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Abstract: A number of analytical models predicting the size distribution of particles during
atomization of Al-based alloys by N2, He and Ar gases were compared. Simulations of liquid
break up in a close coupled atomizer revealed that the finer particles are located near the
center of the spray cone. Increasing gas injection pressures led to an overall reduction
of particle diameters and caused a migration of the larger powder particles towards the
outer boundary of the flow. At sufficiently high gas pressures the spray became
monodisperse. The models also indicated that there is a minimum achievable mean diameter
for any melt/gas system.
Keywords: Al alloys; gas atomization; spray forming; two phase flow; liquid break up;
surface wave formation

1. Introduction
In metal spray forming, the atomization parameters define the size of the powders to be deposited
on the substrate. The size of the particles and their position inside the spray affect their cooling
histories and the solid fraction on the preform. The quality of the end product depends very much on
porosity, grain size and distribution of intermetallic phases in the powder, all of which are in turn a
function of the cooling histories of the powder particles in flight. It, therefore, follows that information
on the dynamic behaviour of the drops is needed for an accurate prediction of the shape and quality of
the preform or the mean diameter and the microstructure of the powder collected. A first major step in
this direction is the prediction of the liquid break up mechanisms during gas atomization.
In gas atomization a liquid metal stream is perturbed by a number of high velocity gas jets and is
broken up into fine drops [1] which solidify in flight. In the first stage, that of primary atomization, the
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surface of the melt is disturbed by a sinusoidal oscillation [2] and is subsequently broken up into large
drops or unstable bodies, the ligaments [3]. During the subsequent stage of secondary atomization, the
drops/ligaments may further disintegrate in flight, either via a low-turbulence mechanism [4] or in a
more chaotic high-turbulence stripping fashion [5]. Gas flow characteristics at the point of atomization
as well as further downstream affect the modes of metal break up and consequently determine the size
and mass distribution of the resulting spray. Drop size and mass distribution, two-phase turbulence
effects and heat transfer during solidification in turn determine the metallurgical quality of the
preform. Atomization process control has been considered in earlier phenomenological studies [6–14]
in respect to atomization parameters—such as nature of the gas and melt phase, gas injection pressures
and melt superheat. More recently, experimental treatises of atomizing geometries have been
presented [15–17]. Solidification modeling and process control frequently rely on powder size
calculated from empirical equations, e.g., the Lubanska equation [18]. However, such empirical
equations do not yield drop size or mass distributions inside the spray cone. Liquid break up
phenomena, in turn—although described in the macro scale early on [19–22]—have not been reflected
on rigorous modelling implementations. Modern atomization modeling appears to be focusing
on CPU-intensive stochastic simulation of the liquid jet and primary atomization in terms of
Reynolds-averaged Navier-Stokes mixing [23]. Recently, the more realistic cases of turbulent
atomization conditions have been addressed, e.g., by computational fluid dynamics (CFD) [24–26] and
integrated models [17,27] have been proposed.
This study presents a comparison of principal analytical models used in engineering practice,
addressing primary and secondary break up. The models have been applied to the atomization of Al
melts. In a previous study of He atomized Al alloys [28] the mean powder size appeared largely
uninfluenced by secondary alloying elements, effectively behaving as bulk Al. Accordingly, the
current study considers Al as the melt phase and results of the radial distribution of powder sizes are
presented for a variety of atomization conditions, in a close coupled atomizer assembly. Particulars of
the atomizer geometry, generated gas flow as well as the transport equations used for the particles in
flight have been described in [29].
2. Break Up Models
The first algorithm considered is based on the Surface Wave Formation (SWF model) theory and
has been explained in [30]; the key concepts of the model are reproduced here for the sake of
completeness. In the SWF model of primary break up, a single, fastest growing wavelength, induced
by the sonic velocity of the atomizer gas jets, is taken to be responsible for the primary deformation of
the melt stream. The wave has a phase (propagation) velocity downstream which in turn creates crests
and troughs along the liquid column; when the crests reach a critical height, an unstable ligament is
assumed to be formed via stripping of a part of the crest, or detached from the liquid column at points
of negative amplitude. The critical height, nc, is defined as:

nc =

2σ

1
2
CD ρ g U r
2

(1)
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where σ is the liquid surface tension; CD is the drag coefficient; ρg is the gas density and Ur is the
relative velocity between the liquid and the gas phase. The SWF model utilizes a force balance criterion
to calculate the critical amplitude for specific gas and metal properties above which stripping of the tip
of the crest or detachment of the liquid column occurs. In this way, the fastest growing wavelength is
related to a critical amplitude and for every crest with an amplitude exceeding the critical one, the
diameter and volume of the ring-shaped ligament are also determined. The SWF model of secondary
break up—i.e., disintegration of a ligament or drop into smaller fragments—assumes a cylindrical
liquid shape perturbed by a wide array of wavelengths (and their corresponding growth rates) and is
transported inside the flow in a lagrangian fashion, governed by the equation:
mρ

