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Abstract: Based on volume of fluid (VoF) interface capturing method and shear-stress transport (SST) k- turbulence
model, numerical simulation was performed to reveal the flow mechanism of metal melts in melt delivery nozzle (MDN)
during gas atomization (GA) process. The experimental validation indicated that the numerical models could give a
reasonable prediction on the melt flow process in the MDN. With the decrease of the MDN inner-diameter, the melt
flow resistance increased for both molten aluminum and iron, especially achieving an order of 10? kPa in the case of the
MDN inner-diameter <1 mm. Based on the conventional GA process, the positive pressure was imposed on the viscous
aluminum alloy melt to overcome its flow resistance in the MDN, thus producing powders under different MDN
inner-diameters. When the MDN inner-diameter was reduced from 4 to 2 mm, the yield of fine powder (<150 pm)
soared from 54.7% to 94.2%. The surface quality of powders has also been improved when using a smaller

inner-diameter MDN.
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1 Introduction

Metal additive manufacturing gains a
promising expectation in the entire 3D printing
system. Powder is the most commonly used
feedstock form for metal 3D printing [1-3].
Compared with other conventional powder-based
manufacturing techniques, metal 3D printing has
higher requirements for metal powders in particle
size, morphology, chemistry, etc. For example, the
selective laser melting (SLM) process prefers metal
powders which are in a size range of 15—45 pm,
spherical or nearly spherical, and of low
impurity [4]. Therefore, the production of metal

powders for additive manufacturing is supposed to
be improved accordingly.

Currently, gas atomization (GA) is widely
employed to produce metal powders for additive
manufacturing [5], such as aluminum alloys [6—8],
titanium alloys [9], iron alloys [10,11] and high-
entropy alloys [12,13]. The main principle of this
method is to use high speed gas to disintegrate
molten metal into small droplets, which are finally
solidified as metal powders [14]. The GA process is
complicated due to the interaction between gas and
liquid metals, which contains the breaking, cooling
and solidification of the melt. Simultaneously, these
sub-processes of the melt in turn affect the gas flow
field. It is difficult to conduct direct experimental
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investigation on the atomization process because
the gas/melt interaction process is instantaneous
under high temperatures. Therefore, numerical
simulation is often employed as an aid to
investigate intractable processes and help to
understand the atomization process. TONG and
BROWNE [15] adopted a unified model to describe
the compressible gas flow without the melt. The
density and pressure fields of the atomizing gas
were well depicted. The difference of the discrete
jet and annular slit gas nozzle was also revealed.
MOTAMAN et al [16] combined numerical
simulation and experiment to analyze the back-
stream flow phenomenon which may lead to the
lick-back of the melt. Besides, for the atomization
process of the melt, ZEOLI et al [17] used the
volume of fluid (VoF) method and the Reynolds
stress model (RSM) to investigate the primary
breakup of the melt. The gas flow field with the
melt was compared to that without the melt. LI
and FRITSCHING [18] adopted the VoF approach
to describe the formation and disintegration process
of the swirling conical sheets and the
Eulerian—Lagrangian approach to describe the
subsequent droplet spray process in the
pressure—swirl—gas-atomization process. Meanwhile,
some advanced optical detection techniques can be
used to help to investigate the atomization
process under lax conditions. LAMPA and
FRITSCHING [19] adopted the particle image
velocimetry (PIV) method to obtain the velocities
of droplets and gas. MULLIS et al [20] used the
high-speed imaging of the flow to examine the
effect of melt delivery nozzle (MDN) geometry.
SCHWENCK et al [21] obtained high speed images
for different nozzle systems during cold gas
atomization. It can be learned from the literature
that, the gas flow field during the GA process has
been investigated deeply and progress has also been
made in studying the complicated multiphase flow
processes of atomization and spray. However, little
attention has been paid to the flow process of the
melt in the MDN, although it is essential for
the stability and continuity of the subsequent
atomization process.

