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Design and Development of a Centrifugal Atomizer for
Producing Zinc Metal Powder

Phairote Sungkhaphaitoon, Thawatchai Plookphol, and Sirikul Wisutmethangoon

Abstract—In the present work a preliminary design of a
centrifugal atomizer for producing zinc metal powder was
studied. In the design process, the consumed power and the
atomizing disc size were first estimated. The trajectory of flying
melt droplet from the edge of atomizer disc and the temperature
profile were predicted using a concept of heat transfer in an
external flow for calculating the size of atomizer chamber. A
simple laboratory-scale atomizer was built. The performance of
the atomizer was studied by using pure zinc metal as a model
material. The effects of rotating disc speed on median particle
size, particle size distribution and standard deviation,
production yield, and morphology of the atomized zinc powder
were investigated. The atomization was carried out using
graphite flat disc, melt pouring temperature, preheating disc
temperature and melt feed rate of 40 mm, 550 °C, 300 °C and 50
kg/h, respectively. The atomizer disc speeds were varied from
10,000 to 30,000 rpm. It was evidenced from the experimental
results that the median particle size and standard deviation of
zinc metal powder decreased with increasing disc speed. The
production yield tended to increase with increasing rotating
speed. SEM images revealed that most zinc metal particles were
irregular, elongated flakes. The produced zinc power in this
study may be suitable for use as a friction material for
manufacturing brake pad in the automotive part industry.

Index Terms—Centrifugal atomization;
particle size distribution; zinc metal powder.

design process;

I. INTRODUCTION

Centrifugal atomization of melt has been used for metal
powder production for decades. This process is able to
produce metal powders with spherical shape, less impurity,
high production yield and narrow size distribution. Moreover,
the production cost of this process is lower comparing to
water or gas atomization because of its lower energy
consumption [1]. Centrifugal atomization has been
successfully applied for processing many kinds of metal
powders such as Sn, Pb, Al, Mg, Zn, Ti, Ni, Co and their
alloys [1]-[3]. For zinc metal powder, it can be produced by
air, water or centrifugal atomization process. However air
and water atomization consumes higher energy and leads to
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higher operating cost [4]. Zinc metal powder has wide
applications such as alkaline batteries, galvanizing and
chemical industry [5], [6]. It is used as a friction material for
brake pad in the automotive part industry as well. The
development of centrifugal atomization process for
producing zinc metal powder with a lower production cost is
drawn into our research interest. The present work was aimed
at a preliminary design and construction of a centrifugal
atomizer for producing zinc metal powder. The performance
of the atomizer was tested by studying the effect of angular
speed on median particle size, particle size distribution,
production yield, and morphology of the atomized zinc metal
powder.

In centrifugal atomization, it is necessary to conceive the
basics of metal droplet formations by centrifugal force.
Theoretically, molten metal stream is poured directly onto an
atomizer disc spinning at a high angular speed. The molten
metal forms a thin film on the surface of the disc, breaks up to
small droplets and solidifies into particles [7]. The
atomization can be occurred in three typical modes: direct
drop formation (DDF), ligament disintegration (LD) and film
disintegration (FD) which is dependent upon the process
parameters and resulted in metal powder with different size
and morphology [8], [9]. Droplet diameter (D) of particulate
metal can be predicted by Eq (1) [1].

p= |- )
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where A is a constant with the value of 6, y is the surface
tension (N/m), p is the density (kg/m’), @ is the angular speed
(rad/s) and R is the atomizer disc radius (m). The droplet
diameter was found to be correlated to the rotating speed, the
atomizer disc radius and some physical properties of
atomized material. It is noted from Eq (1) that with increasing
angular speed will result in smaller droplet size.

A. Preliminary Design

In a preliminary design of centrifugal atomization, one
should consider a rotational speed of atomizer and power
consumption for the appropriate selection of the electric
motor, the atomizer disc and chamber sizes.

B. Consumed Power

The consumed power () used in atomization process with
respect to melt flow rate, surface tension of melt, mean
droplets diameter and energy efficiency can be estimated
from Eq (2) [10].

670
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where ¥ is the surface tension of liquid metal (N/m), Q is the
volume flow rate of the liquid metal (m’/s), ds, is the mean
droplets diameter (um) and m is the energy efficiency of
centrifugal atomization (0.005). The surface tension of liquid
zinc at 419.5 °C is 0.714 N/m [11]. According to Eq (2), to
produce zinc powder having droplet diameter (ds5p) of 106
umat the melt flow rate of 50 kg/h (Q = 2.03x10°° m%/s), the
minimum power required for atomization is 16 W whereas to
produce the smaller droplet diameter of 25 um, at the same
melt flow rate, the required power is increased to70 W.