dU p

1
= CDρ gU r2 A + m p g
dt
2

(2)

where mp is the mass of the particle being transported, Up is the velocity of the particle, A is the area of
the particle seen by the gas flow and g is the gravitational acceleration.
The second model is based on a drop break up criterion, termed the Weber model, which is based
on observations made by Hinze [31]. According to this, for a given set of liquid drop and gas
properties, there is a critical stable size, Dc, above which the drop will break into smaller fragments.
This critical size is related to the critical Weber number, (Nwe)c, through the expression:

Dc =

( N We )c σ

ρ g U 2r

(3)

Any drop exceeding the critical size is instantaneously broken into fragments of the critical
diameter. The number of fragments is equal the ratio of mass of the initial drop to that of the critical
size. In practise, the actual value of the critical Weber number first needs to be evaluated for a
particular melt/gas system and for a given set of injection parameters by trial and error. Afterwards,
that critical value can be used for any other set of conditions for that particular system.
An analytical model for drop break up originally presented by Wolf and Andersen [32] and revised
in the current work to take into account the effect of the drag coefficient, was also put under scrutiny
(WA model). In the original WA approach, a drop of cylindrical shape of length lc is assumed. The gas
pressures necessary to cause either a hollow bag or a stripping break up were calculated. The pressure
for the hollow bag mechanism, Pb, is given by Equation (4), while the pressure necessary for the
stripping mode, Ps, is given by Equation (5):
1 CD ρ g U r σ
−
3
2
Dc

(4)

2 C D ρ g U r 4σ
−
Ps =
3
2
Dc

(5)

2

Pb =

2

The pressure that is positive and larger between Equations (4) and (5) was selected to be the driving
force of the disintegration. The displacement of an assumed outer layer of the drop in respect to the
undisturbed position of its free surface was then calculated. If at any time the displacement was found
to be equal or larger than the diameter of the initial drop, the outer layer was broken into fragments
with dimensions, y, L and W, given by Equations (6), (7) and (8), respectively:

Metals 2012, 2

205

y=

4 μl

L=

W=

(6)

U r ρ g ρl
4π σ

(7)

ρ g U 2r
8σ

lc
2U r

(8)

lc C D ρ g

where μl is the dynamic viscosity of the melt; for liquid Al, μl is taken to be 1.0 mPa·s. The diameter of
each drop, Ds, produced in this manner is given by the expression:
Ds = 3

6

π

y LW

(9)

and the number, Ns, of drops produced was expressed as:
Ns=

π Do y L π Do
=
W yL

(10)

W

by dividing the volume of the stripped layer by the volume of the assumed drops formed by
its collapse.
Finally, the empirical Lubanska equation [18] was employed to correlate the mass median diameter,
Dm, to the processing parameters of atomization:

 ν 
Dm = Do C L 

ν
N
g
We



1/2

(11)

where CL is a numerical constant ranging from 40 to 50; νl and νg are the liquid and gas kinematic
viscosities; respectively, Do is the initial diameter of the melt and Nwe is the Weber number defined as:

ρ g U 2r Do
N We =
σ

(12)

In the current study, the kinematic viscosity of liquid Al at 1100 °C was taken to be 3.10 × 10−7 m2/s,
while the kinematic viscosities of N2, He and Ar at 20 °C were 1.51 × 10−5, 1.17 × 10−4 and
1.34 × 10−5 m2/s, respectively.
Primary atomization, i.e., the breakdown of a liquid column into spherical drops was always calculated
by the SWF model. The particles created during primary atomization were then used as input data for the
models mentioned above. Unless otherwise stated, the atomization parameters were kept constant
throughout the simulations and are as follows:
1.
2.
3.
4.
5.

