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Highlights 

• High-speed visualization of liquid metal breakup mechanisms in an EIGA atomizer. 

• The effect of atomisation pressure and melting chamber pressure is analysed. 

• A log-stable law model is presented to describe the measured mass distribution. 

• A too low overpressure in the melting chamber favours nozzle clogging. 
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Abstract 

Electrode Induction melting Gas Atomization (EIGA) is a free-fall gas atomization process used 

to produce metal powders, where a swirling supersonic gas jet hits a molten metal stream 

atomizing it into droplets through various fragmentation mechanisms. Fragmentation 

mechanisms of molten Ti64 are investigated by high-speed video visualization. The role of gas 

pressure and melting chamber overpressure on the fragmentation mechanisms and on the 

particle size distribution is determined. The mechanisms observed are fiber breakup, bag 

breakup and Rayleigh breakup for primary fragmentation and bag breakup and shear breakup 

for secondary fragmentation. Increasing the gas pressure promotes shear breakup and creates 

finer droplets. A model based on log-stable law is proposed to fit the mass distribution 

according to the dominant fragmentation regime. A good agreement is observed between the 

different analysis (dominant atomization regime, mass cumulative distribution evolution, 

parameters of log-stable law). A criterion for prediction of nozzle clogging is devised. 

Keywords: Free-fall atomizer; swirling supersonic gas flow; metal powder; primary 

fragmentation; secondary fragmentation; high-speed camera. 

 

1. Introduction 

Over the last few years, the rapid growth of metal additive manufacturing in a large variety of 

industrial sectors (aeronautics, medical, automotive, etc.) has stimulated a strong demand for 

metal powders that meet very precise size distribution (i.e. narrow distribution and small 

particle median diameter) as well as high quality criteria (spherical, without porosity and without 

pollution). One of the most efficient techniques for producing these powders is gas atomisation, 

which is based on the fragmentation of a stream of molten metal by impact of a high-velocity 

jet of gas [1]. This study focuses on a specific gas atomisation technique, known as the EIGA 

(Electrode Induction melting Gas Atomization) process [2]. This process combines contactless 

melting of the lower tip of a vertical metal electrode using an induction coil and fragmentation 

of the molten metal in free fall by a supersonic jet of inert gas. Some systems, such as the one 

studied in this paper, feature a swirl motion imposed on the gas jet, with the aim of improving 

atomization efficiency by promoting interactions of the molten metal with a gas of higher kinetic 

energy [3]. Non-contact melting and atomization with an inert gas make the EIGA process very 

attractive for the production of high purity powders of reactive metals (such as titanium alloys, 

TiAl and precious metals). The size of the powders obtained is typically between 1 and 300 

µm [4]. Compared with other gas atomization techniques (such as confined type gas 

atomizers), the EIGA process is less sensitive to freezing issues of the molten metal at the 

nozzle outlet, which makes it easier to operate. However, it is currently difficult to produce very 

fine powders using this process [5]. In order to influence the final particle size distribution of 

the powder and improve the yield of particles suitable for additive manufacturing technologies, 

a solid understanding of the fragmentation mechanisms of the molten metal would be greatly 

beneficial. 

As the literature dedicated to the EIGA process remains scarce, actual knowledge of the 

physical details of the process is very limited. Several experimental studies explored and 

quantified the effects of the main operating parameters, such as the melt flow rate [6] and 

atomization pressure [7], on the powder characteristics (size distribution) and microstructure. 

In addition, the EIGA process was the subject of various modelling approaches. Some authors 

[8-11] focused on the simulation of the heating and melting process of the metal electrode with 

the help of multi-physics models. These models were used to study the deformation dynamics 

of the free surface of the liquid metal film at the electrode tip and the formation of the molten 



3 
 

stream. As far as the atomization process is concerned, Guo et al. [12] simulated the structure 

of the high velocity gas stream using a single-phase Computational Fluid Dynamics (CFD) 

model and confirmed the dominant role played by the atomization pressure. Zou and Xiao [13] 

reported a multiphase (gas-metal) model attempting to cover the whole atomization process. 

Their approach combined a Volume Of Fluid description of the deformation and pre-breakup 

process of discontinuous metal droplets and a Lagrangian particle tracking approach (coupled 

to a secondary breakup model) for the simulation of the evolution of the droplets formed after 

pre-breakup. More recently, the satellite formation mechanism under different pressures was 

investigated by Wu et al. [14] using an Euler-Lagrangian model. Their simulation results 

suggested that the increase in satellite content under high pressure was related to the larger 

and more intense gas recirculation zone. Although the above studies have been useful in 

characterizing the effects of important parameters (such as the atomization pressure) and 

gaining insights into the gas flow behaviour and particle trajectories, many aspects of the 

process are still not well understood. In particular, there is a critical need to study in more detail 

the gas and molten metal interactions and the fragmentation mechanisms. 