Normally, the molten metal is poured into the
crucible and then flows out through the circular
MDN installed at the bottom of the crucible. In
order to control the melt discharge and obtain fine
powders, the MDN inner-diameter is generally

controlled in the order of 10°~10' mm. With the
decrease of the MDN inner-diameter, the yield of
fine powder usually increases greatly [22,23].
However, the metal melt which is, only driven by
its own gravity and the aspiration pressure in front
of the MDN exit, may not flow smoothly in the
MDN with a very small inner-diameter, especially
for those high viscosity alloys. In view of the
limitation of the current detection methods, the melt
flow process in the MDN cannot be directly
observed. Thereby, the prediction of the melt flow
resistance in the MDN was based on analytical or
empirical formulas in our previous work [23]. In
this  work, simulation tools
employed to quantify the melt flow resistance in the
MDN. Based on the derived values of the melt flow
resistance in the MDN, appropriate positive
pressure (P.) was imposed on the melt, ensuring
that the melt could go through the MDN with a
small inner-diameter. By this way, high viscosity
aluminum alloy powders were prepared. The
particle size and morphology were systematically
analyzed.

numerical were

2 Theory

2.1 Turbulence model

The shear-stress transport (SST) k-w model
was mainly tested in this work. Additionally, The
Spalart—Allmaras (SA) model was introduced for
comparison in flow resistance calculation. Both of
the models above are Reynolds-averaged Navier-
Stokes (RANS) models which are widely used in
engineering due to their wide range of application
and good balance between computational cost and
accuracy. The Boussinesq hypothesis [24] is
adopted in both models. Boussinesq hypothesis is
written as Eq. (1), where the left part is Reynolds
stress, p is the density, u is the velocity magnitude,
k is the turbulence kinetic energy, and ¢ is the delta
function. The core idea of such a model is to solve
turbulent viscosity (@). SA model [25] is a
one-equation model, and only one additional
transport equation (representing turbulent viscosity)
is solved. y; is computed as Eqgs. (2)—(4), where C,;
is a constant, v is the kinematic viscosity, and v is
identical to v except in the near-wall region. As for
the SST k- model, it contains two types of models:
k-0 model [26] and k-¢ model [27]. Both are
two-equation models. x is a function of turbulence
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kinetic energy (k) and specific dissipation rate ()
or turbulence kinetic energy and turbulence
dissipation rate (¢). In the SST k-w model [28], u is
computed as Egs. (5)—(7), where S is the strain rate
magnitude, ¢ is the dynamic viscosity, y is the
distance to the next surface, a is a constant, and o*
is the coefficient for low Reynolds number correction.
This option was also introduced and designated as
SST k-w-LRe, and o* is expressed as Egs. (8)—(10).
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2.2 VoF model

VoF model is used to track the interface
between the molten metal and the air. The volume
fraction of the melt is defined as f,. When fS,=1,
the cell is full of the melt. When f,=0, the cell is
full of the air. If 0<f,<I1, the cell contains the
interface between the melt and the air. There is no
mass transfer from the melt to the air and no new
source term is defined, which are the hypotheses in
the present case. Therefore, the transport equation
of the volume fraction of the melt can be written as
Eq. (11).
lP(ﬂ P)+V(f pV)}o ()
p at m m

where ¢ is time, and v is overall velocity.

2.3 Flow resistance calculation

The flow of the melt through the MDN is
mainly resisted by viscous shear stresses within the
melt and the turbulence that occurs along the
internal walls of the MDN. This melt flow
resistance can be characterized by the pressure drop
along the MDN. According to the Bernoulli
equation [29] of the incompressible flow, the total
pressure (P) is conserved on the same streamline.
Therefore, the pressure drop (Pr) of the melt in the
MDN can be calculated as Eq. (12), where Py, is the
total pressure at nozzle inlet, and P, is the total
pressure at nozzle outlet.

B =AP=R, - F, (12)

In addition, Eq. (13), also called Darcy—
Weisbach equation [30], can be used to calculate
the pressure drop, where fp, is the flow coefficient, L
is the MDN length, and D is the inner-diameter of
MDN.

2
R=for - (13)

Under the assumption that the inner wall of the
nozzle is hydraulically smooth, the flow coefficient
can be calculated by Blasius equation [31] and
Colebrook equation [32] as Egs.(14) and (15),
respectively, where Re is the non-dimensional
Reynolds number.

0.3164

b = R0 (14)
1 Re
NP —l.SIg(@) (15)
Re=2"P (16)
r

3 Results and discussion

3.1 Mesh-sensitivity analysis

For the flow of molten metal in the MDN, the
computational domain at the nozzle is crucial and
the mesh in this region is supposed to be refined. In
addition, the computational domain can be drawn
only in half, given that the problem is axisymmetric,
as shown in Fig. 1. The middle of the computational
domain is the MDN part (DEJK). At zero time, the
area on the top is filled with the metal melt (red),
and the rest is the air (blue), as shown in Fig. 2.
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Fig. 1 Computational domain (Unit: mm)

Fig. 2 Physical model (red: liquid metal; blue: air)

Over time, the metal melt gradually flows out of the
nozzle under parameter control.

