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Abstract A new technology suggests breaking oxide films into small fragments
or particles to play the role of a grain refiner. A high-shear mixer (HSM) with a
rotor-stator impeller can produce mechanical breakage. Physical modelling with
powders demonstrates the defragmentation potency of HSM. Optimisation methods
are considered and a new design of HSM is proposed according to the experimental
findings. This design improves the uniformity of mixing in the pseudo-cavern volume
and exhibits the dispersion efficiency better than the design previously used. The
understanding and development of high shear technology for processing of liquid
metals is of great interest to the industry.
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Introduction

The necessity of the research focused on the oxides in the liquid metals, especially
light ones as aluminium and magnesium, is caused by their harmful role of factor
facilitative for the porosity and cracking of the cast material. The large oxide films
and clusters in aluminium are usually distributed non-uniformly in the melt and
have poor wettability [1–4]. Then again, wetted and dispersed oxides may act as
good nucleating substrates for aluminium and magnesium [5–8]. Thus, mechanical
breakage of clusters [9, 10] and dispersion thereof in the liquid metal can change
the situation. The intensive melt shearing by special devices, for example, a rotor-
stator impeller is believed to be a reason for the films breaking into small fragments
or particles. The underlying mechanisms, which explain the observed reduction in
grain size after melt shearing, were reported elsewhere [11–14].
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Materials and Methods

The mixer used was a Silverson L5M Laboratory Mixer. The motor has a power of
750 W, the impeller used has a diameter of about 25 mm. For the stators that were
used, the rotational speed (N) of the HSM could be chosen for up to 9000 rpm. The
rotor was inside the impeller, surrounded by the stator, which could be changed. The
specification of the ordered stators is shown in the inset in Fig. 4. The first stator (RH,
Fig. 4b), with round holes arranged in rows is designated to repeat a design that up
to now had been used in liquid metal processing (prototype in Fig. 4a). The second
stator (SqH) has a similar design, except for the shape of the holes, which are square
(Fig. 4c). The last stator has other round holes arrangement (in cross lines) than used
before (crossH, Fig. 4d). The holes have a specific size, 3 mm (diameter or height).
More exact technical details could be found in [15] in the technical drawings.

In this choice of stator shape, we were able to easily compare the influence of the
shape of the stator holes. The flow patterns have been observed in the water-model
system. Water can mimic aluminium flow behaviour and is often used as a modelling
material (i.e., Refs. 16, 17, 18, 19) because the essential properties of water at room
temperature are similar to those of liquid aluminium and because both are Newtonian
fluids. The investigation in the xz-plane was done by alumina powder pattern studies.
PIV (particle image velocimetry) photographs were taken in the xy-plane to complete
and confirm previous research results. On each occasion, the HSM was placed in a
slightly off-centre position in the tank (sized 260 mm×260 mm×800 mm and a
water level of 200 mm from the bottom) to avoid unnecessary surface vortexing in
an unbaffled vessel [20].

Still photos and movies of the water were taken using a Fuji digital camera and
a PIV system [21]. PIV relies on sequential images of visible features within the
flow, which is not invasive for flow behaviour. To improve visibility fluid flow was
seeded with particles that follow the fluid motion. Spherical particles, usually coated
to reflect laser light were used to avoid alteration. In this research, we used the
8–12 μm hollow glass spheres [22]. A laser sheet in the region of interest illuminates
the particles and the scattered light produces a tracer field for image capture [21].
To avoid the scattering of the light from the metal impeller, a laser light sheet was
placed just in front of the head of the HSM. A schematic diagram of the system is
shown in Fig. 1.

Intervals of 100 μs for recording the photographic sequences were chosen exper-
imentally to achieve a reasonable quality of the pictures. For each experiment, those
photographic sequences were taken at least 50 times when the laser beam was turned
on using the high-speed camera. Using the Insight-6 software, the vector and velocity
magnitude plots were drawn with the expected maximum error of around 0.1 pix-
els [23]. To confirm the results done by observing the powder pattern, we have to
keep the height around 30 mm above the bottom [15] and that clearance results in a
scattered flow from the bottom, but not from the walls.
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Fig. 1 Schematic diagram
of the PIV system. The laser
sheet illuminates the
particles moving inside a
glass tank (not shown in the
diagram)

Results and Discussion

To improve the processing conditions we aim to find the optimal stator design and
that is what this paper discusses. The main issue is the uniform dispersion of the
sheared clusters as well as their effective fragmentation. Our consideration focused
on the uniformity of the mixing inside the well-mixed region compared (the so-called
pseudo-cavern [24, 25]), for each stator design. The different stator designs were
checked by experimental shearing of alumina powder, which allows us to compare
the fragmentation potency.

