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NOZZLE CLOGGInG In VAcUUM InDUcTIOn MELTInG GAS ATOMIZATIOn:  
InFLUEncE OF THE DELIvERY-TUBE AnD NOZZLE COUPLInG 

Nozzle clogging seriously affects the continuity of spraying powder in vacuum induction melting gas atomization (VIGA) 
process and increases the consumption of gas and raw materials. However, there are few systematic studies on nozzle clogging. 
This paper reports the physics of nozzle clogging in gas atomization production. The influence of coupling-length of different 
melt delivery-tubes on nozzle clogging is studied numerically and experimentally. The interface tracking method of Volume of 
Fluid (VOF) and the large eddy simulation (LES) model are performed for visualizing the melt droplets flow traces in primary 
atomization and the associated simulation cloud images compared with experimental results. Four delivery-tube coupling-lengths 
(0 mm, 3 mm, 5 mm, and 7 mm) relative to nozzle position and two gas pressures (3 MPa and 4.5 MPa) are chosen for this study. 
The results indicated that the coupling-lengths of 0 mm and 3 mm increases the strength of the recirculation zone, the melt drop-
lets backflow is obvious, and the nozzle is blocked. However, this phenomenon eliminated with increasing coupling-lengths, the 
atomization process is continuous, but the final fine powder yield decreases. This research is of guiding significance and reference 
for understanding the nozzle clogging of vacuum induction melting gas atomization (VIGA) technology.
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1. Introduction

Additive manufacturing (AM) exploits has empowered 
the powder metallurgy to energetically uphill across multiple 
industries namely automotive, marine and aerospace indus-
tries [1]. The manufacturing of metal powder with optimized 
geometries and near net shape size are not possible to achieved 
via conventional approaches [2]. Metal powder used in AM is 
required to have precise shape, optimized size and morphology. 
Gas atomization [3] remains a good choice owing to the quality, 
and purity of the obtained powders [4]. The most widely em-
ployed atomization types in the industries is vacuum induction 
gas atomization technology (VIGA) [5-6]. In recent years, a lot 
of research have been done on the VIGA technology, mainly 
focusing on the atomization flow field structure [7-10]. For 
example, Supersonic gas-flow and shock wave at the outlet of 
nozzle [11-12], Mechanism of primary and secondary atomiza-
tion breakup [2,13], optimization design of nozzle [14] and 
Influence of different parameters on the gas-flow field structure 
of atomization chamber [15], it aims to improve the fine powder 
yield, and reduce the size distribution range.

However, in the actual industrial production, it is found 
that nozzle clogging is a serious problem in VIGA technology. 
since it could suffer from the cease of production, and the melted 
alloy will be wasted, which will seriously affect the production 
efficiency and increase the cost. Moreover, in the process of 
atomization, the coupling-length of the delivery-tube (CLDT) 
which does not match the nozzle will interfere with the trajectory 
of metal droplets in the recirculation zone, resulting in the occur-
rence of the nozzle clogging. Nozzle clogging is a complex and 
unpredictable process. Thus, the investigation on the formation 
mechanism of nozzle clogging at the tip of delivery-tube is critical 
for controlling the VIGA process. Recent years, many scholars 
have studied many aspects of the delivery-tube. Such as: Le & 
Henein [16] noted that in the atomization experiment of free-fall 
nozzle configuration, higher protrusion lengths of the delivery-
tube will cause larger mass flow rate and lower GMR value; 
Srivastava & Ojha [17] reported that for change in delivery-tube 
in the range of a few millimeters, which will affect the particle 
size of the final powder; Zeoli et al. [18] Studied the influence 
of geometry and position of delivery-tube on atomization. The 
results show that the pressure at the tip of delivery-tube has a great 
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4.2. Mechanism analysis of the nozzle clogging  
behavior

Fig. 5 shows the nozzle clogging process of primary at-
omization at the tip of the delivery-tube in the VIGA industrial 
test. It can be clearly seen that the primary atomization is carried 
out in the recirculation zone at 0.33 ms. The edge of umbrella 
shaped structure [24] becomes thinner under the action of the 
pulsating shearing force and the surface wave. After reaching 
the critical value, the liquid ligament breaks up and moves with 
the flow direction.

For clarity, the breakup state of the alloy melt is marked 
with purple and yellow circles, respectively. The purple labeled 

ligaments separated from the alloy melt around 0.43 ms. During 
the upward movement, from 0.33 ms to 0.53 ms, this indicates 
that the alloy melt undergoes Rayleigh-Plateau instability [25] 

and the gas generates more perturbations on the surface of melt. 
The ligaments then collapsed under the action of gas intensity 
due to surface tension and many irregular spheres (droplets) 
were formed, and finally cohered to the surface of the delivery-
tube. However, under the driving force of the gas-flow in the 
recirculation zone, the ligaments marked in yellow continued 
to extend upward due to instability. It can be observed that the 
reflux melt ligament solidifies at the tip of the delivery-tube in 
a very cold expanding gas environment. Over a short period, 
a layer of alloy melt was attached to the tip of the delivery-tube, 

Fig. 5. Formation mechanism of nozzle clogging during alloy melt atomization

Fig. 6. Gas aspiration pressure at the tip of the melt delivery tube for 
different CLDT for gas only flow

which repeated periodically until the nozzle clogging occurred 
and the atomization stopped. As a result of this it is important 
to determine the optimum design for the external melt CLDT. 
The mechanism of its influence on the gas-flow field and the 
primary atomization will be discussed below. 