For the fragmentation modelling itself, as there is a co-flow between the gas and the liquid, 

there is a clear analogy between the EIGA process and more classical air-blast atomizers. This 

process has been widely studied in the field of gas turbine design (cf. Lasheras and Hopfinder, 

[15]). While there have been some ongoing developments in this field (see Aliseda et al. [16] 

for instance), and recently by using X-ray imagery to look deeply into the fragmentation 

mechanism [17,18], overall, modelling remains scarce. This may explain why Zou and Xiao 

[13] or Mandal et al. [5] use very old modelling (like the TAB model [19] or the KHRT [20], cf. 

Ashgriz [21] for a review) in their work. In our opinion, the most interesting model of air-blast 

atomizer was developed by Varga et al. [22] and makes use of both the Kelvin Helmholtz 

instability model and the Rayleigh-Taylor instability but in two successive cascading steps. 

This model only gives some characteristic lengths and the shape of the Mass Distribution 

Function is still unknown. More recently, building on this modelling, Rimbert et al. [23] have 

devised a way of modelling the mass distribution function using log-stable laws. These laws 

seem to better represent the mass distribution than classical log-normal laws used, for 

instance, in the work of Jackiw and Ashgriz [24]. The main parameters governing the 

fragmentation processes are:  

1) the Weber number, defined as 

We = g U
2

r dm /  (1) 

where g is the gas density, Ur is the relative velocity between the gas and the metal, dm is the 

metal particle/drop diameter and  is the surface tension of the gas-metal interface; 

2) the Ohnesorge number, defined as 

m

m m

Oh
d



 
=  

(2) 

3) the viscosity ratio 

m
R

g





=  

(3) 

4) the density ratio 
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The momentum flux ratio 2 2/g g m mM U U = is also used in the air-blast nozzle classification [15] 

but is often difficult to actually measure and is sometimes replaced by the gas to liquid surface 

ratio [25].  

The aim of this work is to assist the development of a complete numerical model of the EIGA 

process that could provide eventually useful information to link the final properties of the 

obtained powders (mainly the particle size) with atomisation conditions. As a first step towards 

this goal, we have recently reported a numerical model of the gas flow dynamics that has 

allowed detailed investigation of the gas flow patterns for a wide range of operating conditions 

(e.g. gas pressure, gas nozzle slit width) [26]. The present paper focuses on the interactions 

between the gas and liquid metal phases and is an attempt to observe and identify the main 

phenomena that govern the fragmentation of the molten metal stream. 

The paper is organized as follows. The interaction between the free-falling metal stream and 

the high-speed gas jet is investigated experimentally in a full scale EIGA facility via high-speed 

visualization experiments (section 2), from which various modes of metal fragmentation are 

described in detail (section 3.1). This study presents also an investigation of the impact of the 

gas pressure on the characteristics (size distribution) of the obtained powders (section 3.2) 

and it will be shown how the log-stable mass distribution model of Rimbert et al. [23] can be 

adapted to present results (section 3.3). Finally, a brief discussion regarding powder backflow 

and nozzle clogging issues encountered during the reported experiments is provided in section 

3.4. Conclusions about the present work and their perspectives are presented in section 4. 

 

2. Experimental setup 

The present experimental work is performed in the EIGA facility (built by ALD Vacuum 

Technologies GmbH, Hanau, Germany) based at IRT M2P (Uckange, France), which is shown 

in Fig. 1. This atomization system mainly consists of a gas injection nozzle, a melting chamber 

and an atomization chamber. The gas injection nozzle is equipped with two tangential gas 

inlets of 12 mm diameter to produce a swirling motion of the gas flow. The gas flows with 

relatively homogeneous kinetic energy values through most of the nozzle and the gas flow 

regime remains subsonic [26]. The gas emerges from the nozzle through a converging annular 

gap with a width of 0.62 mm, resulting in a transition from a subsonic to a supersonic flow 

regime. Such a nozzle is responsible for the generation of a high velocity, high pressure gas 

jet forming a swirling supersonic gas flow in the atomization chamber. In the interior of the gas 

jet in the atomization chamber, Mach diamonds are produced with various dimensions and 

kinetic energies, as shown in the close-up view of the gas flow structure in Fig. 1 from the 

numerical simulation of the gas flow [26]. Argon is used as the inert gas inside the nozzle as 

this EIGA plant is implemented to produce reactive alloys (such as Ti alloys). A metal rod-

shaped electrode in the melting chamber undergoes contactless melting in a conical induction 

coil. This type of non-contact induction melting limits any process-related pollution of the metal, 