Mesh sensitivity testing was performed by
controlling the number of cells across the whole
computational domain. The increase in the mesh
density is mainly realized through the mesh
refinement in the MDN part. Five different numbers
of cells are adopted to test the mesh dependence as
shown in Table 1. The test and simulation were
conducted by ANSYS FLUENT software. In view
of the difference in the number of cells, adaptive
time step control was applied to keeping the
Courant number (uA#/Ax) less than 0.2, thus
maintaining computational stability and accuracy.

Liquid aluminum was selected as testing
material, of which the physical parameters are listed
in Table2. In this work, the molten metal is
assumed to be fully liquid and has a superheat of
150 K. Under this superheat temperature, the
physical parameters of the molten metal, such as
viscosity and density, have been corrected based on
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Ref. [33]. The pressure inlet and other boundary
conditions were set to allow the melt to flow out of
the nozzle, as shown in Table 3.

The values of axial velocity on the DE axis
(see Fig. 1) were extracted for the comparison of
simulation results based on different cell numbers,
as shown in Fig.3. When the cell number is
larger than 83x10°, the distribution curves of axial

Table 1 Meshing control

KJ node number Number of cells

201 7x10°

401 29x10°
601 83x10°
801 114x10°
1001 179x10°

Table 2 Physical properties of molten metals (superheat

150 K) [33]
Material ~ Density, p/(kg'm )  Viscosity, u/(mPa-s)
Aluminum 2325 1
Iron 6896 4.5
Air 1.225 0.017894
Water 998.2 1.003
Table 3 Boundary conditions
Line segment Type Condition

3 kPa (Relative

AC Pressure inlet .
atmospheric pressure)
JI, IH, HF  Pressure outlet Atmosphere
CF Axis Symmetry
AL, LK, KJ Wall No-slip
1.8
1.7+ — 7x10°
— 29x10°
16t — 83x10°
; - 114><10§
N2 L — 179%10
s 1.5
S 14t i
(2]
>
s 13+ |
< |
P \
1.1 fNozzle inlet Nozzle outlet

10 1I5 2|0 2‘5 3IO 3|5 4|0 4‘5 5|0 5|5 60
Position/mm
Fig. 3 Distribution curves of axial velocity along center-
axis of melt delivery nozzle based on different mesh
densities
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velocity based on different mesh densities almost
coincide with each other. When the number of cells
is less than 83x10°, the distribution curves of axial
velocity based on different mesh densities deviate
from each other obviously. Therefore, the mesh
consisting of 114x10° cells was adopted for the
simulation in the present work, achieving a good
compromise between computational cost and
accuracy.

3.2 Experimental validation

A simulation validation device, of which the
main body was a pressure tank, underwent
assembly. As shown in Fig. 4(a), the gas cylinder
was employed to pressurize the tank to reach the
pressure inlet condition in the numerical simulation.
Water was selected as the reference material (its
physical properties are shown in Table 2). The
computational domain was expanded to the same
size as the validation device (see Fig. 4(b)). The
pressure above the fluid (water) was set to be 5 kPa
and the liquid level was 20 mm. Under the above
conditions, the total time for water to flow out of
the device (flow end time) was obtained from the
experiment to validate that from numerical
simulation. As shown in Fig. 5, under different
MDN inner-diameters, the experimental results of
the flow end time of water are basically consistent
with those obtained from the numerical simulation.
This shows that the numerical simulation method
adopted in this work is suitable and reliable for
dealing with the problem of liquid flowing in the
MDN. On the other hand, the experimental value is
higher than that extracted from the numerical
simulation, especially when the MDN inner-

Pressure gage
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Gas cylinder Melt delivery nozzle

Fig. 4 Schematic diagram (a) and dimensions (b) of
validation device (Unit: mm)
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Fig. 5 Comparison of water flow end time through melt
delivery nozzles of different inner diameters between
validation device experiment and numerical simulation

diameter is 2 mm. The roughness of the valve and
the inner wall of the MDN may lead to the increase
of the flow time in the experiment, causing the
above deviation.

