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Abstract

In centrifugal atomisation for metal powder production, the key to the control of the particle sizes is the design of the atomiser.
This paper studies the main issues concerned in designing a centrifugal atomiser and provides guidance on the selection of an electric
motor, radius of atomiser, slope angle of atomiser wall and flow rate of cooling water. In the selection of the atomiser radius, the
power and material constraints as well as the hydraulic jump radius need to be considered. A cup atomiser with a slope angle of 60–
70� would result in small spray droplets and thus a fine powder. The water cooling system needs to be assessed by examining the heat
flow in the solid metal layer and in the atomiser.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Centrifugal atomisation is a well-established process
for manufacturing particulate products from water-
based liquids and slurries in the chemical and agricul-
tural industries [1]. In the last three decades, centrifugal
atomisation has been used for processing metals for
powder production or spray deposition [2–9]. The prop-
erties of the end products are largely determined by the
sizes and velocities of the spray droplets ejected from the
atomiser. In powder production, droplet sizes are partic-
ularly important because they dictate the particle sizes of
the as-produced powder. The key to the control of the
droplet size range in centrifugal atomisation is the de-
sign of the atomiser.

From a theoretical point of view, a flat disc would
suffice, as long as it wets the liquid to be atomised. Be-
cause droplet sizes decrease with increasing disc rotation
speed and with increasing disc radius [10–12], any drop-
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let size could be obtained simply by varying disc rota-
tion speed and/or disc radius. In practice, however, the
disc rotation speed and disc size are limited not only
by the capability of commercially available electric mo-
tors but also by the mechanical stability of the atomiser
assembly. Furthermore, it is practically impossible to
fabricate an atomiser that fully wets the liquid metal
to be processed. A practical measure to tackle the wet-
ting problem is using a cup shaped atomiser so that
the liquid is pressed against the cup wall by the centrif-
ugal force [13,14].

In designing a centrifugal atomiser, the most impor-
tant parameters to be considered are diameter, rotation
speed and geometry. In the centrifugal atomisation of li-
quid metals, water cooling of the atomiser also needs to
be given due consideration because of the elevated tem-
peratures involved. In the absence of adequate theoretical
and empirical knowledge, the geometry and operating
conditions of the atomiser are often chosen on the basis
of the easiness of fabrication and best guesses. The infor-
mation on the atomiser designs, for metal processing in
particular, is lacking in the public domain.
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This paper studies the main issues concerned in design-
ing a centrifugal atomiser and provides guidance on the
selection of an electric motor, radius of atomiser, slope
angle of atomiser wall and flow rate of cooling water.
2. Selection of electric motor

2.1. Rotation speed

For most industrial applications of metal powders,
the desirable particle size range falls within 20–100 lm.
In order to obtain a powder with a narrow particle size
distribution below 100 lm, a powerful and high-speed
electric motor is required to drive the centrifugal
atomiser.

In selecting an electric motor, the first criterion is the
maximum rotation speed. Standard electric motors with
a variable rotation speed up to 18,000 revolutions per
minute (rpm) are readily available in the market. These
motors are usually robust, do not have stability prob-
lems and do not require special cooling measures. Elec-
tric motors with rotation speeds up to 60,000 rpm are
also available. However, atomisers operated at these
speeds pose significant stability problems so they must
be balanced carefully. There may also be loading and
cooling constraints. Due to these problems, together
with the associated high cost, electric motors with extre-
mely high rotation speeds may not be the best option for
industrial-scale production.
2.2. Power

The second criterion in selecting an electric motor is
its power, which should be high enough to accelerate
the liquid metal to a high velocity and to break it up into
droplets. In atomisation of liquids, only a small amount
of the input energy is consumed in creating the surface
area of the droplets. The ratio between the surface en-
ergy of the droplets and the input energy is termed as en-
ergy efficiency. Each atomisation technology has an
energy efficiency that does not vary very much with
operation conditions. The energy efficiency of centrifu-
gal atomisation is typically in the region of 0.5% [8].
The power required to produce a powder with a certain
mean droplet size can therefore be estimated quite
easily.

Given a volume flow rate of the liquid metal, Q, and
the intended mean droplet size, D, the total surface area
created in unit time is:

S ¼ 6Q
D
: ð1Þ

The minimum power specification of the electric motor
is therefore
W ¼ cS
g
¼ 6cQ

gD
; ð2Þ

where c is the surface tension of the liquid metal and
g � 0.005 is the energy efficiency of centrifugal atomisa-
tion. The power demand is roughly proportional to the
volume flow rate and inversely proportional to the drop-
let size.

