly unsteady process, giving rise to 
additional numerical constraints. These limitations encourage simplified 
multiphase models such as the Eulerian Spray Atomisation (ESA) or the 
Eulerian–Lagrangian Spray Atomisation (ELSA) models to be considered 
[4,35,36]. 

Although recent studies focus primarily on developing new multi-
phase models to study the interaction between the atomising gas and the 
melt liquid, the authors of this study ensure that highly valuable infor-
mation can be extracted from single-phase simulations. Nowadays, the 
main challenges faced by the gas atomisation process is finding the 
optimum combination of operational and geometrical parameters that 
maximizes yield, while overcoming the natural tendency to produce 
wide particle size distributions and avoiding the satellite formation and 
particle aggregation [37–41]. Since the main cause of the latter is the 

Fig. 2. Spatial discretization of the model and y+ contours in some walls.  
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recirculation of solidified fine particles in the atomisation chamber and 
these surface defects reduce the flowability of the atomised powders 
[42,43] the use of anti-satellite systems is recommended [44,45]. 
However, the reason for the former is still not fully understood. Thus, the 
gas atomiser design optimisation is a really interesting topic at present, 
which can be approached, in a faster way, simulating only the atomising 
gas flow dynamics instead of performing more complex multiphase 
simulations. The simulations in this work model the gas flow in the 
absence of the metal stream using axisymmetric two-dimensional 
models Unlike other studies, which use simplified geometries, an accu-
rate geometric model of the gas nozzle is used here, ensuring that no 
simplifications in those aspects that could affect the gas dynamics. 
Several simulations were specifically designed to understand the influ-
ence of the inlet gas pressure and the throat width of the supersonic gas 
nozzle. The numerical results have shown that any small variation in its 
length produce important effects on the resulting gas flow characteris-
tics due to the reduced size of this geometric variable. It is demonstrated 
that its influence may be assimilated to that of the inlet gas pressure, 
which has always been considered predominant in the gas atomisation 
process. However, it can be stated that the most important novelty of 
this study is related to the validation process followed after performing 
the CFD simulations since there is a clear lack of experimental validation 
of them. The numerical results have been experimentally validated by 
Particle Image Velocimetry (PIV), which is a very unusual technique in 
the context of the gas atomisation process, and gas mass flow mea-
surements. Although PIV technique has been used in other cases related 
to AM technologies [46,47], to the best of the authors’ knowledge, there 
is only one article in literature where this complex technique was used in 

connection with the gas atomisation process [16]. It was employed to 
measure the size and the velocity of copper droplets during the atom-
isation itself, while this equipment has been selected to measure the 
velocity of the atomising gas in order to validate the results provided by 
the CFD simulations. Due to the clear correlation between the numerical 
results and the experimental measurements in both axial and radial di-
rections, it is confirmed that the simulations are capable of correctly 
predicting the atomising gas flow inside the atomisation chamber. 
Consequently, CFD techniques are a very suitable tool to advance in the 
design of more efficient gas atomisers [48]. Finally, the relevant powder 
properties of copper powders atomised experimentally are explained by 
means of the simulation results. 

2. Modelling and simulation procedure 

The gas flow inside the atomisation chamber in the absence of the 
melt stream has been modelled and simulated through the commercial 
code Ansys Fluent 2021 R1. The ideal flow domain would be one that 
would permit a detailed study of the atomising gas flow from the gas 
supply to the exterior. Fig. 2.a displays the complete geometry of the 
atomisation unit. However, this option is not feasible due to the exces-
sive size of the domain, the associated computational cost and the dif-
ficulty in performing a fine enough spatial discretization to capture all 
the gas dynamics. In addition, this flow domain would have to be 
considered as three-dimensional and tridirectional, so that no compo-
nent in the velocity field or any spatial coordinate could be obviated. 
Consequently, a series of decisions have been made to limit the flow 
domain in the mathematical model. Due to the rotational symmetry of 

Fig. 3. Flow domain and boundary conditions imposed on the model.  
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both the atomisation unit and the boundary conditions, an axisymmetric 
model of one half of a meridional section is considered, which comprises 
of a section before the gas nozzle, the supersonic gas nozzle itself and a 
portion of the atomisation chamber (see Fig. 2.b). The width of the su-
personic gas nozzle Lo, shown in Fig. 2.c, is considered to be the char-
acteristic length of the model. Different domains varying the dimensions 
Lx and Ly, marked in Fig. 2.b, were analysed in order to decide which size 
was the most suitable for performing the simulations. Finally, it was 
decided that a computational domain encompassing the gas flow field of 
4285•Lo x 571•Lo would be used. Smaller domains (1428•Lo x 286•Lo, 
2857•Lo x 286•Lo and 2857•Lo x 571•Lo) gave convergence problems, 
while larger domains (4285•Lo x 1142•Lo and 5714•Lo x 857•Lo) 
delivered practically identical results to the 4285•Lo x 571•Lo domain. 
Due to the lower computational cost associated, these dimensions were 
taken as reference in all simulations. 

The remarkable dimensional differences between the distinct zones 
are clearly observable in Fig. 2. While the part of the domain corre-
sponding to the atomisation chamber has a total size of 4285•Lo x 
571•Lo, the dimensions of the convergent-divergent nozzle through 
which the atomising gas is expanded, hence increasing its kinetic en-
ergy, are much smaller (in the range of ~180•Lo x 18•Lo, with a mini-
mum thickness at the throat of Lo). These dimensional differences have 
conditioned the spatial discretization of the model because the mesh 
should be fine enough across the large gradients and adjacent to 
geometrical changes to make sure that it is able to capture the high- 
velocity gas dynamics. It is essential to maintain an optimum mesh 
quality for consistency and stability of the solution [11–14].Since the 
structured quadrilateral mesh can provide better results at higher-order 
schemes and still retains better numerical stability and accuracy than 
the unstructured triangular mesh, it was necessary to partition the 
domain in order to create such a grid practically throughout the entire 
domain. Initially, the flow domain was divided into approximately 2.4 
million. However, further local refinements in regions with high pres-
sure and velocity gradients increased the final mesh to approximately 3 
million cells in order to obtain a better resolution and achieve a good 
convergence cells (see Fig. 2). It was assumed that the discretization 
error was small when no variation in the results was detected after 
subsequent mesh refinements. 