3.3 Flow resistance

For numerical simulation of the melt flow
resistance in the nozzle, the MDN part was retained
as computational domain to reduce computational
cost and facilitate the rapid extraction of resistance
data. In addition, the SA turbulence model and low
Reynolds number option for SST k-w model were
introduced for comparison with the SST ko
model. The melt mean velocity and the MDN
inner-diameter are the two main factors which
affect the flow resistance. Therefore, the pressure
inlet was changed into the velocity inlet and the
effect of surface tension was ignored. The values of
total pressure at the inlet and outlet were collected
from numerical simulation to calculate the pressure
drop caused by the viscous force according to
Eq. (12). The numerical results were compared with
those from Blasius [31] and Colebrook [32]
equations. The liquid aluminum and iron were
selected as modeling materials, and the relevant
physical properties of these materials are listed in
Table 2.
3.3.1 MDN inner-diameter vs flow resistance

The melt velocity in the MDN is in the order
of 10°-10'm/s during the actual atomization
process. The nozzle length of the MDN and the
melt velocity were controlled as constants. The
MDNs with six different inner-diameters were
tested to evaluate the melt flow resistance in the
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MDN. As shown in Fig. 6, for molten aluminum,
when the nozzle diameter is less than 1 mm, the
pressure drop or the flow resistance soars. Under
this situation, the melt flow resistance is large, and
clogging is likely to occur. As shown in Fig. 7, for
molten iron, the relationship between the pressure
drop and the nozzle diameter is similar to that of the
molten aluminum. As the diameter of the nozzle
decreases, the pressure drop increases. In general,
the pressure drop of molten iron is larger than that
of molten aluminum, which is about three times the
latter, indicating that the molten iron is more
resistant to flow than the molten aluminum in the
MDN. On the other hand, the results based on the
SA, SST k-w, and SST k-w-LRe turbulence models
exhibit the similar variation trends, with no
significant difference. The numerical results of the
pressure drop obtained based on the turbulence
models above agree with those calculated
by Blasius [31] and Colebrook [32] equations

100
Liquid aluminum
L=40 mm, v=5 m/s
80
<
A
22
2 601 —=— SA
5 \ SST k-w-LRe
o —+— SST k-w
2 40 —— Blasius [31]
8 \ —— Colebrook [32]
[=®
20

0 051.01.520 25303540 45 5055
Melt delivery nozzle inner-diameter/mm

Fig. 6 Relationship between pressure drop of molten
aluminum and inner-diameter of melt delivery nozzle

350
300 1 Liquid iron
L=40 mm, v=5 m/s
é’ 250 -
a —=— SA
2200 SST k-o-LRe
° —+— SST k-w
s 150¢ —— Blasius [31]
b — Colebrook [32]
& 100}
501

0 05 1.0 1.52.0 2.5 3.03.5 40 45 50 5.5
Melt delivery nozzle inner-diameter/mm

Fig. 7 Relationship between pressure drop of molten iron
and inner-diameter of melt delivery nozzle

reasonably, but the numerical results are relatively
high, especially in the case of nozzle diameter less
than 1 mm. This may be attributed to the fact that
[31] and
Colebrook [32] equations assume a fully developed
turbulent flow. Additionally, when the SST k-
turbulence model is coupled with low Reynolds
number correction (SST k-w-LRe), the numerical

the calculations based on Blasius

results for the pressure drop of molten iron are
closer to those calculated by the empirical formulas,
while numerical results of the pressure drop of
molten aluminum show greater deviation. This
difference is due to the different Reynolds numbers
of the two melt flows. When the MDN inner-
diameter changes from 0.5 to 5 mm, the range of
Reynolds number of molten iron is (3.8—38)x10°,
while that of molten aluminum is (5.8—58)x10°.
Therefore, low Reynolds number correction is more
effective for the pressure drop calculation in a low
Reynolds number range.
3.3.2 Mean velocity vs flow resistance

Further, for the fixed length and inner-diameter
of the melt nozzle, the melt mean velocity in the
MDN was changed to study the effect of the melt
mean velocity on the pressure drop. The SST kw
turbulence model was adopted and the molten
aluminum was chosen as modeling material. As
shown in Fig. 8, as the melt mean velocity
increases, the pressure drop also increases, but there
is no sudden increase in pressure drop in the
specific velocity range. The numerical simulation
results indicate similar variation trend with those
calculated from Blasius [31] and Colebrook [32]
equations, but the values of the former are higher.