Take the atomisation of liquid tin as an example. Li-
quid tin has a surface tension of c = 0.57 N/m [8]. To
produce a tin powder with a mean droplet size of D =
100 lm at a rate of 5 kg/min (Q = 1.2 · 10�5 m3/s),
the minimum power required is calculated to be 82 W.
To produce a powder with a mean droplet size of
D = 20 lm at the same flow rate, the power demand is
increased to 410 W.
3. Atomiser radius

3.1. Maximum radius – power constraint

The majority of the input energy in centrifugal atom-
isation is consumed in accelerating the liquid metal to a
high velocity at the edge of the atomiser. The power con-
sumption can therefore be approximated by

W ¼ 1

2
qQv2; ð3Þ

where q is the specific density of the liquid metal and v is
the velocity of the spray droplets ejected from the
atomiser.

The spray droplets or ligaments leaving the atomiser
have two velocity components. The radial component is
usually much lower than the azimuthal component and
can be neglected. The azimuthal velocity of the liquid is
lower than the circumferential velocity of the atomiser
because of slippage. The degree of slippage depends on
atomiser geometry and rotation speed, the volume flow
rate of the liquid metal and the wettability between the
liquid metal and the atomiser. However, it is not neces-
sary to consider the slippage in the design stage, because
what we are concerned is the maximum possible velocity
of the liquid metal. As a first order approximation, the
velocity of the spray droplets at the edge of the atomiser
can be regarded as equal to the circumferential velocity
of the atomiser. The highest velocity is simply:

v ¼ xR; ð4Þ
where x is the rotation speed (radian/s) and R is the ra-
dius of the atomiser.

At the chosen operational rotation speed and a given
liquid metal flow rate, a direct relationship between the
power consumption and the atomiser radius can be
established by combining Eqs. (3) and (4). The maxi-
mum radius of the atomiser is limited by the power of
the electric motor as follows:



R r

r

2R2

2R2/2

0

σ

R r

σr

ρω2R2

σθ

ρω2R2/2

0

Fig. 1. Schematic diagram showing the variations of maximum radial
and azimuthal tensions in a rotating disc with radial distance.
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Rmax ¼
1

x

ffiffiffiffiffiffiffi
2W
qQ

s
: ð5Þ

It is worth noting that the unit of the rotation speed to
be used in the calculations is radian/s. The rotation
speed of an electric motor is often given in RPM only.
To convert the rotation speed from RPM to radian/s,
a factor of p/30 must be multiplied.

3.2. Maximum radius – material constraint

In addition to the constraint set by the electric motor
power, the strength of the atomiser material must also
be considered. The atomiser is subject to high tension
at both the radial and azimuthal directions due to the
centrifugal force at a high rotation speed. Let us con-
sider a flat disc that has a radius of R, a thickness of t

and a density of qa, and rotates at a speed of x (ra-
dian/s). Given a ring with an infinitesimal radial thick-
ness dr at a radius r, the mass of the ring is:

m ¼ qa � 2prt dr: ð6Þ
The centrifugal force exerted on the ring is therefore [15]:

dF ¼ mx2r ¼ qa � 2px2r2t dr: ð7Þ
Assume that the centrifugal force is balanced by a radial
tension in the ring. The difference in the tensile forces be-
tween the inner and outer circumferences of the ring
must be equal to this centrifugal force. The tension dif-
ference along the radial direction is therefore:

drr ¼ �
dF

2prt
¼ �qax

2r dr: ð8Þ

Because there is no tension at the outer circumference of
the disc, i.e., rr = 0 at r = R, Eq. (8) can be integrated as
follows:Z rr

0

drr ¼
Z r

R
�qax

2r dr; ð9Þ

which gives the radial tension at any radius r as:

rr ¼
1

2
qax

2ðR2 � r2Þ: ð10Þ

Now assume that the centrifugal force is balanced by an
azimuthal tension in the ring. The ring can thus be con-
sidered to be a thin cylindrical shell subject to an inter-
nal pressure. The internal pressure is positive and
quantitatively equal to the radial tension difference be-
tween the inner and outer circumferences of the ring
as derived in Eq. (5). The azimuthal tension in the ring
is therefore [16]:

rh ¼
�drrr

dr
¼ qax

2r2: ð11Þ

In practice, the centrifugal force results in both radial
and azimuthal tensions in the disc. From a designer
point of view, however, it is unnecessary to consider
the proportion between the radial and azimuthal ten-
sions. Eqs. (10) and (11) give the maximum values of
the radial and azimuthal tensions in the disc. The mate-
rial of the atomiser must be able to withstand both the
maximum radial tension and the maximum azimuthal
tension without plastic deformation or fracture. In other
words, both the radial and azimuthal tensions must be
below the yield or fracture strength of the material with
an appropriate safety factor.