allowing the production of ultra-clean powders, which makes the EIGA process particularly well 

suited to the manufacture of easily oxidized and highly reactive metal powders (such as 

titanium alloys). A stream of molten metal produced in the melting chamber flows vertically 

through a free fall nozzle and is impacted by the gas jet in the atomization chamber, breaking 

it into liquid droplets through various fragmentation mechanisms, which are transformed into 

metal powder particles after solidification. In this atomization system, the gas pressure in the 
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melting chamber is kept higher than the one in the atomizing chamber to prevent problems 

such as clogging and backflow of the metal droplets and to control the free-falling flow of the 

molten metal. To prevent strong variations of the pressure in the melting chamber and ensure 

that it remains within specified setpoints, it is adjusted throughout the entire atomization 

process using a PID controller. The molten metal stream is either a continuous flow or a 

discontinuous flow of drops [13] based on the electrode rotation and feeding velocity and the 

electrical power in the induction coil. This atomization tower is capable of atomizing electrodes 

with a maximum length of 1000 mm and three different diameters of 70, 100, and 150 mm, 

which corresponds to the production of about 15, 30, and 75 kg of Ti powders, respectively [4]. 

 

     
 

Fig. 1. Left: EIGA atomization unit at Uckange (France). Right: Schematic of the EIGA atomization unit 
showing the melting of the electrode and free fall of the liquid metal, its atomization into droplets, the 
installation of the high-speed video camera in front of a viewport, the observation region and a close-up 
view of the simulated gas flow structure in the observation region. 

 

In order to identify and classify the different mechanisms of metal fragmentation within the 

EIGA process, the metal atomization is observed with a high-speed video camera placed in 

front of one the viewport of the EIGA tower (Fig. 1). The camera is tilted by 20° in order to 

better visualize the interest area downstream the nozzle exit. The observation region is 50 mm 

high and is located immediately underneath the gas nozzle. A close up view of the simulated 

gas flow pattern in the selected observation region, obtained using our gas flow numerical 

model [26], is shown in Fig. 1. It indicates the presence of several Mach diamonds inside the 

gas jet, which are expected to play an essential role on the fragmentation phenomena. The 

atomized metal is the titanium alloy Ti-6Al-4V (Ti64). The video camera used is a Photron SA-

5 ultra-high-speed camera. The ISO setting is set to 10000 and the opening is set to 0.0625. 

The exposure time is 0.37 μs and the image acquisition rate is 25000 frames/s. The images 

obtained have a resolution of 0.097 mm/pixel. A Camsizer XT analyzer is used to measure the 

particle size distribution of the produced powder. The physical properties of argon and Ti64 

liquid metal are listed in Table 1. 

 

Table 1  

Argon and Ti64 metal physical properties used in this study. 
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Physical properties Density (kg/m3) Dynamic viscosity 
(Pa.s) 

Surface tension 
(N/m) 

Argon gas 1.76 2.12 * 10-5  

Ti64 liquid metal 4500 4.82 * 10-3 1.54 

 

3. Results and discussion 

As listed in Table 2, a total of 9 tests are performed on a Ti64 electrode of diameter 100 mm 

and length 700 mm using argon as atomizing gas. The role of the atomizing gas pressure at 

the nozzle inlet (between 5 and 40 bar) and the pressure in the melting chamber (between 

1.04 and 1.3 bar) on the fragmentation mechanisms and on the particle size distribution of the 

produced powders is more particularly investigated in this study. 

Table 2 

Parameters of the tests performed. 

Test no. Gas pressure at the nozzle inlet 
(Pg) (bar) 

Gas pressure in the melting 
chamber (Pm) (bar) 

Nozzle outlet gap size (X) 
(mm) 

#1 40 1.2 0.62 

#2 30 1.2 0.62 

#3 20 1.2 0.62 

#4 10 1.2 0.62 

#5 5 1.2 0.62 

#6 30 1.04 0.62 

#7 30 1.085 0.62 

#8 30 1.1 0.62 

#9 30 1.3 0.62 

 

3.1. Visualization of liquid metal fragmentation modes 

As a general rule, the fragmentation process is divided into two main stages. The first stage 

(referred to as primary fragmentation) is the disintegration of the molten metal stream to form 

ligaments and large fragments of liquid metal. Subsequently, in a second stage (referred to as 

secondary fragmentation), these primary structures fragments further into droplets of smaller 

sizes. As mentioned above, the actual understanding of the fragmentation phenomena in the 

specific context of the EIGA process is still limited. In order to interpret the observations and 

measurements reported in this paper, we will refer to the breakup phenomena described in the 

literature for other atomization systems. We will more particularly refer to the work of Zhao and 

Liu [25] which is an update of Lasheras and Hopfinger [15]. The main mechanisms listed for 

primary fragmentation by these authors are Rayleigh breakup, bag breakup, membrane fiber 

regime and fiber breakup. These mechanisms may be classified in a map depending on two 

parameters, namely the ratio of the gas-liquid nozzle exit area and the Weber number. 