40

35t
Liquid aluminum
L=40 mm, D=2 mm

—_ [N} [\ W
W S W (el
T T T T

Pressure drop/kPa

—=— SST k-0
Blasius [31]
— Colebrook [32]

oL s . . . s .
2 3 4 5 6 7 8

Mean velocity/(me-s™")

Fig. 8 Relationship between pressure drop of molten
aluminum and mean velocity
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3.3.3 Summary

The simulation results show that the increase
of melt mean velocity and the decrease of MDN
diameter can cause the increase of flow resistance.
The flow resistance is essentially expressed by the
shear stress (7), as the force per unit area requires to
move a fluid layer. The shear stress depends on how
much the fluid layers are displaced against each
other. This in turn is expressed by the velocity
gradient perpendicular to the flow direction, which
is the slope of the velocity profile in the radial
direction. The mathematical relationship between
these two quantities is described as

o)

. a7n

where v(r) is the velocity profile in the radial
direction, and r is the radial distance. Here, the melt
flow in the MDN is assumed to be Newtonian fluid.
As shown in Fig. 9, the melt velocity is the
maximum at the centreline of the MDN and is zero
on the wall (no-slip condition). When the MDN
inner-diameter is fixed, the maximum velocity
increases as the melt mean velocity increases. In
this case, the velocity gradient increases from the
centreline to the wall (radial direction), which leads
to an increase in flow resistance. On the other hand,
when the melt velocity is fixed, as the MDN
inner-diameter decreases, the melt velocity is
reduced from the maximum to zero in a shorter
distance from the centreline to the wall. This means
that the velocity gradient in the radial direction also
increases with the decrease of the MDN
inner-diameter, which increases the melt flow
resistance.

max

Tr v=0

Fig. 9 Velocity profile in radial direction in melt delivery
nozzle (MDN)

The effects of the MDN diameter and the melt
mean velocity on the pressure drop are compared in
Fig. 10. It can be found that the changing rate of the
pressure drop based on the MDN diameter is larger
than the melt mean velocity. This means that the
MDN diameter has a greater effect on the melt flow

Mean velocity/(m+s™")

9 8 7 6 5 4 3 2 1
100 . . : ; T : :
L ]
- =0 Liquid aluminum
v —e— Melt nozzle diameter
B (v=5 m/s)
£ 601 —— Mean velocity
o (D=2 mm)
2
8 40 T )
(=¥
) \*\
o\.\sk‘
~=pe)

0 051.01520253.023.5 40 45 5055
Melt delivery nozzle inner-diameter/mm
Fig. 10 Comparison of influence of melt delivery nozzle
inner-diameter and melt mean velocity on pressure drop

resistance in the MDN than the melt mean velocity
within the parameters studied.

3.4 High viscosity aluminum alloy powder

production
3.4.1 Experimental setup

A self-designed high-temperature aluminum
alloy was atomized, and its chemical composition is
shown in Table 4. Due to the addition of a large
amount of silicon (Si) and iron (Fe), the viscosity of
the molten alloy increased significantly. Therefore,
it is difficult for the molten alloy to flow out of the
MDN only driven by its own gravity and the
aspiration pressure in front of the MDN exit during
the GA process. In a conventional GA process, the
MDN with a large inner-diameter (> 4 mm) must be
employed for the atomization of such viscous melts
in case that the MDN is clogged. However, this will
result in very low yield of fine powders. In the
present work, the positive pressure (P.) is imposed
on the melt, as an additional driving force, to push
the melt to flow out of the MDN. The way that
imposes positive pressure on the molten metal is
similar to that in the verification device (Fig. 4). As
shown in Fig. 10, the alloy melt flows out of
the MDN under the positive pressure and is
subsequently atomized by the atomizing gas. The
atomizer is a discrete jet nozzle with 20 straight
(0.8 mm x 20) in a quasi-close-
coupled configuration. The material of the MDN is
graphite. Three different MDN inner-diameters are
tested, i.e., 4, 3 and 2 mm. Given the alloy melt is
more viscous than the pure metal melt, the positive

bore holes
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pressure imposed on the alloy melt is set in a range
of 30—40 kPa, higher than those calculated values
of the pressure drop of the aluminum melt in the
MDN (see Fig. 6). In the experiments, the value of
the positive pressure imposed on the melt increases
linearly as the MDN inner-diameter decreases. The
atomizing gas is pure nitrogen and the atomization
pressure is maintained at 2 MPa. As shown in
Fig. 11, the atomization angle is defined as an angle
between two opposite gas jets, which is designed as
40° in this study. Atomization parameters are listed
in Table 5.