Fig. 1 shows schematically the variations of radial
and azimuthal tensions with radial distance up to the
disc radius R. It is shown that the maximum possible
tension is the azimuthal tension at the circumference
of the disc. Given the yield or fracture strength of the
atomiser material, ry, and the safety factor, s, the condi-
tion that needs to be met is:

rhjr¼R 6
ry

s
: ð12Þ

The maximum radius of the atomiser that can be chosen
is therefore:

Rmax ¼
1

x

ffiffiffiffiffiffiffi
ry

sqa

r
: ð13Þ
3.3. Minimum radius

The liquid flow on a rotating disc or cup is very com-
plex. A hydraulic jump often occurs on the atomiser.
The hydraulic jump is an annular discontinuity in the
flow manifested by an abrupt increase in the melt thick-
ness and correspondingly a reduction in the radial veloc-
ity. Whilst the behaviour of the flow prior to the
hydraulic jump is affected by the continuity and velocity
of the liquid stream at the impingement of the atomiser,
the flow after the hydraulic jump is completely con-
trolled by the rotating atomiser and is insensitive of
the fluctuations in the liquid stream. From a practical
point of view, it is advantageous for the liquid metal
to disintegrate after the hydraulic jump has occurred
so that the effect of any fluctuations is minimised. The
radius of the atomiser should be greater than the
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hydraulic jump radius. The minimum atomiser radius is
therefore the hydraulic jump radius and can be approx-
imated by [17]:

Rmin ¼ 0:55
qQ2

lx

� �1
4

; ð14Þ

where l is the viscosity of the liquid metal.
4. Slope angle of cup wall

In practical atomisation conditions, the liquid metal
does not fully wet the atomiser. The liquid metal film
on a flat disc tends to disintegrate into ligaments or
droplets before reaching the disc edge when the film
thickness is reduced to a certain critical value [13]. This
critical film thickness largely determines the minimum
droplet size that can be obtained. In order to produce
small droplets, it is desirable to have a high degree of
spreading and thus a small critical film thickness. A
cup shaped atomiser can increase the spreading signifi-
cantly compared with a flat disc, because the centrifugal
force exerts a pressure in the liquid film towards the cup
wall.

The main consideration in designing a cup is the
selection of a suitable slope angle of the cup wall. The
slope angle is defined as the angle between the cup wall
and the cup bottom plane. Varying the slope angle af-
fects the liquid film thickness prior to film disintegration
in two different ways. On the one hand, the film thick-
ness at the cup edge increases with increasing slope an-
gle, provided the film is continuous [12]. This means
that a smaller slope angle is preferred if the liquid metal
fully spreads on the atomiser. On the other hand,
increasing slope angle increases the radius at which the
liquid film starts to disintegrate prematurely and de-
creases the film thickness at the point of disintegration
[13]. This means that the slope angle has to be great en-
ough to ensure a good spreading of the liquid metal on
the cup. As a consequence, there is an optimum slope
angle for a fixed set of operation parameters.

A numerical model has been developed for calculat-
ing the optimum slope angle of a cup atomiser [13].
However, it requires the knowledge of the dynamic con-
tact angle between the liquid metal and the cup, which is
not readily available. The slope angle of the atomising
cup is usually determined experimentally. The work by
Xie et al. [14] showed that a slope angle in the region
of 60–70� produced the finest powder.
Fig. 2. Schematic diagram of a water cooled atomiser with a solid
layer of the metal formed on the atomiser.
5. Water cooling

In the centrifugal atomisation of liquid metals, the
atomiser is normally water cooled because of the high
temperatures involved. In processing reactive or high-
melting-point liquid metals, such as titanium, water
cooling is an essential measure to create a solid layer
of the metal at the surface of the atomiser, so that the
liquid metal does not erode the atomiser and the con-
tamination of the liquid is also eliminated. Designing a
water cooling system for an atomiser rotating at high
speeds is not a simple task. This article is not concerned
with the mechanical and geometrical features of the
cooling channels and the input and output mechanisms
of the cooling water, which can normally be designed
independent of the atomisation conditions. This article
is concerned with the selection of cooling water flow
rates for different atomising conditions.