Secondary fragmentation involves two main breakup modes: bag breakup and shear breakup. 

Bag breakup is usually thought to result from the Rayleigh-Taylor interfacial instability and 

comes in a variety of forms (bag breakup, bag-stamen breakup, dual-bag breakup, bag/plume 

breakup, multibag breakup…) as the Weber number increases. The shear breakup is mainly 

a consequence of the Kelvin-Helmholtz-like shear instability and occurs at high We values 

(usually above 80) [27]. 

All the fragmentation mechanisms observed during the performed trials are summarized in 

Table 4 located in section 3.4. Figs. 2–6 presented below illustrate examples of each primary 

and secondary fragmentation mechanism identified. For each mechanism, the high-speed 

camera image is superimposed on the gas flow structure map coloured by the gas flow Mach 

number (parameter expressing the ratio of the flow velocity to the sound velocity) obtained 

from the numerical model developed in [26]. A characteristic Weber number is also reported 
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for each mechanism in the legend of the figure. This Weber number was computed considering 

the diameter of the metal jet or drop measured from image processing at a given fragmentation 

instant with the Photron FASTCAM Viewer software and the local aerodynamic parameters 

(local velocity and density) of the gas determined from the numerical model developed in [26]. 

The velocity lag between the droplet and the gas is assumed close to the gas velocity as the 

droplet falling velocity is negligible. The mechanisms observed for primary fragmentation 

correspond to fiber breakup, bag breakup and Rayleigh breakup, whereas secondary 

fragmentation involves bag breakup, multibag breakup and shear breakup mechanisms. 

The fiber breakup mechanism occurs when the gas pressure is the highest (40 bar) or the 

pressure in the melting chamber is low (≤1.1 bar). As observed in Fig. 2, it results in the rapid 

fragmentation of the metal stream into fine fiber-like structures. The gas energy in the core of 

the gas jet is high enough to cause the development of a Mach disk (i.e. normal shock wave 

in the space between the second Mach diamond). This mechanism is associated to a relatively 

large value of the Weber number (We = 66, dm = 3mm).  

 

Fig. 2 . Primary fragmentation mechanism of fiber breakup (We = 66) observed in the EIGA atomization 
process. The video images are superimposed on the contour plot of the gas flow Mach number obtained 
from [26]. The gas flow calculation corresponds to case #1 in Table 2. dm = 3 mm. The Weber number is 
computed in the subsonic (blue) region.  

 

Fig. 3 . Primary fragmentation mechanism of bag breakup (We = 14) observed in the EIGA atomization 
process. The video images are superimposed on the contour plot of the gas flow Mach number obtained 
from [26]. The gas flow calculation corresponds to case #2 in Table 2. dm = 0.7 mm. 
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Fig. 4 . Primary fragmentation mechanism of Rayleigh breakup (We = 8) observed in the EIGA 
atomization process. The video images are superimposed on the contour plot of the gas flow Mach 
number obtained from [26]. The gas flow calculation corresponds to case #2 in Table 2. dm = 0.35 mm. 
The red box shows a drop undergoing bag type breakup. 

The Rayleigh breakup and bag breakup mechanisms are observed under lower atomization 

gas pressure levels (pressure range of 20-30 bar) or higher-pressure levels in the melting 

chamber (≥1.2 bar). In these modes, the breakup is driven by surface wave instabilities. Bag 

breakup is generated when the jet stretches into a thin sheet and involves the growth of 

Rayleigh-Taylor waves on the front forming a hollow bag that fragments into small droplets. 

The metal stream diameter is smaller (dm = 0.7 mm) compared to the fiber breakup case (dm = 3 

mm). Hence, the metal stream is more influenced by the gas, thus swirling with the gas flow. 

Rayleigh breakup fragmentation is related to the Rayleigh-Plateau type instability. In this mode, 

the diameter of the metal jet is the thinnest (dm = 0.35 mm) and the formed droplets are almost 

twice larger, resulting in a fragmentation of bag breakup mechanism in the secondary 

fragmentation (see red rectangle in Fig. 4). Fiber breakup requires about 1 ms to initiate 

shearing of liquid metal volume. On the other hand, in the case of the bag breakup and 

Rayleigh breakup mechanisms, because of the stronger fluctuations of the metal sheet 

induced by the gas flow, the metal stream fragments much more quickly (in less than 0.2 ms). 