4.3. Influence of different CLDT on nozzle clogging

4.3.1. Aspiration pressure

Aspiration pressure measurements are carried out at the tip 
of the four different CLDT. Fig. 6 shows the aspiration pressure 
as a function of the CLDT included under different atomization 
gas pressure conditions (3.0 MPa and 4.5 MPa). It can be seen 
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4.3.2. Gas-flow field

In the gas-flow field (no alloy melt), the gas jet converges 
at a certain angle under the restriction of close-coupled noz-
zles. At the same time, after supersonic flow meets stagnation 
point, a part of the airstream reverses and flows upward along 
the axial direction, forming a recirculation zone below the 
delivery-tube. Fig. 7(a) and 7(b) show the comparison clouds 
of the gas-flow field for the atomization pressure of 3 MPa and 
4.5 MPa, respectively. For the 0 mm, as shown in Fig. 7(a), the 
position of recirculation zone is the highest and the closest to 
the tip of the delivery-tube. The upward gas velocity in Fig. 8(a) 
is found to be approximately 200 m/s, which hinders the flow 
of alloy melt in the delivery-tube to a certain extent, and even 
makes it reverse flow, resulting in the alloy flow solidified on 

Fig. 7. Velocity nephogram of the different CLDT: (a) 3 MPa, (b) 4.5 MPa

Fig. 8. Comparison of axial velocity with different CLDT: (a) 3 MPa, (b) 4.5 MPa

in Fig. 6 that the aspiration pressure changes with CLDT. The 
tip of the delivery-tube was always under positive pressure value 
in the atomization gas pressure range of 3.0-4.5 MPa for the 
coupling-length of 0 mm. Resulting in the positive pressure in 
the recirculation zone resists the free fall of the molten metal at 
the tip of the delivery-tube. This will, however, inevitably lead to 
“freezing up” at the nozzle [16]. However, compared with 0 mm, 
there is always negative pressure at the tip of the melt delivery-
tube for 3, 5 and 7 mm coupling-lengths, which is conducive to 
the free fall of the alloy melt, whereas the excessive aspiration 
pressure will increase the mass flow rate of the melt under the 
same atomization pressure and resulting in the final particle di-
ameter becoming coarser. The data obtained from measurement 
depicts that the longer is the coupling-length, the higher is the 
negative pressure value at the tip.
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the surface of the delivery-tube and blocked the nozzle in the 
low temperature atomization gas environment. However, with 
the extension of the CLDT, it can be observed that the position 
of the recirculation zone moves downward, and the velocity of 
the gas-flow is about 90 m/s at 7 mm, which promotes the flow 
of alloy molten and largely avoids the occurrence of nozzle  
clogging.

It can be found from the cloud diagram of the gas-flow field 
that there are a series of shock waves at the nozzle exit. When 
the gas is completely expanded, a negative pressure gradient near 
the free boundary acoustic velocity. The region of sub-ambient 
pressure causes the alloy flow to be sucked onto the surface of 
the delivery-tube from the primary atomization crushing posi-
tion. When the coupling-length of the delivery-tube is 0 mm, as 
shown in Fig. 7(a), the atomized gas is compressed through the 
Laval channel and expands at the gas outlet. Because there is no 
obstruction near the outer wall of the delivery-tube close to the 
gas outlet, the compressed atomized gas can expand completely. 
However, in increasing the CLDT to 5 mm, the gas shows under-
expanded behavior, and further expansion will occur far away 
from the exit, resulting in no negative pressure area between 
the outer wall of the delivery tube and the sonic boundary. This 
demonstrates that the chance of nozzle clogging with 5 mm or 
7 mm coupling-lengths is significantly reduced. The same trend 
can also be seen in fig. 7(b) when the pressure value is 4.5 MPa. 
The axial velocity of 0 mm shown in Fig. 8(b) is less than that of 
other coupling-lengths. This is due to the appearance of double 
recirculation zone, which reduces the gas-flow intensity [18], 
this section does not explain too much.

4.3.3. Comparison of atomization simulation 
and experimental results

Fig. 9(a) shows the comparison of numerical simulation and 
experimental results of the CLDT respectively under the atomi-
zation pressure of 3Mpa. This indicates that with the increase 
of the CLDT, the alloy melt cohered on the tip of the draft tube 
decreases gradually. For 0 mm, as shown in Fig. 9(a1), large 
amounts of ligaments and droplets move under the delivery-tube 
and randomly adhere to the surface at the atomization process. 
As there is no obstruction of the outer wall of the delivery-tube, 
the atomizing gas expands rapidly after leaving the nozzle, the 
free boundary of the supersonic gas shrinks along the radial 
direction, and the area of the recirculation zone decreases, result-
ing in the shape of the alloy melt in the final nozzle clogging 
is conical. For 3 mm, droplets and liquid lines of alloy melt 
below the delivery-tube in Fig. 9(a2) are found to decrease, and 
the protruding outer wall of the delivery-tube restricts the free 
boundary of the gas to move inward. However, with the layer 
by layer bonding of alloy melt at the tip of the delivery-tube, 
the nozzle clogging will not appear as quickly as 0 mm, but will 
be in a semi blocked state, which will reduce the melt diameter 
during atomization, and the reduced mass flow rate will increase 
the GMR value, resulting in a wider particle size distribution of 
the final powder, which is not conducive to industrial production 
demand. It can be seen from Fig. 9(a3) and Fig. 9(a4) that there 
is no alloy melt accumulated on the outer wall of the delivery-
tube, which is consistent with the photos of the delivery-tube 
after the test under the same conditions, and the atomization 

Fig. 9. Comparison between numerical simulation and experimental results: (a) atomization pressure of 3 Mpa, (b) atomization pressure  
of 4.5 Mpa
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