Atomization Pressure : 150 psi (1.03 MPa);
Ambient Pressure : 14 psi (0.096 MPa);
Initial Melt Column Radius : 0.001 m;
Initial Melt Exit Velocity : 1 m/s;
End of break up calculations 0.4 m downstream of atomizer.
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3. Results and Discussion
The behavior of the atomization models was studied as a function of the injection pressure and type of
gas. The parameter considered was the Sauter D32 particle size for which the overall and localized-radial
values were calculated.
Figure 1(a–c) illustrate the effect of increasing injection pressure for N2, He and Ar, respectively, on
the overall D32 size for liquid Al. The Lubanska equation predicts finer particles for Ar than for He up to a
pressure of 150 psi, above which the trend is reversed, in par with experimental evidence for the two
gases [2]. A uniform trend shown by the SWF, Weber and WA models is the reduction of the D32 size
with increasing pressure. In addition the models predict that He produces the finest powders under any
atomization pressures. In addition, N2 yields coarser particles compared to Ar. The Weber model is not
sensitive to the changes in the injection pressure of He.
Figure 1. Effect of the type of atomizing gas on the overall D32 particle size for Al (a) N2;
(b) He; (c) Ar.

The radial distribution of particle sizes is shown in Figure 2(a–c) for N2, Figure 3(a–d) for He and
Figure 4(a–d) for Ar. At relatively low pressures, e.g., 50 psi (0.34 MPa), the particle size profiles for the
different gases are non-uniform. At higher pressures, 100 psi (0.69 MPa), the profiles begin to follow the
distinct pattern of finer particles in the center and coarser fragments in the outer regions of the flow. All
models predict finer particles for He. Figure 2b, Figure 3c and Figure 4c show the trend of the flow
towards a monodisperse array of drops radially, with the largest of particles being pushed towards the
edge of the spray.
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Figure 2. Predicted radial variation of the D32 size for Al-N2 at (a)100 psi (0.69 mpa);
(b) 200 psi (1.38 mpa); (c) 300 psi (2.07 MPa).

Figure 3. Predicted radial variation of the D32 size for Al-He at (a) 50 psi (0.34 mpa);
(b) 100 psi (0.69 MPa); (c) 200 psi (1.38 mpa); (d) 300 psi (2.07 MPa).
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Figure 4. Predicted radial variation of the D32 size for Al-Ar at (a) 50 psi (0.34 mpa);
(b) 100 psi (0.69 MPa); (c) 200 psi (1.38 mpa); (d) 300 psi (2.07 mpa).

Increasing gas pressure with a fixed initial melt velocity amounts to an increasing gas to melt mass flux
ratio, and as expected the Lubanska expression predicts a continuous decrease in drop sizes as do the three
break up models, e.g., see Figure 1(a–c). An important feature of the plot is the region of high pressures
(300 psi–2.07 MPa and over) where the rate of decrease for the particle size remains roughly constant.
This indicates that after a certain threshold is exceeded for the gas pressure, any surplus in energy offered
to the melt will not contribute to further break up.
The effect of the gas pressure on the D32 size can be understood by inspection of Figure 3(a–d) as an
example. At low pressures, e.g., Figure 3a, the fragmentation of the large globules formed during primary
break up is incomplete. The two easily distinguishable crests 5 cm and 10 cm away from the central axis
are in fact regions of large primary globules having undergone break up. As the atomization pressure
becomes higher, Figure 3b, there is a noticeable decrease in the larger fragments of the spray, while the
finer ones are unaffected. This indicates that splitting of a large particle is easier in comparison to a
smaller one for the same set of conditions, which in fact is the basis of the Weber model. A further
increase in gas pressures causes a shift of the coarse particles towards the outer regions of the spray, as
shown in Figure 3c. The fine fragments in this case cover a considerable radial spread, as predicted by
SWF and WA, while the Weber model indicates uniformity along the radial direction. Figure 3d shows a
further reduction of sizes, but the radial gradient in sizes still exists, as predicted by SWF, while WA and
Weber predict complete break up. The spray is now dominated by fine particles of a uniform size, while
the coarse fragments have been pushed further away from the center. The size gap between fine and
coarse particles is reduced.
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4. Conclusions
The predicted break up events in two phase flows by the SWF, Weber and WA models, revealed that
the radial distribution of particle sizes was that fine particles existed near the center axis and coarser ones
with increasing distance from the center. At sufficiently high injection pressures a monodisperse spray of
fine powders was produced, with the coarse particles being pushed to the outer edge of the flow. At very
high gas pressures, break up reached a saturation point in the center of the flow and there was no
detectable radial gradient of particle sizes. Helium was found to produce the finest particles under any set
of atomization conditions with nitrogen producing the coarsest ones. Due to its inherent affinity with
Kelvin-Helmholtz theory, the SWF model offers enhanced insight regarding the radial distribution of
particle sizes, which the rest of the models lack. The WA model offers some accountability towards radial
distribution of sizes but due to the deterministic nature of the twin break up mechanism on which it
operates, it has a bias towards monodisperse particle distributions.
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