C. Atomizer Disc

For centrifugal atomization, the atomizer disc is the most
important component because its size and shape are directly
influenced on the median particle size of powder. Many
previous works have been concentrated on the study of
atomizer disc for different sizes and shapes. In this study, we
have worked on flat disc atomizer since the theoretical and
empirical models and experimental data have been widely
reported. The maximum radius (R) of atomizer disc can be
calculated from Eq (3) [10].

\/ﬁ
pQ
where @is the angular speed of atomizer disc (rad/s), W'is the
power consumption (W), p is the density of liquid metal
(kg/m®) and Q is the volume flow rate of liquid metal (m?/s).
The molten zinc at temperature of 419.5 °C has a density of
6,570 kg/m’. To produce zinc powder with mean droplet
diameters of 106 um and 25 pum by using centrifugal
atomizer at angular speed of 30,000 rpm (@w=3,141.59 rad/s)
and melt flow rate of 50 kg/h (Q = 2.03x10° m%/s), the
maximum atomizer disc radius of 0.015 m and 0.033 m are
required respectively for atomization.

1
@
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D. Maximum Distance for Complete Solidification

Although the principle of centrifugal for atomization
application has been established for years, the parameters
which were less mentioned are the ejection and the thermal
history of flying droplet. Practically, the maximum distance
of melt droplets needed to be completely solidified after
setting off from the edge of atomizer disc is a significant
parameter for designing an atomizer chamber size. In the
present work, the trajectory of flying droplet and its
temperature profile were studied by using a concept of liquid
flow pass a body with heat transfer in an external flow which
are demonstrated in the next paragraphs.

E. Trajectory of Droplet

Velocity of melt droplet is assumed to be equal to the
speed of melt after it just detaches from the edge of atomizer
disc. The flying distance of melt droplet can be estimated
from a simple concept of projectile motion. However, the
distance calculated from this concept only is too large
because an effect of drag due to air viscosity is neglected. For
more accurate estimation of the path distance of a single
spherical droplet, the drag effect and heat transfer behavior of
melt were employed to predict the maximum distance in
order to avoid melt stick onto the chamber wall. The velocity
of melt film on atomizer disc is divided into two components,
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the peripheral velocity and the radial velocity (Fig. 1). The
velocity of melt depends on wettability of liquid on atomizer
disc, geometry of atomizer disc and properties of melt. The
velocity of melt (V) at the edge of an atomizer disc can be
estimated from Eq (4). [12]

V=V, +V, @)
where V7 is the peripheral velocity (m/s) and Vy is the radial
velocity (m/s).
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Fig. 1. Simple projectile motion of melt droplet detaching
from the edge of atomizer disc [12].

The Reynolds number (Re) is calculated from the
following expression [12].

_pJd
H,

Re Q)

where p, is the air density (kg/m’), V is the velocity of melt
droplet at the edge of an atomizer disc (m/s), d is the diameter
of droplet (m) and g, is the air viscosity (Pa-s). Drag force
due to the air viscosity exerts on a flying droplet is calculated
from Eq (6) [13].

£, —%g\ﬂACd (©)

where f; is the drag force (kg m/s), 4 is the area of a droplet
particle (m?) and C, is the drag coefficient which can be
calculated from Eq (7) [12].
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where Re is the Reynolds number. This equation represents
the drag coefficient expression for the Reynolds number
between 65 and 300 [12]. Hence, the equation of motion in x-
and y-direction of a single droplet travelling along its path in
an air atmosphere is shown in Eq (8) and Eq (9), respectively.

dx Y
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where m, is the mass of droplet (kg) and g is the acceleration
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due to gravity (9.81 m%s).

dy ’
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F. Heat Transfer Behavior of Droplet

During the flight, a melt droplet transfers heat to the
surrounding and solidifies. Generally, the thermal behavior
of melt pending atomizing process is a complex one to figure
out precisely. It was found that some heat transferred to the
atmosphere inside the chamber and some lost during the
formation of a droplet on the edge of atomizer disc. The
average value of heat transferred from an ejected melt droplet
is calculated from the sum of heat convection (Q,,,,) and heat
radiation (Q,,q) using Eq (10) [14].