Fig. 2 shows a schematic diagram of an atomiser that
is water cooled underneath. The liquid metal impinging
on the atomiser will solidify and form a solid layer of the
metal, if the heat extraction by the cooling water exceeds
the superheat of the liquid metal. In production, a thin
solid layer in the range of 0.1–2 mm is desirable. Too
thick a layer leads to reduced material yields, worsened
atomisation conditions, and increased proneness to
instability. If the solid metal layer is too thin, however,
any fluctuation in the liquid metal flow may remelt it,
damaging the protection against the direct contact be-
tween the liquid metal and the atomiser.

The cooling process of the liquid metal is complex be-
cause of the involvement of fluid flow, phase transfor-
mation, conduction, radiation and the geometrical
complexity. To obtain a first order estimation, however,
it is sufficient to consider the heat flow as a one-dimen-
sional steady problem. The heat transfer from the liquid
metal to the cooling water can be considered as the dom-
inant mechanism. Once a steady state is established, the
liquid metal flow on the atomiser does not solidify. The
temperature of the liquid film at the interface with the
top surface of the solid layer is maintained at the melting
point of the metal. The temperature of the liquid film at
its top surface is likely to remain at the pouring temper-
ature. The heat loss can be estimated as half of the
superheat and equal to the heat carried away by the
cooling water, i.e.:



Y.Y. Zhao / Materials and Design 27 (2006) 745–750 749
0:5qcQðT p � T mÞ ¼ qwcwF ðT w � T oÞ; ð15Þ
where c is the specific heat of the liquid metal, Tp is the
pouring temperature of the liquid metal, Tm is the melting
point of the liquid metal, qw is the density of water, cw is
the specific heat of water, F is the volume flow rate of
the cooling water, Tw is the maximum temperature of
cooling water, or the temperature of the atomiser at the
interface with the cooling water, and To is the temperature
of the cooling water before entering the cooling channel.

In normal conditions of efficient cooling, the maxi-
mum temperature of the cooling water should be kept
20 �C below the boiling point. The difference between
Tw and To is roughly 50–60 �C. The volume flow rate
of the cooling water can therefore be estimated by:

F � 0:01qcQðT p � T mÞ
qwcw

ð16Þ

In steady-state atomisation, the heat is extracted at a
constant heat flux through the solid metal layer and
the atomiser. The heat flux is equal to the heat loss of
the liquid metal divided by the area of the cross section
where the heat passes through. The cross sectional area
of the heat flux, A, can be regarded as the area of the top
surface of the cooling channel as shown in Fig. 2.
According to the heat conduction law for a one-dimen-
sional steady-state problem, there is:

0:5qcQðT p � T mÞ
A

¼ jm
T m � T i

tm

¼ ja
T i � T w

ta

; ð17Þ

where jm is the thermal conductivity of the solid metal,
Ti is the temperature at the interface between the solid
layer and the atomiser, tm is the thickness of the solid
layer, ja is the thermal conductivity of the atomiser,
and ta is the thickness of the atomiser in the cooling re-
gion. Eq. (17) gives:

T i ¼ T w þ
0:5qcQðT p � T mÞta

jaA
ð18Þ

and

tm ¼
jmAðT m � T wÞ

0:5qcQðT p � T mÞ
� jm

ja

ta: ð19Þ

The two parameters calculated by Eqs. (18) and (19)
provide indicative information on whether the cooling
system would work properly. The temperature at the
bottom of the solid layer, Ti, should be lower than the
melting point of the atomiser material by a margin of
at least 100 �C. If Ti, as calculated by Eq. (18), is too
high, the thickness of the atomiser in the cooling region,
ta, should be reduced to bring the atomiser temperature
down. The thickness of solid metal layer should nor-
mally fall within 0.1–2 mm. If tm, as calculated by Eq.
(19), is greater than 2 mm, the thickness of the atomiser
in the cooling region, ta, should be increased, or alterna-
tively the flow rate of the cooling water is reduced. If tm
is smaller than 0.1 mm, the thickness of the atomiser in
the cooling region, ta, should be decreased, or alterna-
tively the flow rate of the cooling water is increased.
In any case where either atomiser thickness or water
flow rate is changed, assessment of the water cooling
system should be carried out again.
6. Conclusions

In designing a centrifugal atomiser, an electric motor
with a high working rotation speed and sufficient power
should be selected first. The maximum radius of the
atomiser is determined by the power and material con-
straints and the minimum radius is determined by the
hydraulic jump radius. A cup atomiser with the slope
angle of the cup wall in the region of 60–70� would re-
sult in a good spreading of the liquid film on the atom-
iser and thus small spray droplets. The flow rate of the
cooling water can be estimated from the pouring condi-
tions of the liquid metal and the suitability of the design
of the cooling system can be assessed by examining the
heat flow in the solid metal layer and in the atomiser.
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