In the performed simulations, the flow is considered in steady state 
conditions. The atomising gas is nitrogen, which is treated as an ideal 
gas. Since the flow is in turbulent regimen, the Favre Averaged Navier 
Stokes (FANS) equations are solved using the turbulent viscosity 
approach for the closure of the flow and energy equations (see Appendix 
B). The turbulent viscosity is calculated through the Realizable k − ϵ 

model, and the employed treatment of the turbulence near the walls is a 
combination of a two-layer model with enhanced wall functions. The 
restriction that the near-wall mesh must be sufficiently fine to correctly 
assess the turbulence near the walls would have imposed too large a 
computational requirement. In order to have a near-wall formulation 
that possess the accuracy of the standard two-layer approach for fine 
meshes and that, at the same time, will not significantly reduce accuracy 
for coarse meshes, ANSYS Fluent provides the Enhanced Wall Treatment 
approach. It is a near-wall modeling method that highly decreases the 
error incurred for intermediate meshes, in which the first near-wall node 
is placed neither in the fully turbulent region (where the wall functions 
are suitable) nor in the direct vicinity of the wall (typically with the first 
near-wall node placed at y+ ~ 1). The y+ values are important inside the 
supersonic gas nozzle and other phenomena such as shock waves and 
flow detachments also occur there, which made it necessary a refine-
ment of the initial mesh. As shown in Fig. 2, the mesh does not satisfy the 
y+ < 1 criteria so the boundary layer flow cannot be resolved directly 
without wall functions [10,14]. Consequently, the Enhanced wall 
Treatment has been employed in this study. 

The boundary conditions, which are indicated in Fig. 3.b and 3.c, 
consist of an inlet, ambient, a symmetry axis and adiabatic walls. The 
axis boundary condition is indispensable in the two-dimensional 
axisymmetric models. At the inlet, the values of both the total pres-
sure and gas temperature must be entered, which are known thanks to 
the pressure regulator gauge and the temperature measurements taken 
with a thermocouple. In addition, a turbulent intensity of 1% and a 
turbulent viscosity ratio of 5 are set to characterize the incoming gas 
turbulence. The atmospheric pressure value is fixed at the pressure 
outlet boundary condition, as it is assumed that the atomising gas must 
be fully expanded at such distances . As the gas is also entering the 
computational domain through a large part of this boundary due to the 
gas entrainment caused by the main inlet jet, it is also necessary to 
specify here the entrainment conditions. In this study, a backflow tur-
bulent intensity of 1% and a backflow turbulent viscosity ratio of 5 are 
used. The rest of lines, not indicated in Fig. 3, which delimit the contour 
of the domain correspond to physical walls. The non-slip condition is 
imposed on these walls and they are also considered to be adiabatic. 

The discrete mathematical model of the flow is obtained using the 
Finite Volume Method and second order schemes are used to discretize 
the source, convective and diffuse terms in the mass, momentum, and 
energy equations. The mass flow rates on the faces of the cells are ob-
tained using a momentum interpolation. The pressure is considered 
unknown in the mathematical model (Pressure-based) and the density is 
obtained as a function of pressure and temperature using the state- 

Fig. 4. Different fields obtained with the PIV technique.  
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equation. The discrete mathematical model is solved in a segregate and 
iterative way using the SIMPLE algorithm, to couple the pressure and the 
velocity calculation, and the Gauss-Seidel method, which was acceler-
ated with a multigrid scheme and Full Multi Grid initialization. A cri-
terion based on both the values of the scaled residuals and the fulfilment 
of the global mass and energy balances is employed to judge the 
convergence. A simulation is converged when the values of the scaled 
residual are below 10− 3 for mass and velocity and 10− 6 for energy and 
turbulence, also when the mass and energy imbalances are less than 
0.2%, and the continuous monitoring of certain flow variables does not 
show any change with successive iterations. 

3. Experimental procedure 

The simulations were validated by comparing the numerically pre-
dicted results with experimental measurements. Two different magni-
tudes were taken into consideration: the gas velocities and the gas mass 
flow rates. The gas consumptions were calculated from the pressure drop 
in the gas supply cylinder at a given time for a regulated atomisation 
pressure and the gas velocities were measured using the PIV technique. 
In order to corroborate some of the conclusions deduced from the sim-
ulations, some atomisations were also performed in the atomisation unit 
held at CEIT-BRTA research centre. In those experiments, the influence 
of the inlet gas pressure (P, varied from 20 to 60 bar) and the throat 
width of the gas nozzle (0.6•Lo and 0.77•Lo) on the resulting metal 
powders was investigated, using copper as the raw material and nitrogen 
as the atomising gas. A detailed explanation of the atomising procedure 
can be found in literature [49]. 

PIV technique was employed to compare the experimentally 
measured mean velocity fields with the results obtained computation-
ally. Specifically, the velocity fields at four different gas inlet pressures 
were measured. The PIV does not directly measure the velocity of the 
fluid, but the dominant displacement of a group of particles. The flow is 
seeded with particles capable of reflecting the light and a double pulse 
laser light source is used to illuminate a cross section of the flow to be 
studied. A Charge-Coupled Device (CCD) camera is synchronized with 
the laser in order to capture one image per pulse of the laser light source. 
The acquired images are then processed and the displacements of the 
particles between a pair of images are measured (Fig. 4.a). Awareness of 
the time between the pulses of the laser light means that the gas ve-
locities can be easily calculated (Fig. 4.b). The mean or time-average 
values of the velocity (Fig. 4.c) are obtained from a number of those 

instantaneous measurements [46,47]. 
It is not possible to employ the PIV technique inside the atomisation 

unit, so a dedicated test bench was built for this purpose. The setting up 
of the instruments is very important for both calibration and actual 
experiments (Fig. 5.a). The position of the laser light source and the CCD 
camera inside the test bench is shown in Fig. 5.b, where it is observed 
that both devices are located at the same level relative to the ground. 
The gas atomiser is assembled by a coupling fixture on a vertical column 
that allows displacements on the Z axis (vertical). In this way, the po-
sition of the gas atomiser can be adjusted in order to measure the mean 
velocity fields in areas closer to or further away from it. The installation 
of a gas supply line with a pressure regulator allows for the reproducing 
of gas flows typically used in real atomisations. During the calibration 
and measurement processes, the laser light sheet is aligned with a 
meridional plane of the gas atomiser (i.e. containing the central axis), 
while the CCD camera is positioned perpendicular to this plane in order 
to obtain a non-distorted measurement region. The distance between the 
camera and the measurement plane illuminated by the laser light sheet 
depends on the Field of View (FOV) considered. 