Qave = Qconv + Qrad
Q0,.=hA (T ~T,,)+e0A,(

surr

T'-T,,) 0
where £ is the convection heat transfer coefficient (W/m?.°C),
Ay is the total surface area of sphere particle (mz), € is the
emissivity (0.05), ¢ is the Stefan’s constant (5.67x10™
W/m*.K?), T, is the temperature of surface droplet (°C) and
Ty 18 the temperature of surrounding (°C). The performance
of heat convection from the ejected droplet to the surrounding
is described in term of the dimensionless Nusselt number.
The relationship between Reynolds Number (Re), Nusselt
number (Nu), and Prandtl number (Pr) was proposed by
Whitaker as shown in Eq (11) [14].

1/4

+[0.4Re"2+0.06 ReQ/S}PrM
K

where D is the diameter of droplet (m), k£ is the thermal
conductivity (W/m.°C), u.. is the dynamic viscosity of
surroundings (m?*/s) and u, is the dynamic viscosity of
surroundings that close to the surface of a droplet (m?/s).The
total value of heat transferred (Q,,,) from an ejected melt
droplet is calculated from Eq (12) [14].
Qs =mC, (T, T)) (12)
where m is the mass of droplet (kg), Cp is the specific heat
capacity (J/kg.°’C) and 7T, is the melting temperature of
droplet (°C) and T, is the superheat temperature of melt

droplet (°C). The time for heat transfer (4z) is calculated from
Eq (13) [14].

Qto tal
Q ave

At = (13)

The trajectory of melt droplet was calculated by using
Scilab program. The prediction of the distance of melt droplet
with different sizes is shown in Fig. 2. It was found that the
larger droplets can fly for the longer distance to completely
solidify. For example, the melt droplet with a median size of
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106 pm requires the maximum distance of 2.5 m to complete
solidification.
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Fig. 2. Theoretical trajectory of melt droplet with different sizes of 25, 45, 75,
106 and 150um, using atomizer disc size, rotational speed of 30,000 rpm,

and melt temperature of 40 mm, 30,000 rpm, and 550 °C, respectively.
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II. EXPERIMENTAL DETAILS

A. Centrifugal Atomizer

A centrifugal atomizer as depicted in Fig. 3 was used for
the experiment. The atomizer consists of five major
components: (1) tundish, (2) atomizer disc, (3) high speed
motor, (4) nozzle, and (5) hot air blower. The tundish was set
up on the top of the atomizer structure. It was equipped with a
silicon carbide crucible surrounded with an electrical heater
and connected with 1.5 mm graphite nozzle (melt flow rate of
50 kg/h) at the bottom of the crucible for delivering melt onto
the rotating atomizer disc. A 40 mm graphite flat disc was
used throughout the experiments. The hot air blower was
used for preheating the atomizer disc before commencing
atomization.

Tundish

Metal Melt

Fig. 3. A schematic diagram of centrifugal atomizer.

B. Material

Commercial pure zinc metal supplied by Padaeng Industry,
Thailand, were used in this study. Chemical composition of
zinc metal is given in Table I. The physical properties of
molten zinc metal are as follows: density 6,570 kg/m’,
melting temperature692.5 K, surface tension 0.714 N/m and
viscosity 0.00408 Pa s [15].

C. Experiment Procedure

The experiment was commenced with insertion of zinc
ingot into the melting furnace. The zinc ingot was melt at 550
°C. After the molten zinc temperature was constant, the
atomizer disc was preheated to 300 °C. Prior to atomization
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the high speed motor was turned on and set to a
pre-determined rotational speed. Then, the molten zinc metal
was transferred and poured into the tundish. The melt was fed
through the nozzle onto the rotating atomizer disc to form
small droplets and rapidly solidified due to heat convection to
the surrounding. The atomizing time was recorded for
estimating an average melt flow rate. All experiments were
carried out in ambient air atmosphere. After experiment, the
atomized zinc powder was collected and analyzed for particle
size distribution and median particle size by sieving (ASTM
El1). The production yield of atomization was calculated
from the percentage of the powders with size smaller than
150 pum (those passing through the 100-mesh sieve). The
morphology of zinc metal powder in the size range of
-150+45 um was characterized by scanning electron
microscopy (SEM Quanta model 400).

TABLEI: CHEMICAL COMPOSITION OF ZINC (WT. %).

Zn Pb Cd Fe Cu Al Sn
99.995 0.003 0.003 0.002 0.001 0.001 0.001
min. max. max. max. max. max. max.