For the low pressures at 10 and 5 bar (tests #4 and #5 in Table 2), no primary fragmentation 

mechanisms were observed, as it appears that the metal jet underwent primary fragmentation 

in the region above the selected observation region. 

 

 

Fig. 5 . Secondary fragmentation mechanisms of shear breakup (We = 90) and bag breakup (We = 15) 
observed in the EIGA atomization process. The video images are superimposed on the contour plot of 
the gas flow Mach number obtained from [26]. The gas flow calculation corresponds to case #2 in Table 
2. dm,1 = 3 mm for shear breakup and dm,2 = 0.6 mm for bag breakup. The red box shows a drop undergoing 
bag type breakup. 
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Fig. 6. Secondary fragmentation mechanism of multibag breakup (We = 60) observed in the EIGA 
atomization process. The video images are superimposed on the contour plot of the gas flow Mach 
number obtained from [26]. The gas flow calculation corresponds to case #2 in Table 2. dm = 3mm. 

The same secondary fragmentation mechanisms (i.e. bag breakup, multibag breakup and 

shear breakup) were observed in all the tests performed except for the highest atomization 

pressure (40 bar) and the low pressure in the melting chamber (≤1.1 bar). For bag breakup, 

the metal drop deforms into a disc, then into a bag which rapidly fragments into tiny droplets 

(time scale of about 0.3 ms). In the multibag breakup mode, the surface of the bag has several 

lobes which burst one after the other (time scale of about 0.4 ms). During the shear breakup 

mode, the metal drop approaches very close to the most energetic gas region (Mach diamond) 

leading to its disintegration into droplets under a shear effect caused by the gas flow. The 

estimated Weber number varies between 10-40 for bag breakup, 40-60 for multibag breakup 

and is superior to 60 for shear breakup. These results agree with previous studies ([28-

31]…etc.) on secondary breakup and recent studies on airblast atomizer [32]. 

 

3.2. Global atomization performance and cumulative mass size distribution 

analysis 

The effect of the gas pressure at the nozzle inlet on the particle size distribution of the obtained 

powder is studied from the results of tests #1, #2 and #3 in Table 2. Because the minimum 

operative pressure applied in the real atomization process is at 20 bar, the particle size 

distribution for lower pressures is not discussed in this section (tests #4 and #5). Fig. 7 

compares the cumulative particle size distribution measured for these three tests. The particle 

diameters corresponding to the 10th, 50th and 90th percentiles of these distributions are reported 

in Table 3. An increase in the atomizing gas pressure from 20 to 30 bar favors the production 

of fine powders, resulting in a decrease of the mass median particle diameter (d50 or MMD) 

by 17 %, and an increase of the percentage of the powder suitable for additive manufacturing 

(< 63 µm) by about 26 %. An increase in the gas pressure from 30 to 40 bar reduces the 

median particle diameter by 9 % and improves the percentage of powder suitable for additive 

manufacturing (< 63 µm) by about 17 %. These results are due to the overall increase in gas 

velocity, and thus of its kinetic energy, when increasing the atomizing gas pressure, which 

results in the formation of finer droplets. This trend is consistent with the evolution of the 

breakup regime observed experimentally in Section 3.1. From these observations, under the 

different gas pressure investigated, the secondary breakup mechanisms are similar, whereas 

several primary breakup mechanisms exist. Low gas pressures (20-30 bar) are associated to 

a Rayleigh breakup / bag breakup regime, whereas a fiber breakup regime occurs for large 

gas pressure (40 bar). As a rule, the droplet size resulting from fiber breakup is expected to be 

much smaller than that produced by Rayleigh breakup and bag breakup, which agrees with 

the effect of the gas pressure on the particle size distribution observed in Fig. 7. 
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Fig. 7. Cumulative volume proportion versus powder diameter for three different atomization pressures. 

 

Table 3 

Comparison of the 10th, 50th and 90th percentiles of the cumulative distribution measured for different 

atomization conditions. Note that d50 is also often referred to as Mass Median Diameter or MMD. 

Test 
no. 

Gas pressure at 
the nozzle inlet 

(Pg) (bar) 

Gas pressure in the 
melting chamber 

(Pm) (bar) 

Nozzle outlet 
gap size (X) 

(mm) 

d10 (µm) d50 or 
MMD (µm) 

d90 (µm) 

#1 40 1.2 0.62 27 75 156 

#2 30 1.2 0.62 30 82 162 

#3 20 1.2 0.62 32 98 207 

#8 30 1.1 0.62 28 81 180 

#9 30 1.3 0.62 33 94 198 

 

The effect of different levels of gas overpressure (∆P) in the melting chamber of the metal 

electrode on the final particle size obtained is studied from the results of tests #2, #8 and #9 in 