The employed PIV system was designed and built by TSI Inc. The 
illumination source consists of a dual-head Nd-YAG Ultra PIV-120 laser 
manufactured by Big Sky Lasers Inc., which has a pulse energy of 120 mJ 
at a wavelength of 532 nm (green), a pulse frequency of 15 Hz and an 
exit beam diameter of 5.3 mm. The optics are mounted directly in front 
of the beam exit. The first component is a 15 mm cylindrical lens, which 
expands the circular beam onto a sheet with a thickness of approxi-
mately 1 mm. The second is a 500 mm spherical lens that focuses the 
sheet in such a way that the thinnest portion of the light sheet (waist) is 
located approximately at the centre of the measurement region. The 
images are captured by a CCD camera PowerView 4MP manufactured by 
TSI Inc., whose resolution is 2048 × 2048 pixels. The measurements are 
taken using a 105 mm focal length Nikon lens with a numerical aperture 
of 5.6. The seeding of the flow is produced by a commercial atomiser 
system model 9307 from TSI Inc., which uses a system of Lazkin nozzles 
to produce seed olive oil particles with a mean diameter of 1 μm and a 
standard deviation of 0.63 μm. The camera and laser are controlled by a 
synchronizer model 610035 with 1 ns of resolution. The calibration, 
data acquisition and processing processes are controlled and monitored 
using the Insight3G software. The calibration is performed using a 
calibration card placed accurately in the plane of the laser light sheet 
(measuring region) and taking an image of the card to relate the di-
mensions in pixels to real length dimensions. 

Fig. 5. PIV experimental measurements setup.  
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Correct processing of the captured images is essential to obtain the 
flow velocity fields. Each instantaneous measurement contains a pair of 
images, one for each laser pulse, separated by the time interval between 
laser pulses (Δt). The velocity field is found by dividing the images into 
small regions known as interrogation windows and performing a cross 
correlation between the pixel intensity of the images. A Gaussian fit with 
sub-pixel accuracy is used to find the correlation peak within each 
interrogation window. The image processing is based on a recursive 
algorithm executed in two steps [50]. In the first step, the cross- 
correlation on interrogation windows of 64 × 64 pixels is calculated 
and particle displacements are computed according to the selected Δt. 
The latter displacement is used in the second step with interrogation 
windows of 32 × 32 pixels. In this way, the number of particles in the 

inner interrogation area for the two images is maximized and a large 
number of valid vectors is obtained. Moreover, the recursive algorithm 
comprises of two processes for validating and conditioning the mea-
surement. The validation process removes and replaces the spurious 
vectors through an interpolation procedure, in which it is necessary to 
control the Energy Level and the Peak to Noise Ratio . Subsequently, the 
conditioning process is used to smooth the velocity field. 

The notable difference in velocity magnitudes hinders the use of a 
single FOV able to capture a domain of a similar size to the numerically 
simulated domain. This problem was circumvented by choosing two 
square overlapping FOVs of 55.4 mm, one on top of the other, except for 
the highest atomising pressure, where smaller FOVs of 41.4 mm were 
needed to resolve higher velocity values. A Δt between 500 and 900 ns 

Fig. 6. Results related to the static pressure predicted by the simulation.  
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was selected according to the maximum displacement, which must be 
approximately 25% of the interrogation area [51]. In order to obtain a 
mean velocity field, the required number of image pairs increases with 
the turbulence of the flow. Thus, 500 pairs of images were taken for the 
upper region, closer to the gas atomiser, while this number was reduced 
to 250 for the lower region. Since the measurements were performed in 
the test bench instead of the atomisation unit and there was noexhaust 
line connected to the outside, nitrogen could not be used for security 
reasons. Therefore, compressed air was employed because its properties 
are quite similar to those of nitrogen. 

4. Result and discussion 

4.1. Simulation results 

The computational simulations have revealed the main characteris-
tics of the atomising gas flow in the absence of the melt stream. In this 
section, the results that explain the influence of both the gas inlet 

pressure and the throat length of the convergent-divergent gas nozzle 
are presented. 

4.1.1. Reference case 
The simulation where nitrogen at 50 bar is modelled has been 

selected as the reference one to extract conclusions when analysing and 
comparing the results obtained with the different simulations. The 
throat of the gas nozzle in this simulation has a width of Lo. Under these 
conditions, the calculated nitrogen mass flow rate is 65 g/s. 

The strong expansion of the gas passing through the supersonic 
nozzle is evident in Fig. 6.a, as it depressurizes abruptly from 50 bar at 
the inlet to the ambient pressure when it enters the atomisation cham-
ber. In the throat, the static pressure is around 26 bar, which agrees with 
the value predicted by the one-dimensional equations for compressible 
isentropic flows [12,13]. Unlike convergent nozzles, which provide 
highly sub-expanded flows, convergent-divergent nozzles provide over- 
expanded or slightly under-expanded flows when the inlet pressure 
differs from the design pressure. Consequently, a series of expansion- 
compression waves are typically observed until the gas reaches the 
ambient pressure at a distance of 2140•Lo from the melt tip, as seen 
plotted in Fig. 6.b. Fig. 6.c shows the regions of the atomisation chamber 
that have a static pressure lower (right half) or higher (left half) than the 
ambient pressure. The pressure field near the melt tip is very important. 
The idea of a good design of both the gas atomiser and the tip has always 
been linked to the achievement of suctions in this critical zone because it 
promotes the flow of the liquid metal from the crucible to the atom-
isation chamber, thus providing greater stability to the process. CEIT’s 
atomisation unit allows the pressurization of the melting chamber up to 
1.5 bar in order to push the melt when the suction level is very low or 
overpressures are detected. This reference simulation reveals that the 
calculated static pressure in the melt feed tube, which is also called 
aspiration pressure, is about 1.65 bar. As this value is higher than 1.5 
bar, it will not be possible to perform experimental atomisations using 
nitrogen at 50 bar and a throat width Lo. 

In contrast to the pressure, the velocity of the gas increases consid-
erably as it passes through the gas atomiser. Fig. 7 reveals that the gas 
accelerates in the convergent part from very low subsonic velocities, 
reaches the sonic velocity at the throat and becomes supersonic in the 
divergent part. It is evident that the most effective zone for atomisation 

Fig. 7. Contours of local Mach number (left) and pseudo-Schlieren image (right), where singular characteristics of the gas flow dynamics are visible.  