Table 4 Chemical composition of self-designed
aluminum alloy (wt.%)
Si Fe Mg Cu Al
1820 5.0-6.0 1.0-1.6 32-44  Bal
lll P+
D
Gas inlet
0lege cp../
'K LN )
* ]
! \\ - ,, 4
[ A

Fig. 11 Schematic diagram of gas atomization process
by introducing positive pressure on melt through melt
delivery nozzle

3.4.2 Powder characterization

Particle size distributions were obtained with a
Bechman-Coulter LS13 320 particle size analyzer.
The yield of powder below 150 pm was extracted
from laser diffraction and sieve analysis. Powder
morphology was observed by scanning electron
microscopy (SEM) (JEOL JSM—6510).

Table 5 Atomization parameters

3199

As shown in Fig. 12, when the MDN
inner-diameter decreases, the cumulative volume
distribution curve of particle size becomes steeper.
This indicates that the particle size of powders
becomes smaller with the decrease of the MDN
inner-diameter. It becomes obvious that the fine
powder yield (<150 um) declines with the increase
of the MDN inner-diameter, as shown in Fig. 13.
Due to the different test methods, the powder yield
results show a certain deviation.
compared with the MDN inner-diameter (D=4 mm),
the fine powder yield is significantly improved
when D=2 mm, from 59.6% to 94.4% (laser
diffraction), and from 54.7% to 94.2% (sieve
analysis), respectively.

Figure 14 presents a view of the powders at the
same magnification which were produced under
different MDN inner-diameters. Obviously, all the
prepared powders are basically spherical or nearly
spherical. The shrinkage of the MDN inner-
diameter leads to an increase in the quantity of fine
powders, which is consistent with the particle size
analysis results. When the diameter of the MDN is
greater than 2 mm, the number of satellite particles,
i.e., those small particles sticking on the surface of
large particles, gradually increases. Figure 15
presents a partial enlarged view of satellite particles.
It can be found that the adhesion of small particles
on the surface of large particles is more obvious.
The solidification time of the droplet becomes
longer as the droplet size increases. When small
droplets solidify into particles, large droplets
remain molten. In this case, satellite particles are
formed when they collide with each other [34].

The specific particle sizes have been
determined, including D90, D50, and D10 (the
corresponding particle size when the cumulative
volume fraction of powders achieves 90%, 50%,
and 10%, respectively). As shown in Fig. 16, D50,
also known as the median diameter, is positively
related to the MDN inner-diameter. Thus, using the
MDN with a smaller inner-diameter can effectively

However,

MDN Positive Gas pressure/ Gas mass flow Melt mass flow Melt velocity/
diameter/mm  pressure/kPa MPa rate/(kg-min ") rate/(kg-min ") GMR (ms™")
4 30 2 3.3 34 1.0 1.9
3 35 2 3.3 3.1 1.1 3.0
2 40 2 3.3 1.7 1.9 3.8
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100 |

Cumulative volume ratio/%

0 50 160 150 260 2&0 3(I)O
Particle size/pm
Fig. 12 Particle size distribution of gas-atomized
powders prepared by use of melt delivery nozzles with
different inner-diameters (D)

100
= — Laser analyzer
90 r e —Sieve

80

70 -

Powder yield/%

60 -

50 1 1 1 L L
2.0 25 3.0 35 4.0
Melt delivery nozzle inner-diameter/mm
Fig. 13 Relationship between fine powder yield

(<150 pm) and melt delivery nozzle inner-diameter

reduce the median diameter. In addition, with the
increase of the MDN inner-diameter, the deviation
between D90 and D10 becomes larger, which
implies that the collision frequency between small
particles and large droplets will rise during GA
process.