Table 2. Due to the clogging of the nozzle during tests #6 and #7 in Table 2, their results are 

not presented here. Fig. 8 compares the cumulative volume ratio for three different melting 

chamber pressures. The particle diameters corresponding to the 10th, 50th and 90th percentiles 

of these distributions are reported in Table 3. Decreasing the melting chamber pressure from 

1.3 to 1.2 bar favors the production of fine powders, decreases the Mass Median Diameter 

(d50 or MMD) by 14% and increases the percentage of powder suitable for additive 

manufacturing (<63 µm) by 29%. A reduction in melting chamber pressure below 1.2 bar has 

only a small impact on particle size distribution. Although it does not show a major influence 

on the average particle diameter, it shows nevertheless a slight increase of very fine particles 

(< 63 µm). Again, such an evolution of the particle size distribution agrees with the primary 

breakup behavior observed by high-speed imaging in Section 3.1. Indeed, as the melt chamber 

overpressure decreases, the primary breakup mechanism changes from a Rayleigh breakup / 

bag breakup regime to a fiber breakup regime. As mentioned above, this latter regime involves 

the production of smaller size particles than the first two regimes (which is consistent with the 

evolution of the particle size distribution observed in Fig. 8). Note that, similarly to the effect of 
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the gas atomization pressure, the variations in the melt chamber overpressure considered in 

our study have very little impact on the secondary breakup mechanisms. 

 

 

Fig. 8. Cumulative volume proportion versus powder diameter for three different pressures between the 
melting and the atomization chambers. 

 

3.3. Mass log stable distribution and detailed fragmentation mechanisms 

In order to model further the mass distribution, Rimbert and Séro-Guillaume [33] introduced 

log-stable laws as a generalization of widely used log normal laws. This work is a 

generalization of Kolmogorov’s [34] work on asymptotic solution of the fragmentation equation 

which had been modernized by Novikov and Dommermuth [35], using log infinitely divisible 

distribution and continuous time process by Gorokhovski and Saveliev [36]. The main 

modification of Rimbert and Séro-Guillaume [33] was to consider mass distribution instead of 

number distribution and to select among the log infinitely divisible distributions by only 

considering log-stable laws. The Lévy stable laws are given analytically by their characteristic 

function p̂ (i.e. the Fourier transform of their PDF) which take the form: 

( )ˆ ( ; , , ) exp 1 ( ( )) ( , )p k ik k i sign k k


        = − +   (5) 

 

where 

tan( / 2)  if 1
( , )

-(2/ )log k  if 1
k

 
 

 


= 

=
 

(6) 

and  (0 <   2) is the stability index governing the decrease of the tail of the probability,  ( 

>0) is the scale parameter, analogous to the standard deviation of the normal law, and δ, a 

real number, is the shift parameter governing the mean of the distribution.  (-1    1) is a 
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“skewness” (different from traditional skewness) parameter,  = 0 indicates a symmetric 

distribution,  < 0 a distribution skewed to the left and  > 0 a distribution skewed to the right. 

One can notice that if  = 2, the distribution is Gaussian and the parameter  is meaningless 

since ( , ) 0k  =  (normal distributions are not skewed). When  = -1 the distribution is said 

totally skewed to the left and all positive moments of the log-stable distribution are finite. 

Rimbert et al. [23] present a full model that allow the determination of all four parameters. It is 

based on a “two steps” cascading instability mechanism. The ratio between different length 

scales gives some parameters of the distribution. To summarize: 

• α = 1.7 (an explanation of this value can be found in [37]) 

• β = -1 

• 10log RT

shear






 
=  

 
 

• 10log shear

md




 
=  

 
 

Where shear is the wavelength of the shear (Kelvin-Helmholtz like) instability given by: 

( )( )
1/3 1/2

1/3

1/3

2
1 1

0.4 Re

shear R
R R

m R m

K

d

 
 



 
= + + 

 
 

(7) 

R is the metal to gas density ratio (here close to 2556) and R is the metal to gas dynamic 

viscosity ratio (here close to 227), K is a (geometric) boundary layer development coefficient 

(K  0.5 for jet breakup) and Rem=mUrdm/m is the metal Reynolds number. 