Fig. 8. Absolute velocity in the symmetry axis of the computational domain.  
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is the central region of the atomisation unit, near the melt nozzle, where 
the highest velocities are attained. In the areas far from the axis, the gas 
velocity decreases drastically. Previous experimental and numerical 
studies have reported that the gas flow in close-coupled gas atomisation 
units exhibits a series of unique phenomena, such as oblique waves, 
expansion waves, recirculation zones, stagnation points and flow de-
tachments [15–22]. All these characteristics are also present in this 
simulation, as shown in Fig. 7. As the high pressure gas enters the nozzle, 
the sharp angle with the nozzle causes a detachment of the flow. An 
oblique shock is subsequently formed inside the nozzle and is reflected 
by the outer surface. At the exit of the divergent part, the gas flow ex-
pands through a series of Prandtl-Meyer waves and recompression 
shocks to match the ambient pressure inside the atomisation chamber. 

Unlike the convergent nozzles, in which a Mach disc may also appear 
downstream due to the strong expansion of the gas, this kind of normal 
shock wave is never formed with the supersonic nozzles because of the 
lower intensity of the internal waves. A large amount of energy is 
dissipated as a result of these shock waves, so it would be beneficial to 
design a shock-free gas atomiser which would enhance the energy 
transfer from the atomising gas to the melt. 

Fig. 8 shows the absolute velocity values obtained in the symmetry 
axis of the computational domain. The gas velocity inside the atom-
isation chamber is mainly composed of the axial component. A stagna-
tion point (zero velocity point) is detected at a distance of around 57•Lo 
from the melt tip, which corresponds to the maximum static pressure of 
Fig. 6.c. 

Fig. 9. Details of the recirculation zone.  

Fig. 10. Absolute velocity fields at different Inlet pressures, indicating also the calculated Nitrogen mass flow rates and the aspiration pressures in the melt feed tube.  
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Fig. 9.a shows that the gas flow generates a recirculation zone or 
wake under the melt exit hole. The gas flow within this region is sub-
sonic and is surrounded by an external gas flow with a much higher 
velocity. The velocities in this recirculation zone reach values higher 
than 200 m/s so they are not negligible. Although the length of the wake 
zone is usually small, in this case around 143•Lo, its influence on the 
atomisation process has been widely discussed over the years. The 
vector map of Fig. 9.b makes it possible to identify the direction of the 
gas flow in the wake and locate the stagnation point, where the gas 
velocity drops to zero and changes the flow direction. The absolute 
pressure at this point is high (around 2.3 bar). A good design of the 
components should ensure that this stagnation point is not extremely 
close to the tip exit, since its high pressure can prevent the correct flow 
of the melt from the tundish to the atomisation chamber. The figures 
show that the gas around the tip opposesthe flow of melt entering the 
atomisation chamber. The gas flow in the centre moves toward the melt 
feeding tube and turns outward in the radial direction when close to it. 
This fact causes the pre-filming of the liquid metal when it is atomised 
with close-coupled gas atomisers. 

4.1.2. Influence of the inlet pressure 
In this section, the results predicted by simulations with different 

inlet pressures are presented. As the gas flow dynamics have many 
similarities with the flow calculated in the reference case, only the most 
relevant observations are presented. The inlet pressure constitutes one 
of the main operational variables of the gas atomisation process, since it 
affects both the gas flow rate and its velocity. It is widely accepted that 
the experimental parameter that best correlates with the particle size 
distribution is the GMR ratio. Since higher values of this parameter 

provide finer powders, a refinement is more likely to be obtained if 
higher gas mass flow rates are employed [23,49,52–54]. In order to 
investigate the influence of the inlet gas pressure, a parametric study 
varying its value from 5 to 80 bar has been performed. Fig. 10 shows the 
nitrogen flow rates provided by eight different simulations, where it is 
observed that the nitrogen flow rate increases linearly with the inlet 
pressure. 

The resulting velocity fields for the eight different inlet pressures are 
also shown in Fig. 10, while the absolute velocities on the symmetry axis 
are plotted in Fig. 11. The gas flow in the atomisation chamber passes 
from subsonic to supersonic at around 15 bar. It is also appreciated that 
the velocity gain is clearly non-linear with this operational variable: 
increasing the inlet pressure from 5 to 20 bar gives much higher velocity 
gains than when it is raised from 40 to 80 bar. Therefore, it can be stated 
that there is a point around 30 bar at which a systematic increase of the 
inlet pressure barely affects the velocity of the gas, confirming one of the 
conclusions of Aydin and Ünal [22]. These simulations also demonstrate 
that higher pressures are able to sustain a longer high velocity plume, so 
they enable the transfer of more kinetic energy to the melt, as reported in 
other studies [15,17]. 

The images in Fig. 12 show the evolution in size and shape of the 
wake formed below the tip for four simulations. Although its length 
remains practically constant, it is observed that the increase of the inlet 
pressure produces a progressive lateral reduction of the recirculation 
zone. This fact can be related to the gradual decrease of the melt flow 
rate observed experimentally when higher inlet pressures are used in 
experimental atomisations (see section 5.3). On the other hand, the 
simulations have only detected a very slight displacement of the stag-
nation point (i.e. the zero velocity point in the curves of Fig. 11), which 
indicates that the location of this point depends fundamentally on the 
geometry of the gas nozzle and the melt tip. 

These simulations also provide the value of the aspiration pressure in 
the melt feed tube at different inlet pressures. None of them predict 
suctions that can promote the melt flow from the tundish to the atom-
isation chamber. Fig. 11 shows that the calculated aspiration pressures 
are slightly higher than the atmospheric pressure if an inlet pressure of 
less than 30 bar is imposed as the boundary condition. At higher inlet 
pressures, however, a sudden increase is clearly observed. Under these 
operational and geometric variables, particularly with a throat with Lo, 
it would only be possible to atomise if an inlet pressure below 40 bar is 
employed, since CEIT’s atomisation unit only allows the pressurization 
of the melting chamber up to 1.5 bar. 

4.1.3. Influence of the throat width of the supersonic gas nozzle 
The geometry of the convergent-divergent nozzle influences the way 

in which the gas is accelerated during its expansion, and the throat 
width of the supersonic nozzle is considered as one of the most critical 
design parameters. In order to analyse the influence of this geometric 

Fig. 11. Absolute velocity curves along the symmetry axis.  

Fig. 12. Size and shape of the predicted recirculation zones.  
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variable, four different simulations have been carried out, with throat 
widths of 0.29•Lo, 0.5•Lo, 0.77•Lo and 2•Lo and maintaining nitrogen at 
50 bar as the atomising gas. The gas mass flow rates, absolute velocity 
fields, velocity curves along the symmetry axis and aspiration pressures 
in the melt feed tube predicted by the computational simulations are 
shown in Figs. 13 and 14. It can be stated that the increase in the throat 
width has a practically identical effect on the gas flow dynamics to the 
increase of the inlet gas pressure previously described, so the following 
conclusions can be listed:  

- The nitrogen mass flow rates vary linearly with the throat width of 
the gas expansion nozzle (Fig. 13).  