III. RESULT AND DISCUSSION

A. Effect of Atomizer Disc Speed

Median particle sizes of the atomized zinc powder are
plotted against atomizer disc speeds in Fig. 4. It shows that
increasing the angular speed of the atomizer disc shifts the
curve toward finer particle size. A higher disc speed exerts
more centrifugal force and energy on the liquid metal film
spreading on the surface of the disc and consequently finer
particles are obtained [16]. This result is consistent to those
previously reported by researchers for the atomization of tin
[2], magnesium alloy [9], aluminum [17] and lead-free solder
alloy [18]. It is noted that there is a deviation of the
experimental result from the predictions using Equation 1.
This deviation may result from the slippage of melt [2], [17]
or it may reflect the time dependent thickness of the oxide
film on the melt droplet. Slippage depends on density of melt
and wetting of the disc material surface [17]. Fig. 5 shows the
production yield versus disc speed. The yield of zinc metal
powder increases with increasing speed. Because the
production yield in this study was estimated from the amount
of zinc powder with size smaller than 150 um. As increasing
disc speed the finer powders were produced and hence
resulted in the higher production yield. The highest
production yield of approx. 65% was achieved at the speed of
30,000 rpm.

Fig. 6 shows particle size distribution of zinc metal
powders produced by using 40 mm graphite flat disc at
different angular speeds ranging from 10,000 to 30,000 rpm.
The curves demonstrate a good linear relation on the log
normal distribution plot. The standard deviation of the
particle size distribution decreases with increasing atomizer
disc speed (Fig.7). At the speed of 15,000 rpm the standard
deviation of approx. 1.6 was decreased to approx. 1.45 when
the speed was increased to 30,000 rpm.

B. Trajectory of Droplet

The median particle size of zinc powder plotted against the
distance from the edge of atomizer disc is shown in Fig. 8. It
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is evident from the experimental result that the median
particle size increases with increasing distance. In other
words, the coarser particle can fly to the longer distance than
the finer one. Since the larger particle has more mass and
resulted in less drag force acting on it (Eq. (6)). This result is
consistent to the prediction shown in Fig. 2 and the previous
work reported by Halada and Suga [3].
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Fig. 4. Effect of disc speed on median particle size.
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Fig. 5. Effect of disc speed on production yield
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Fig. 6. Log normal plots showing the particle size distribution of zinc metal
powder.

C. Morphology of ZINC Metal Powder

Fig. 9 shows SEM images of the atomized zinc metal
powder for two different sizes, (a) -53 pm and (b) -150+45
pum. It can be seen that most zinc particles are irregular,
elongated flake shape with minor portion of teardrop shape.
The irregular shape powder is commonly desired for some
particular applications, for example the zinc powder used as a
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friction material for making brake pad in the automotive part
manufacturing. The flake shape powder in the present study
was obtained by the atomization in air atmosphere. Spherical
shape powder was not favored to take place may be due to the
oxidation on the surface of the melt droplets. The oxide film
would prevent spheroidization of the melt droplets during
solidification [17], [18]. Moreover, Angers et al. [9] reported
that during centrifugal atomization of AZ91 alloy the
irregular particles did not form by an atomization mechanism
but by fragmentation of a layer of the atomized melt which
solidified at the surface of the rotating disc. This
phenomenon could be eliminated by preheating the disc and
limiting convection cooling of the disc by the surrounding
gas [9]. Previously, it was reported by Halada and Suga [3]
that spherical shape powder was produced by centrifugal
atomization of molten zinc in the argon gas atmosphere.
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Fig. 7. Effect of disc speed on standard deviation of zinc metal powder.
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Fig. 8. Median particle size of zinc powder collected at different distances

from the edge of atomizer disc.

IV. CONCLUSIONS

The following conclusions could be drawn from the
design calculation and the experimental results:
1. For producing zinc metal powder with median size
of 106 um, the atomizer chamber should have a
minimum radius of 2.5 m for complete solidification
of melt droplets.

2. Median particle size of zinc metal powder was
dependent upon the atomizer disc speed. The
median particle size decreased with increasing
speed.

3. Particle size distribution of zinc metal powder

produced by centrifugal atomization demonstrated a
good linear relation on the log normal distribution.

81

The standard deviation of the distribution decreased
with increasing atomizer disc speed.

4. Production yield of zinc metal powder increased
with increasing atomizer disc speed.
5. Zinc metal powders produced in this study were

irregular, elongated flake shape. This type of zinc
powder may be suitable for use as a friction
material.

Fig. 9. SEM micrographs of zinc metal powder, (a) -53 pm and (b) -150+45
pm.
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