8 mRT

m F shear

d

d C We





=  

(8) 

CF is a friction coefficient governing the late stage (Rayleigh-Taylor instability) of the droplet 

fragmentation (CF   3 for jet breakup). Fig. 9 shows an application of this modelling to the 

present results. Two cases are presented here. Case #1 which has been shown to be 

dominated by shear breakup and case #2 which present a combination of bag and shear 

breakups. In both case the mass distribution seems to be adequately fitted with a log-stable 

law. Considering the proposed model, it also seems to be valid but needs a new fitting of the 

parameters CF and K for the two proposed cases. Moreover, it was needed for case #1 to 

compute the Weber number in the supersonic region present on the vertical axis (Mach 

diamond, cf. Fig. 2). Therefore, the value We = 250 has been used in this case. Note also that 

the resulting mass PDF is computed on about two minutes of atomization process and 

corresponds to many different breakup events (video recording corresponds to roughly 3 s of 

the process to compare with). Therefore, this Weber number should actually be considered as 

an average Weber number. Now, if we look at its definition, we can assume that: 

g r g g g

r g g

U d
We U d U d U d

   

   
=     

(9) 

where stands for the classical statistical average and where we have assumed that the 

properties of gas density and the surface tension were identical for every fragmentation event 
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(but this is approximate, surface tension may change slightly when the droplet cools down for 

instance…etc.). Moreover, we assumed that the velocity difference is very close to the gas 

velocity which is considered independent from the droplet size. Therefore, the average droplet 

size md d can also be considered as a fitting parameter (except that it has been fixed using 

image analysis). Note also that this consideration could be extended to the other non-

dimensional numbers of the modelling (i.e. Reynolds number, viscosity and density ratio). 

For case #1, which is the highest available gas pressure Pg, the dominant fragmentation 

mechanism is shear breakup (there are almost no bag breakup). For case #2, the supersonic 

zone on the axis is barely present and this may explain why a mixture of bag and shear breakup 

has been observed in this case. There is also an important variation of the parameter K 

between the two cases, which is close to 0.12 for case #1 (shear breakup) and close to 0.34 

for case #2 (bag breakup) while the friction coefficient CF has been set to 4.9 for case #1 and 

2.8 for case #2. This agrees with finer droplets obtained in case #1 as seen previously (cf. fig.7 

for instance). Note again that both estimates of dm and We are very important when fitting these 

parameters and that some complementary analysis would be needed to comfort the proposed 

coefficient values (like determining the exact mixture ratio between bag and shear breakup). 

Lastly, it can be seen that the model is sensitive to both the viscosity ratio and density ratio of 

the gas, which are somewhat unknown (superheat is not measured for instance) and the liquid 

which also introduces de facto some uncertainty on the coefficients.  

Let us note that in spite of these remaining open questions, a fitting by a log-stable law is 

always possible (as can be seen on fig. 9). However, in order to get really predictive results, 

further investigations are needed. 

  
Fig. 9. Fitting the mass PDF: On the left, case #1, dm= D0 =3 mm (and 63 microns stand for -1.67), on 

the right, case #2 dm=D0=0.6 mm (and 63 microns stand for -0.98). 

3.4. Powder backflow and nozzle clogging 

During the tests performed #2, #6, #7 and #8 in Table 2, the atomization process was disturbed 

by some backflow of powder particles towards the melting chamber, and in two cases the 

nozzle clogged. The nozzle clogging phenomenon in a close-coupled atomization process has 

already been reported in several papers [38,39], but has not yet been observed in free-fall 

atomization. In order to understand the cause of such phenomenon, the average gas pressure 

and the average Weber number (considering the molten metal stream diameter to be equal to 

5 mm) in the insert region (i.e. conical volume directly below the melt delivery nozzle, cf. Fig. 

1b) were calculated by means of the gas flow model described in [26]. The results of these 

calculations are presented in Table 4 for 7 of the 9 tests performed. 
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Table 4 

Summary of the fragmentation mechanisms observed during the trials and calculation of the averaged 

Weber number for a particle diameter equal to 5mm and the average gas pressure in the insert region. 

Test 

no.  

Pg 

(bar) 

 Pm 

(bar) 

 X 

(mm) 

Comments Primary 

fragmentation 

Secondary 

fragmentation 

d50 or 

MMD 

(µm) 

Mean 

Weber 

number in 

the insert 

Mean 

pressure in 

the insert 

(Pin) (bar) 