- If a smaller throat is simulated at a constant inlet pressure (50 bar), 
the obtained gas flow presents lower velocities in the atomisation 
chamber (Figs. 13 and 14). Depending on the throat width, subsonic 
or supersonic flows are predicted. Moreover, successive increases in 
the throat width provide a barely noticeable velocity gain once a 
supersonic flow has been achieved (Fig. 13). However, it is also 
observed that supersonic velocities are maintained at greater 

distances from the melt tip as this geometrical parameter is enlarged 
(Fig. 13).  

- The calculated aspiration pressures in the melt feed tube are slightly 
higher than the atmospheric pressure with small throat widths, but 
higher overpressures are observed by increasing this geometric 
parameter (Fig. 13). 

4.1.4. Simultaneous treatment of the effect of both the inlet pressure and the 
throat width 

The similarities in the gas flow characteristics found when increasing 
the inlet pressure or the throat width of the gas nozzle can be conve-
niently unified, as shown in Fig. 15. The thick curve corresponds to the 
reference case, while the continuous and dashed lines show the effect of 
the inlet pressure and the throat width, respectively. The nitrogen mass 
flow rate predicted by each simulation is indicated next to each curve. It 
is observed that very similar atomisation conditions can be reproduced 
with different gas atomisers by properly adjusting the inlet pressure. For 
example, atomising at 40 bar using an atomiser with a throat width of Lo 
gives almost identical gas mass flow rates and velocities as atomising at 
50 bar using an atomiser with a throat width of 0.77•Lo. 

Another relevant conclusion drawn from Fig. 15 is that the gas mass 
flow rate and velocity vary proportionally, regardless of the inlet pres-
sure and the throat width of the gas nozzle: the smaller the amount of gas 
introduced into the atomisation chamber, the lower its velocity and vice 
versa. Another example of this equivalence is shown in Fig. 16, where 
the aspiration pressures predicted by the simulations are plotted as a 
function of the gas mass flow rate. An overlap of the calculated over-
pressures on the same curve is observed. Consequently, in order to 
compare powders produced experimentally with different gas atomisers 
at different inlet pressures, the simplest option would be to correlate 
powder properties directly with the gas mass flow rate or velocity. 

4.2. Experimental validation 

Experimental measurements of both the gas mass flow rate and ve-
locity are compared with the results obtained computationally. The 
accuracy of the conclusions deduced from the numerical simulations is 
also evaluated by analysing the characteristics of some gas atomised 
powders. 

Fig. 13. Absolute velocity fields with different throat widths, indicating also the calculated Nitrogen mass flow rates and the aspiration pressures in the melt 
feed tube. 

Fig. 14. Absolute velocity curves along the symmetry axis.  
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Fig. 15. Absolute velocity curves along the symmetry axis.  

Fig. 16. Aspiration pressures as a function of the resulting gas mass flow rate.  

a) Gas atomisers with different throat widths at 50 bar
b) Different pressures using the gas atomiser with a 

throat width of 0.77·Lo
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Fig. 17. Experimental and computational gas mass flow rates.  
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Fig. 18. Averaged absolute velocity fields measured in the region ranging from 3 to 8 cm below the melt tip at different inlet pressures of entrance.  
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4.2.1. Gas mass flow rates 
In order to demonstrate the validity of the gas consumptions pre-

dicted by simulations, the gas mass flow rates have been experimentally 
measured at different inlet pressures and using four atomisers with 

different throat widths (0.26•Lo, 0.6•Lo, 0.77•Lo and 0.91•Lo). 
The simulations varying the throat width of the supersonic gas nozzle 

were performed at 50 bar, so the experimental measurements with the 
different gas atomisers have also been conducted at that inlet pressure. 
The measured nitrogen mass flow rates are compared with the compu-
tational results in Fig. 17.a. There is a clear correlation between the 
simulations and the experimental data, with small differences that can 
be explained by the inherent error of flow measurement. 

The effect of the inlet pressure has been studied by performing 
experimental measurements using the atomiser with a throat width of 
0.77•Lo, whilst a throat width of Lo was modelled in the simulations 
when the influence of this operational variable was analysed. Due to the 
complex geometry of the convergent-divergent nozzle, it was not 
possible to manufacture a nozzle with a throat width of exactly Lo. The 
difference in throat width between 0.77•Lo and Lo is less than 20 μm, 
which cannot be easily controlled using conventional machining pro-
cedures. However, this problem can be easily overcome as the simula-
tions have shown that there is a perfect linear relationship between the 
inlet pressure and the resulting gas mass flow rate, and the gas con-
sumption predicted with a throat width of 0.77•Lo at a pressure of 50 bar 
is also known. From these two premises and using the simulation results 
obtained for Lo, the discontinuous line of Fig. 17.bwas constructed for a 
throat width of 0.77•Lo, which could be directly compared to the 
experimental measurements. A strong agreement between the simula-
tions and the experimental data is observed again. 

Fig. 19. Comparison between the measured and simulated velocities.  

Fig. 20. Variation of the velocity along the radial direction when a gas mass glow rate of 15 g/s is regulated.  
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4.2.2. Gas velocities 
Fig. 18 shows the mean velocity field measured by the PIV technique 

for the atomiser with a throat width of 0.6•Lo and inlet pressures of 10, 
20, 30 and 40 bar on two overlapping regions of the spray area. These 
results are qualitatively similar to those calculated by the computational 
simulations:  

a) The maximum velocity is reached at the centre of the gas jet and 
decreases downstream.  

b) The gas flow assumes a predominantly conical shape.  
c) There is a clear narrowing of the gas flow as the inlet pressure 

increases.  
d) The flow is supersonic and expansion waves are observed above 30 

bar, while the gas flow is subsonic and more uniform below 20 bar. 

The experimental velocity magnitude in the centre of the two regions 
at different inlet pressures are plotted in Fig. 19, which illustrates the 
agreement that exists in the junction area of the curves measured be-
tween both regions. When the atomiser with a throat width of 0.6•Lo is 
employed, inlet pressures of 10, 20, 30 and 40 bar give gas mass flow 
rates of approximately 7.5, 15, 22.5 and 30 g/s. If these gas velocity 
curves are plotted together with some of the velocity curves provided by 
the different simulations, it is corroborated that there is a close agree-
ment between the experimentally measured values and those calculated 
computationally, mainly at distances greater than 5 cm from the melt 

nozzle (see Fig. 19). The differences in the zone closest to the tip may be 
due to the extreme difficulty in exactly aligning the measurement plane 
with the meridional plane of the atomiser. 

