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Abstract

In centrifugal atomisation the formation of a solid skull on the atomising disc is a major problem, which has adverse effects on the quality
and quantity of the as-produced powder and also on the balance of the disc during atomisation. It is costly and difficult to study the flow
behaviour because of the complex interaction between the liquid metal and the atomising disc. A computational fluid dynamics model has
been developed using Flow-3D to simulate the thermal development of the liquid metal on the atomising disc. Under a fixed process condition,
the liquid metal has a nearly constant solidification rate before the steady state is achieved and a solid skull is formed gradually. The volume
of the skull decreases with increasing liquid metal flow rate, initial disc temperature and initial liquid temperature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The centrifugal atomisation process utilises a rapidly-
rotating disc to break up a liquid metal stream into a spray
of liquid droplets. It is an efficient technology for produc-
ing high quality powders and for manufacturing ring shaped
components with fine grain structures. In centrifugal atomi-
sation, the interaction between the liquid and the atomising
disc is very complex, involving fluid flow, heat transfer and
phase transformation[1–5]. It is costly and often difficult to
study the flow behaviour on the disc by experiments. Com-
puter modelling is a powerful tool for mechanistic under-
standing of such a process.

In centrifugal atomisation, the liquid metal flows from a
nozzle onto the centre of a rapidly-rotating disc and then
spreads towards the disc edge, due to the action of the cen-
trifugal force, followed by the disintegration into a spray
of droplets. The atomising disc not only imparts kinetic en-
ergy to the liquid but also extracts heat from the liquid. As
a consequence, a solid skull is often formed on the disc dur-
ing centrifugal atomisation due to premature solidification
of the liquid metal.
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The skull formation is a major problem in centrifugal
atomisation. The enlarging skull not only results in undesir-
able variations in the atomising conditions, reduces the ma-
terials yield but can also lead to serious balancing problems.
Therefore, the skull build-up needs to be minimised either
by selecting appropriate process conditions or by optimising
the internal cooling system of the atomising disc. There are
a number of parameters which can affect the skull forma-
tion in centrifugal atomisation, including the rotating speed,
geometry and surface roughness of the atomising disc, the
flow rate, melting point, specific heat, solidification latent
heat, viscosity and surface tension of the liquid metal, the
heat transfer coefficient at the liquid-disc interface and the
residence time of the liquid metal on the atomising disc.

This paper develops a computational fluid dynamics
model using a commercial software package Flow-3D. The
thermal behaviour of the liquid metal on the atomising disc
during centrifugal atomisation under different processing
conditions, such as different liquid metal flow rates and
initial disc temperatures and initial liquid temperatures, is
investigated.

2. Model

In practice, centrifugal atomisation is carried out in a cir-
cularly symmetrical apparatus.Fig. 1shows a schematic di-
agram of the interaction between the liquid metal and the
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Fig. 1. Schematic of the interaction between the liquid metal and the
atomising disc.

Fig. 2. Dimensions of the computational domain and the setting of the
boundaries.

atomising disc. The simulation in this paper is confined to the
region where the liquid metal stream impinges and spreads
on the atomising disc prior to leaving the disc edge. The
computational domain is specified as half of the region in
the vertical section through the disc axis taking the symme-
try into account.Fig. 2 shows the dimensions of the com-
putational domain and the boundaries at which the fluid and
thermal conditions can be specified separately.

The atomising disc is assumed to be made of pure Cu
with a surface roughness of 10�m and to rotate at a constant
speed of 5000 rad s−1. The bottom of the atomising disc,
Boundary B, is set as a constant-temperature wall because
in practice the atomising disc is usually water-cooled. The

Table 1
Physical Properties of Cu and Ti[5–7]

Metal Cu Liquid Ti Solid Ti

Density 8940 kg m−3 4100 kg m−3 4600 kg m−3

Thermal conductivity 400 W m−1 K−1 31 W m−1 K−1 21.9 W m−1 K−1

Specific heat 361 J kg−1 K−1 608 J kg−1 K−1 522 J kg−1 K−1

Melting temperature 1356 K – 1953 K
Latent heat of melting – 350 kJ kg−1 –
Viscosity – 0.0052 N m−1 s−1 –
Surface tension – 1.65 N m−2 –

liquid metal flows in from the inlet into the domain and
flows out at Boundary C, which is set as a continuative
boundary. The inlet is set as 2 mm in radius and 15 mm
from the atomising disc. The top of the domain, Boundary
A, is assumed to have the same temperature as the initial
liquid temperature. The condition at Boundary A is set to
approximate an open air such that it has minimum effect on
the flow and thermal behaviour of the liquid metal.

In the simulations, Ti is used as a model metal. The phys-
ical properties of solid Cu and those of liquid and solid Ti
are assumed to be constant in the temperature ranges under
investigation, and are listed inTable 1.