Ratio  

Pin /Pm 

#1 40 1.2 0.62 

Powders 

backflow 

in the 

melting 

chamber 

Fiber breakup 
Shear breakup and 

Bag breakup 
75 60 1.084 0.9 

#2 30 1.2 0.62 - 
Bag breakup and 

Rayleigh breakup 

Shear breakup, 

multibag 

breakup and Bag 

breakup 

82 86 1.026 0.855 

#3 20 1.2 0.62 - 
Bag breakup and 

Rayleigh breakup 

Shear breakup, 

multibag 

breakup and Bag 

breakup 

98 101 0.99 0.825 

#4 10 1.2 0.62 - - 

Shear breakup, 

multibag 

breakup and Bag 

breakup 

- - - - 

#5 5 1.2 0.62 - - 

Shear breakup, 

multibag 

breakup and Bag 

breakup 

- - - - 

#6 30 1.04 0.62 
Nozzle 

clogging 
Fiber breakup 

Shear breakup and 

Bag breakup 
- 44 0.955 0.92 

#7 30 1.085 0.62 
Nozzle 

clogging 
Fiber breakup 

Shear breakup and 

Bag breakup 
- 52 0.988 0.91 

#8 30 1.1 0.62 

Powders 

backflow 

in the 

melting 

chamber 

Fiber breakup 
Shear breakup and 

Bag breakup 
81 58 0.99 0.9 

#9 30 1.3 0.62 - 
Bag breakup and 

Rayleigh breakup 

Shear breakup, 

multibag 

breakup and Bag 

breakup 

94 114 1.062 0.817 

 

These results reveal the following trends: An increase in the pressure Pg of the atomizing gas 

and/or a decrease in the overpressure Pm in the melting chamber results in an increase of the 

pressure Pin of the gas in the insert region (cf. fig. 1), as well as a decrease of its kinetic energy 

(therefore the Weber number decreases). These two effects on the gas parameters in the 
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insert region (the increase of the gas pressure and the decrease of the gas kinetic energy) 

contribute to the degradation of the fragmentation conditions in the upper part of the tower and 

may explain the observed evolution of the primary fragmentation mechanism from bag breakup 

/ Rayleigh breakup to fiber breakup, as well as the observed phenomenon of powder backflow. 

As far as the gas pressure in the insert is concerned, its increase leads to a situation where 

the pressure in the insert is very close to the pressure in the melting chamber, reducing the 

aspiration of the metal stream and thus increasing the risk of particle backflow and nozzle 

clogging. Moreover, the reduction of the metal stream aspiration, in the same way as the 

decrease of the gas kinetic energy in the insert region, has a negative impact on the primary 

fragmentation of the metal in the insert region. It results in a larger metal jet diameter (dm = 3 

mm at 40 bar vs. dm = 0.7 mm at 30 bar) leading to the interaction of a larger volume of liquid 

with the Mach diamonds and thus promoting the fragmentation into fibers. The fiber breakup 

fragmentation results eventually in the violent release of a large number of metal fragments 

(including a large proportion of very fine droplets), which are projected in all directions and may 

potentially lead to some backflow. 

It is worth noting that the onset of powder backflow and nozzle clogging seems to be controlled 

by a threshold value of the ratio of the average pressure in the insert to the pressure in the 

melting chamber. Powder backflow is observed when the value of this ratio approaches 0.9, 

while nozzle clogging is observed when this ratio exceeds 0.9. 

 

4. Conclusion 

To conclude, in this work, experimental results on the different fragmentation mechanisms 

found in an EIGA tower when the atomization gas pressure is varied have been reported. The 

primary breakup mechanisms are closely related to known air blast atomization mechanisms 

(Rayleigh breakup, bag breakup, membrane and fiber or fiber breakup) while secondary 

atomization mechanisms are either of the bag breakup (kind for the lower atomization gas 

pressure) or of the shear breakup kind. Note that for the higher atomization gas pressure, the 

fiber breakup principally happens when the primary liquid crosses the Mach disk where the 

velocity lag between the droplet and the gas is maximum which leads to the higher Weber 

number. This mode is dominant and promotes fine droplets. 

Therefore, in the present work, the EIGA apparatus’ best performance are obtained for a 

feeding pressure of Argon of 40 bar. This can be clearly seen when comparing the different 

cumulative mass distribution. To look further into the detail, a new model to compute the mass 

distribution is discussed and seems promising as it explains why previous CFD modelling 

[13,14] cannot reproduce the observed mass PDF as the modelling they use does not contain 

the adequate physics. However, this modelling part is far from complete partly due to the 

inhomogeneity of the gas flow, to variations in the liquid pouring due to unperfect control of the 

inductive melting and uncertainty on the physical properties of both the gas (due to the 

inhomogeneity) and the melt (due to the lack of knowledge of the initial temperature of the melt 

and since no cooling model has been introduced yet). Therefore, a more detailed fragmentation 

and solidification model should be devised and implemented in a CFD software. From the 

experimental point of view, part of this work will involve automatically sorting the different 

fragmentation mechanisms through image analysis to improve the computation of the statistics 

of the different parameters (like mode and location of a breakup event, computation of the local 

viscosity ratio, density ratio as well as the Weber and Reynolds numbers). This is however left 

for future work. 
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Last, when the pressure difference between the melting chamber and the insert is slight, it has 

been seen that clogging of the nozzle can happen. Actually, this can be quantified and when 

the pressure ratio Pin/Pm is superior to 0.9, clogging has been occurring and this is proposed 

as a clogging criterion for the present apparatus. 
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