The velocity fields predicted by the simulations and those obtained 
experimentally with the PIV technique have shown a broadening in the 
radial direction of the atomisation chamber. As explained previously, 
the shape of the gas jet is predominantly conical, so its width increases 
progressively with the distance from the tip. An example is shown in 
Fig. 20, where the velocity variations along the radial direction 
measured at five discrete heights for a gas mass flow rate of 15 g/s are 
plotted. The curves clearly show the progressive deceleration and 
widening of the gas when the axial distance from the melt nozzle is 
increased. In Fig. 21, the velocity variation along the radial direction at 
distances of 5 and 10 cm from the melt tip, obtained experimentally and 
numerically, are compared. As in the case of the absolute velocity curves 
along the axial direction, there is again a great similarity between the 
computational and experimental data. 

4.2.3. Experimental atomisations 
Table 1 provides a summary of the atomisations that have been 

performed with copper and nitrogen. The gas mass flow rate (mg) is 
known from the results predicted by the simulations, whereas the 
average melt mass flow rate (mm) has been calculated as the powder 
weight divided by the time length of each atomisation. The percentiles 
of 10th percent (D10), 50th percent (D50) and 90th percent (D90) have 

Fig. 21. Comparison between the experimentally measured and computationally predicted absolute velocities along radial direction at distances of 5 and 10 cm from 
the melt tip when a gas mass glow rate of 15 g/s is used. 

Table 1 
Details of the experimental atomisation runs.  

Atomisation Pressure (bar) Throat width mg (g/s) mm (g/s) GMR D10 (μm) D50 (μm) D90 (μm) 

A 30 0.6•Lo 22.76 37.5 0.61 20 67 216 
B 30 0.6•Lo 22.76 48.0 0.48 28 74 234 
C 40 0.6•Lo 30.35 23.8 1.27 17 44 104 
D 40 0.6•Lo 30.35 39.0 0.78 12 53 166 
E 50 0.6•Lo 37.94 21.7 1.75 7 33 95 
F 50 0.6•Lo 37.94 22.5 1.68 8 40 145 
G 60 0.6•Lo 45.53 13.8 3.3 4 23 62 
H 60 0.6•Lo 45.53 14.8 3.08 4 22 57 
I 20 0.77•Lo 19.62 48.4 0.41 28 77 211 
J 30 0.77•Lo 29.42 45.5 0.65 19 55 141 
K 40 0.77•Lo 39.23 49.3 0.81 16 45 140 
L 50 0.77•Lo 49.04 22.9 2.14 8 28 72 
M 50 0.77•Lo 49.04 17.2 2.86 7 26 65 
N 50 0.77•Lo 49.04 9.30 5.27 5 21 53  
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been obtained from the measured particle size distributions of the 
different powders. 

The effect of the gas inlet pressure on the particle size can be eval-
uated by analysing the data of the atomisations from A to H and the 
micrographs in Fig. 22. This operational variable strongly affects the 
particle size distribution of the atomised powders. Fig. 23.a demon-
strates that a clear reduction of D50 is obtained when the inlet gas 
pressure is raised, which is in agreement with the literature [55]. This 
fact is easily explained with the results predicted by the simulations: the 

use of a higher inlet pressure provides both higher velocities and a 
higher gas mass flow rate, so finer powders are produced. Fig. 23.b. 
compares the powders produced using the two atomisers with different 
throat widths. If the same inlet pressure is regulated, coarser powders 
are obtained with the 0.6•Lo atomiser because a lower gas mass flow rate 
and lower velocities are employed. 

It has been stated before that the gas mass flow rate is a better 
parameter than the pressure to analyse metallic powders produced at 
different pressures and using different gas atomisers. Fig. 24.a shows 

Fig. 22. Micrographs of powders produced with different pressures.  

Fig. 23. Median particle size of the powders as a function of the inlet pressure.  
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that a clear refinement of the atomised powders is observed when higher 
gas mass flow rates are employed. Additionally, Table 1 shows that melt 
flow rate decreases when the gas mass flow rate is increased. This trend 
can be qualitatively understood taking into account the simulation re-
sults of Fig. 12 and 16: when the gas mass flow rate is raised, there is a 
lateral reduction of the recirculation zone below the tip and the aspi-
ration pressure in the melt feed tube goes up, which restricts the melt 
flow during real atomisations. The GMR parameter not only considers 
the gas mass flow rate, but also the melt mass flow rate. Consequently, it 
seems to be a better parameter to explain the trend of the particle size 
with the atomisation conditions. Fig. 24.b shows a much clearer corre-
lation when this ratio is used to compare the particle size of different 
powders: higher GMR values produce finer powders. 

5. Conclusions 

CFD simulations that model the dynamics of the atomising gas flow 
provide valuable information about fundamental aspects of the gas 
atomisation process when the modelled geometries are realistic. The 
clear correlation between the numerical results and the experimental 
measurements of this study has confirmed that the CFD simulations are 
capable of correctly predicting the atomising gas flow dynamics inside 
the atomisation chamber. Therefore, they should be considered as a 
suitable tool for optimising the gas atomiser design in order to increase 
the efficiency of the gas atomisation process, thus obtaining powders 
with narrower particle size distributions. The following main conclu-
sions can be drawn from the present study, focused on the influence of 
the inlet pressure and the throat width of a convergent-divergent gas 
nozzle:  

• Increasing the inlet pressure or the throat area of the gas nozzle 
produces very similar effects on the gas flow: an increase in the gas 
mass flow rate, higher velocities in the atomisation chamber and 
longer supersonic plumes. Simulations have predicted the combined 
effect of both variables on the transition from subsonic to supersonic 
flows.  

• The numerical results have highlighted that the throat width of the 
convergent-divergent gas nozzle has a strong influence in the gas 
flow characteristics. Due to the small dimensions of this geometric 
variable, which is below 100 μm, the gas atomiser is the most com-
plex part to be machined within the indicated dimensional tolerances 
using conventional procedures. The results of this study have shown 
that a reduction of less than 20 μm in the throat width of the su-
personic nozzle causes both a 26% of reduction in the resulting gas 
mass flow rate and 70 m/s less velocity if the same inlet pressure is 
modelled (see Fig. 15, 0.77•Lo and Lo gas atomisers at 50 bar). For 
this reason, it is essential to know the exact throat width of the gas 

nozzle that is going to be used to atomise in order to correctly adjust 
the atomising pressure. As previously explained, very similar atom-
isation conditions can be reproduced with different gas atomisers by 
properly adjusting the inlet pressure. For example, atomising at 40 
bar using an atomiser with a throat width of Lo gives almost identical 
gas mass flow rates and velocities as the atomiser with a throat width 
of 0.77•Lo at 50 bar.  