According to the Lubanska correlation [35],
the relationship between the median diameter (D50)
and atomization parameters can be described by

1
D50 = KL[D(l + l)]E
Vam R
where K is a constant, Vgy is the relative velocity
between gas and melt, and GMR (R) is the gas to
melt mass flow rate. In the atomization experiments,
the melt velocity is within the range of 1-5 m/s.
Relative to the atomization gas velocity (about
200—300 m/s), the variation of melt velocity can
be negligible. Therefore, the relative velocity (Vgm)

(18)

Fig. 14 SEM images of powders with different MDN
inner-diameters: (a) D=2 mm; (b) D=3 mm; (c) D=4 mm

Fig. 15 SEM images of satellite particles (D=4 mm) with
different magnifications
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Fig. 16 Relationship between specific particle size and
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can be regarded as a constant at a fixed atomization
pressure. This means that the median diameter (D50)
is only related to the two parameters, i.e., gas to
melt mass flow rate ratio (GMR) and MDN
inner-diameter (D). As shown in Fig. 17, the
variation of D50 with [D(1+1/R)]* is basically
linear, which is consistent with Eq. (18). When
other parameters are fixed, an increase in melt
velocity will reduce GMR, which leads to an
increase in D50, ultimately reducing the yield of
fine powder. The melt velocity is mainly controlled
by the MDN inner-diameter and the positive
pressure imposed on the melt. A smaller MDN
inner-diameter reduces the melt velocity, while a
positive pressure enhances the melt velocity. After
imposing the positive pressure, the molten metal
can flow out from a smaller inner-diameter MDN.
It can be found from Eq.(18) that the median
diameter is proportional to the square root of the
MDN inner-diameter. This means that the reduction
in the MDN inner-diameter itself will also lead to a
reduction in the median diameter. As shown in
Table 5, the melt mass flow rate decreases as the
MDN inner-diameter decreases, in spite of the
increase in the melt velocity. In this case, the fine
powder yield can be significantly improved because
of the combined effects of the reduction in MDN
inner-diameter and the increase of GMR.

The standard deviation is often employed to
reflect the degree of dispersion of a set of data.
In this work, the arithmetic standard deviation
(defined as Eq. (19)) of powder particle size is
introduced to characterize the unevenness of
powder particle size distribution:

130
120 ¢
110 | y=1.92x-49.27
tool R?=0.99
90 -
801
70 -
60 -
50 -
50 5I5

D50/um

60 65 70 75 80 85 90
[D(1+1/R)]"2/um 2
Fig. 17 Relationship between D50 and [D(1+1/R)]*’

(19)

where o is the standard deviation, n is the number
of particle swarm, d; represents the particle size of
arbitrary particle, and d is the average particle
size. A higher dispersion degree of particle size
indicates a larger deviation in droplet motion state
and solidification time during GA process. In this
case, the particle/droplet collision frequency will
increase, thus enhancing the sticking of small
particles on large droplets. That is, the larger the
standard deviation, the larger the number of satellite
particles. As shown in Fig. 18, compared with
D=2 mm, when the MDN diameter is 3 or 4 mm,
the standard deviation value is much larger. This
indicates that when D=3 mm or 4 mm, the satellite
particle phenomenon is much more obvious in the

—_ —_— —
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Fig. 18 Relationship between particle size standard
deviation and melt delivery nozzle inner-diameter
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prepared powder than that under D=2 mm. Overall,
employing a small inner-diameter MDN is not only
beneficial to raising the fine powder yield, but also
helps to reduce the quantity of satellite particles.
However, in this case, an additional driving force is
needed to counterbalance the large melt flow
resistance in the MDN with a small inner-diameter,
e.g., the positive pressure imposed on the melt here.

4 Conclusions

(1) The numerical simulation is proved to be
an effective and low-cost tool for predicting the
melt flow process in the MDN. By ignoring the
roughness of the MDN inner-wall, the numerical
models predicted slightly lower values of flow end
time of liquid through the MDN than those from the
experiments, especially the deviation being larger in
the case of a small MDN inner-diameter. The
numerical models generally predicted higher values
of melt pressure drop than those empirical
correlations based on a fully developed liquid flow,
especially in the case of the MDN with a diameter
less than 1 mm.

(2) The numerical calculation results indicate
that the melt pressure drop in the MDN increases
quickly with the decrease of the MDN inner-
diameter, and varies in an order of 10°—10*kPa for
both aluminum and iron melts when the MDN
inner-diameter reduces from 5.0 to 0.5 mm.
Moreover, the melt pressure drop in the MDN and
the mean velocity are positively correlated.

(3) The positive pressure (30—40 kPa) was
imposed on the melt against the melt flow
resistance in MDNs with different inner-diameters
(from 4 to 2 mm), ensuring a smooth melt flow.
Compared with the traditional GA process, this
method can produce higher viscosity alloy powder
with a smaller MDN diameter. The MDN with a
small inner-diameter can enhance the fine powder
yield and improve the powder surface quality.
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