The skull formation under different liquid metal flow
rates, initial disc temperatures and initial liquid temperatures
is investigated in the simulations by changing only one pa-
rameter at a time. The ranges of the liquid metal flow rate,
initial disc temperature and initial liquid temperature stud-
ied are 0.025–0.25 kg s−1, 300–1000 and 2000–3000 K, re-
spectively.

3. Results and discussion

Fig. 3a–eshows the flow development and the temperature
profile of the liquid Ti on the atomising disc from 0.2 to
1.0 s after the liquid metal enters the domain, with a fixed
liquid metal flow rate of 0.3 kg s−1, initial disc temperature
of 800 K and initial liquid temperature of 2200 K. When the
liquid stream impinges and spreads on the disc, solidification
of the liquid first takes place at a radius around 0.017 m and
a solid skull is rapidly formed. There is a very sharp drop in
temperature in the flow around the skull. The weights of the
skull corresponding to 0.2, 0.4, 0.6, 0.8 and 1.0 s are 0.35,
0.72, 1.12, 14.3 and 17.6 g, respectively. The volume of the
skull stays more or less the same after 1.0 s in most cases
and the flow reaches a steady state. The time needed for the
liquid metal flow to reach a steady state is dependent upon
the process condition.

Fig. 4 shows the development of the skull with time up
to 1.0 s, with a fixed liquid flow rate of 0.1 kg s−1, a initial
disc temperature of 500 K and an initial liquid temperature
of 2800 K. The skull initially forms at a radius of around
0.03 m on the atomising disc and builds up gradually, which
is consistent with the experimental observations of the skull
formed in the atomisation of a liquid Ti alloy[2,3]. The
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Fig. 3. (a–e) Temperature distributions in the liquid metal flow at different time.

skull develops backwards to the disc centre because the skull
serves as an obstacle to the subsequent liquid metal flow and
the liquid metal flow becomes slower in front of the skull.
The lower the velocity, the more rapid the solidification,
because more heat is extracted from the liquid in a unit time.

Fig. 5shows the variations of the weight of the solid skull
with time at different (a) liquid metal flow rates, (b) initial
disc temperatures, and (c) initial liquid temperatures. The

Fig. 4. Development of skull with time.

volume and therefore weight of the skull increases nearly
proportionally with time up to 1.0 s, after which it usually
ceases to increase and remains constant. In other words, a
steady state is established in about 1.0 s. The growth rate of
the solid skull decreases with increasing liquid metal flow
rate, initial disc temperature and initial liquid temperature.

Fig. 6a–cshows the relationships of solidification rate
with liquid metal flow rate, initial disc temperature and initial
liquid temperature, respectively. The solidification rate is
defined as the weight of the skull increased in unit time.
For any of the current simulations, it is nearly constant in
the first second. The mean solidification rate within the first
second is used in the comparisons.

The solidification rate decreases with increasing liquid
flow rate, initially rapidly and then more slowly. At a fixed
initial disc temperature and initial liquid temperature, the
solidification rate is mainly controlled by the total enthalpy
of the liquid on the atomising disc. The higher the liquid
metal flow rate, the higher the total enthalpy, and therefore
the lower the solidification rate. The residence time of the
liquid on the atomising disc also has some effect. At a fixed
inlet diameter, the higher the liquid flow rate, the higher the
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Fig. 5. Growth of skull with time at different (a) liquid metal flow rates,
(b) initial disc temperatures and (c) initial liquid temperatures.

liquid velocity, and therefore the lower the residence time,
leading to lower solidification rate.

The solidification rate decreases steadily with increasing
the initial disc temperature. This is because a smaller tem-
perature difference between the liquid metal and the atom-
ising disc leads to a lower heat transfer rate at the interface
and therefore a lower solidification rate.

The solidification rate decreases with increasing initial liq-
uid temperature, initially rapidly and then more slowly. On
one hand, the higher the initial liquid temperature, the higher
the enthalpy of the liquid, tending to result in a lower solid-

Fig. 6. Relationships of solidification rate with (a) liquid metal flow rate,
(b) initial disc temperature and (c) initial liquid temperature.

ification rate. On the other hand, the higher the initial liquid
temperature, the greater the temperature difference between
the liquid metal and the disc, and therefore the higher the
heat transfer rate, tending to result in a higher solidification
rate. It seems that at lower initial liquid temperatures, the
former is the dominant factor and at higher temperatures the
former and the latter are more or less balanced.

4. Conclusion

A computational fluid dynamics model has been devel-
oped to simulate the skull formation on the atomising disc
in centrifugal atomisation. Under a fixed process condition,
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the liquid metal has a nearly constant solidification rate be-
fore the steady state is achieved and a solid skull is formed
gradually. The volume of the skull decreases with increas-
ing liquid metal flow rate, initial disc temperature and initial
liquid temperature.
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