• The gas mass flow rate and the gas velocity are proportional 
regardless of the combination of operational and geometric vari-
ables: the smaller the amount of gas introduced into the atomisation 
chamber, the smaller its velocity and vice versa. Consequently, the 
resulting gas mass flow rate can be used as a single parameter to 
describe the combined effect of the inlet pressure and the throat 
width of the gas nozzle.  

• The high pressure of the stagnation point can prevent the correct 
flow of the melt from the tundish to the atomisation chamber. The 
CFD simulations of this study have only detected a very slight 
displacement of this point when modelling different inlet pressures 
or gas atomisers. This fact indicates that its location depends 
fundamentally on the geometry of both the gas and the melt nozzles 
so a good design of these components should ensure that the stag-
nation point is not extremely close to the melt nozzle exit.  

• Since there is a clear lack of experimental validation, the most 
important novelty of this study is related to the validation process 
followed after performing the CFD simulations. The agreement be-
tween the experimental measurements of gas mass flow rate and 
Particle Image Velocimetry (PIV) and the numerical results validates 
the CFD simulations as a tool to correctly predict the main charac-
teristics of the atomising gas flow under different operational and 
geometric variables. The PIV technique had never previously been 
used for validation in the context of close-coupled gas atomisation 
process. This equipment has detected gas velocities very similar to 
those predicted by the simulations, with maximum differences in the 
order of 20 m/s in the central axis of the atomization chamber at 
distances greater than 5 cm from the melt nozzle. In addition, the PIV 
measurements in the radial direction have also confirmed that the 
simulations correctly predict the conicity of the gas jet.  

• The atomised powders present different particle size distributions 
depending on the atomisation conditions, but they can be correctly 
explained using the data provided by the numerical results. As shown 
by the simulations, when the gas mass flow rate is raised, there is a 
lateral reduction of the recirculation zone below the tip and the 
aspiration pressure goes up. These two facts restrict the melt flow 
during real atomisations. As the Gas-to-Metal mass flow rate ratio 
(GMR) parameter not only considers the gas mass flow rate, but also 
the melt mass flow rate, it is shown that the GMR parameter exhibits 

Fig. 24. Median particle size of the powders as a function of the gas mass flow rate and GMR parameter.  

E. Urionabarrenetxea et al.                                                                                                                                                                                                                   



Powder Technology 407 (2022) 117688

18

an excellent correlation with the particle size data of the produced 
powders. 
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Appendix A. Nomenclature tables  

Table A1 
Acronyms.  

AM Additive Manufacturing 
CCD Charge-Coupled Device 
CFD Computational Fluid Dynamics 
EVM Eddy Viscosity Models 
EL Eulerian–Lagrangian 
ELSA Eulerian–Lagrangian Spray Atomisation 
ESA Eulerian Spray Atomisation 
FOV Field of View 
GMR Gas-to-melt mass flow rates Ratio 
ICM Interface Capturing Methods 
LPT Lagrangian Particle Tracking 
PIV Particle Image Velocimetry 
FANS Favre Averaged Navier Stokes 
RS Reynolds Stresses   

Table A2 
Symbols.  

cv Specific heat at constant volume 
cp Specific heat at constant pressure 
D10, D50 and D90 The percentiles of 10th percent, 50th percent and 90th percent from the measured particle size distributions 
k Turbulent Kinetic Energy 
Lo Supersonic gas nozzle throat 
Lx and Ly Dimensions of the computational domain 
mg Gas mass flow rate 
mm Melt mass flow rate 
Mt Turbulent Mach number 
p Pressure 
Prt Turbulent Prandtl number 

R = Λ/Mw 
Λ Ideal gas constant 
Mw Molecular weight 

Sij Mean strain rate tensor 
T Temperature 
t Time 
tij Compact notation for the viscous stress tensor 
ui Components of the velocity vector in the xi directions 
xi Directions 
φ̃ or φ Favre or Reynolds average 
φ′ ′ Fluctuating value of the flow variable 
Δt Time interval between laser pulses 
δij Kronecker delta 
ε Dissipation Rate of Turbulent Kinetic Energy 
η Ratio between the turbulence and average flow time scales 
λ Thermal conductivity 
λt Turbulent thermal conductivity 
μ Dynamic viscosity 
μt Turbulent viscosity 
ρ Density 
τij Compact notation for the Reynold Stresses 
Ωij Rate-of-rotation tensor 
ϑ Velocity characteristic scale 
ℓ Length characteristic scale 
A0, AS,ϕ, W, U*, ∁μ, σk, σε, ∁1, ∁2 Realizable k- ε turbulence model parameters 
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Appendix B. Governing equations and turbulence model [56] 

The Navier-Stokes equations govern the flow of any fluid. For compressible gases as an atomising gas, it is necessary to solve the equations of 
conservation of mass (1), conservation of momentum (2) and conservation of energy (3). Moreover, an equation of the state of thermodynamic 
equilibrium that relates the variables of pressure (p), density (ρ) and temperature (T) must also beconsidered in order to obtain a closed system of 
equations. In this study, the atomization gas has been considered as an ideal gas, so the ideal gas law (4) has been used. 

∂ρ
∂t

+
∂

∂xi
(ρui) = 0 (1)  

∂
∂t
(ρui)+

∂
∂xj

(
ρujui

)
= −

∂p
∂xi

+
∂tij

∂xj
(2)  

∂
∂t

[

ρ
(

cvT +
1
2
uiui

)]

+
∂

∂xj

[

ρuj

(

cpT +
1
2
uiui

)]

=
∂

∂xj

(
uitij

)
+

∂
∂xj

(

λ
∂T
∂xj

)

(3)  

p = ρRT (4)  

where ui are the components of the velocity vector in the xi directions, t is time, λ is thermal conductivity, R is the ideal gas constant, and cv and cp are 
respectively the specific heat at constant volume and pressure. The compact notation for the viscous stress tensor tij, according to the Stokes hy-
pothesis, is: 

tij = 2μsij −

(
2μ
3

)
∂uk

∂xk
δij (5)  

where δij is the Kronecker’s delta, μ is the dynamic viscosity and sij is the strain rate tensor. 

sij =
1
2

(
∂ui

∂xj
+

∂uj

∂xi

)

(6) 

Closed solutions of the Navier-Stokes equations can only be obtained for a few flows in simple geometries and in a laminar flow regime. For this 
reason, there is no choice but to solve the aforementioned equations numerically when studying complex flows. Computational Fluid Mechanics allows 
the simulation of turbulent flows to be approached from a statistical point of view, guiding it to calculate only the averaged characteristics of the flow. 
The basic concept is the decomposition of the flow variables (φ) into an average value (φ̃) and into a fluctuating value (φ′ ′) due to turbulence. For 
compressible turbulent flows that decomposition is obtain through Favre averaging: 

ρφ = ρφ̃ (7)  

where overbar denotes Reynolds average. 
The group of equations that govern the turbulent flow of compressible fluids are the Favre Averaged Navier-Stokes (FANS) Eqs. (7–9): 

∂ρ
∂t

+
∂

∂xi
(ρũi) = 0 (8)  

∂
∂t
(ρũi)+

∂
∂xi

(
ρũiũj

)
= −

∂p
∂xi

+
∂

∂xj

(
tij − ρu′ ′

i u′ ′
j

)
(9)  

∂
∂t

[

ρ
(

cvT̃ +
1
2
ũiũi

)

+
1
2
ρu′ ′

i u′ ′
i

]

+
∂

∂xj

[

ρũj

(

cpT̃ +
1
2
ũiũi

)

+ ũj
ρu′ ′

i u′ ′
i

2

]

=

∂
∂xj

[
ũi

(
tij − ρu′ ′

i u′ ′
j

) ]
+

∂
∂xj

(

λ
∂T̃
∂xj

− cpρu′ ′
j T ′ ′ + u′ ′

i tij −
ρu′ ′

j u′ ′
i u′ ′

i

2

)

(10)  

p = ρRT̃ (11) 

The effect of the fluctuations of the variables on the average flow is represented by terms defined by statistical correlations between the fluctuating 
values. The terms (ρτij = − ρu′ ′

i u′ ′
j ) are called Reynolds Stresses (RS). In total, there are six different tensions due to the symmetry of the RS tensor. 

Similarly, in the temperature transport Eq. (10) another three new terms appear due to products between velocities and fluctuating temperatures 
(
−

cpρu′ ′
j T′ ′

)
. Therefore, it is essential to add nine additional equations to be able to close the system formed by the FANS equations. This circumstance is 

known as the Turbulence Closure Problem and makes the introduction of physical models essential. The most widely used turbulence models in 
industry are the Eddy Viscosity Models (EVM), which model the nine terms directly with the average strain rates and with the gradient of the average 
temperature value. 

In this study, the Realizable k − ε model has been used, which introduces two extra transport equations. Based on the Boussinesq hypothesis, it 
assumes that the RS are proportional to the average velocity gradients through the same turbulent viscosity magnitude μt for each of the components: 

ρu′ ′
i u′ ′

j = 2μt

[

Sij −

(
1
3

)
∂ũk

∂xk
δij

]

−
2
3
ρkδij (12) 
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where k is the Turbulent Kinetic Energy and Sij the mean strain rate tensor, which are defined as: 

ρk =
1
2
ρu′ ′

i u′ ′
i (13)  

Sij =
1
2

(
∂ũi

∂xj
+

∂ũj

∂xi

)

(14) 

On the other hand, the terms 
(
− cpρu′ ′

j T′ ′

)
are modeled in a similar way to the RS, assuming that they are proportional to the gradient of the 

average value of the temperature through another magnitude λt called turbulent thermal conductivity: 

− cpρu′ ′
j T ′ ′ = λt

∂T
∂xi

(15) 

The Reynolds’ analogy stablishes a relationship between λt and μt through the Prandtl number Prt, which is usually considered constant and the 
value 0.9 is adopted. 

λt =
cpμt

Prt
(16) 

Therefore, calculating the turbulent viscosity μt adequately is the fundamental objective of the Realizable k − ε turbulence model. From a purely 
dimensional perspective, it can be deduced that μt can be calculated as the product of the density of the fluid and the velocity (ϑ) and length (ℓ) 
characteristic scales of the turbulence: 

μt = Cρϑℓ (17) 

The Realizable k − ε model uses the statistical magnitudes Turbulent Kinetic Energy (k, 
[

L2

T2

]
) and Dissipation Rate of Turbulent Kinetic Energy (ε, 

[
L2

T3

]
) to determine the turbulence scales mentioned above. Considering the dimensions of these magnitudes, the turbulent viscosity can be calculated 

as follows: 

μt = ρCμ
k2

ε (18)  

where: 

ρε = tij
∂u′ ′

i

∂xj
(19) 

In this model, the coefficient Cμ is calculated as a function of the mean strain rate (Sij) and rate-of-rotation (Ωij = 1
2

(
∂̃ui
∂xj

+
∂̃uj
∂xi

)
) tensors of the form: 

Cμ =
1

A0 + ASU*k
ε

(20)  

where 

U* =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
SijSij + ΩijΩij

√
(21)  

A0 = 4.04 (22)  

AS =
̅̅̅
6

√
cosϕ (23)  

ϕ =
1
3
cos− 1

( ̅̅̅
6

√
W
)

(24)  

W =
SijSjkSki
(
SijSij

)3
2

(25) 

The modeled transport equation of k is obtained by a mathematical development of its exact transport equation, while the modeled transport 
equation of ε is obtained from the exact transport equation of the root mean square of the vorticity fluctuations. 

∂
∂t
(ρk) +

∂
∂xj

(
ρkũj

)
=

∂
∂xj

[(

μ+
μt

σk

)
∂k
∂xj

]

+ 2μtSijSij − ρε − 2ρεM2
t (26)  

∂
∂t
(ρε)+ ∂

∂xj

(
ρεũj

)
=

∂
∂xj

[(

μ+
μt

σε

)
∂ε
∂xj

]

+ ρCϵ1
̅̅̅̅̅̅̅̅̅̅̅̅
2SijSij

√
ε − ρCϵ2

ε2

k +
̅̅̅̅̅
μ
ρ ε

√ (27)  

where turbulent Mach number Mt are defined by the following expression: 

Mt =

̅̅̅̅̅
k
a2

√

=

̅̅̅̅̅̅̅̅̅̅̅̅
k

cp
cv

RT̃

√

(28) 
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and being the constants σk = 1 (21); σε = 1.2 (22); Cϵ2 = 1.9 (23) and Cϵ1 = max
[
0.43, η

η+5

]
(24), where η can be considered the ratio between the 

turbulence and average flow time scales: 

η = S
k
ε (29)  
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