Commercial dispersion stators used for dispersion purposes have square holes
[26]. The rotor-stator head used to improve the liquid metal quality is made from
ceramic-like materials different from commercially used steel and each significant
change will increase the costs. Because ceramic-like materials have high elastic
modulus and hardness, preparing the square-shaped holes is much more difficult and
expensive than for round-shaped holes. This is why a prototype head has simple rows
of circular holes. The main question was how to improve this design to achieve the
best results without the unnecessary increase in costs. To find an answer we have to
compare the mixing efficiency and potency in the defragmentation of all the stators.

Mixing Uniformity

The first simple observations were made with alumina powder placed in the tank
filled with water. During powder processing, the trace on the bottom reveals some
uniformity different for different stators used (see Fig. 2). Analytical consideration
lets us suppose that the strong jets localised in one direction can be the reason for
that non-uniformity. To improve the uniformity of the mixing, the crossH design has
been proposed. The idea is explained in Fig. 3.

In the case of the RH, the jets emerging from the stator openings are not dis-
tributed randomly around the head and there is a possibility that stagnation areas occur
between them. To avoid this problem the proposed head has a cross-line arrangement
of holes. Secondly, this change costs little as we only changed the placement of the
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Fig. 2 The non-uniformity of mixing observed for RH and crossH stator. a RH, 3000 rpm, b RH,
5000 rpm, c crossH, 3000 rpm, d crossH, 5000 rpm

holes on the stator. To check how the proposed changes influence the uniformity of
the mixed region we took the photographs of the created pattern after shearing the
powder by both heads. The difference between the radii of the mixed region mea-
sured along the jets (R1) and along the more stagnant zones (R2) between them is
taken as the non-uniformity coefficient �R�R1 − R2 (see Fig. 2).

The measurements presented in Table 1 suggest that non-uniformity of the mixed
region is smaller with the crossH design and it is comparable to the SqH head. The
non-uniformity coefficient found for the RH stator is about 2–5 times larger than the
one measured for the crossH. The low uniformity level observed has been seen not
only for powder patterns, but it is also indicated by the PIV velocities pattern for this
stator—the agitated region observed in the cross section is much smaller than for
other stators, what can be associated with the presence of stagnant regions around
this head. PIV photographs of the flow that will be discussed further (see Fig. 5).

An additional analysis, confirmed by the PIV observations, gives more specific
information about that well-mixed region volume. In Fig. 6, the volume dependence
on N for all is compared for each stator. The volume has been approximated as an
ellipsoid and the size of the well-mixed region along x and y directions was estab-
lished by physical modelling in water. The detailed procedure of volume calculations
can be found elsewhere [15].
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Fig. 3 a Schematic illustration of the jets’ directions around the RH stator, b Schematic illustration
of the jets’ directions around the crossH stator, additional (+) positions of jets are the effect of the
holes’ rearrangement on the stator that improves uniformity. c Jets observed in 3D for crossH. To
observe them only the bottom of the head was immersed in water. The sucking force brought a
liquid to the head and spread it out as the jets travelled in the air

Table 1 The average non-uniformity coefficient �R measured experimentally from the traces of
the well-mixed region on the bottom of the tank in water and alumina powder system

N �R for RH (mm) �R for crossH (mm) �R for SqH (mm)

2000 10±2 5±1 10±2

3000 10±2 5±1 5±1

4000 10±2 5±1 0±1

5000 10±2 2±1 0±1

6000 5±1 0±1 0±1

At least 10 coefficients for each stator design and specific N were measured

A predicted volume of the well-mixed region calculated for crossH is in the similar
range as the one calculated for SqH and slightly smaller than the one observed for
RH (Fig. 4). The prediction is based on jet length, and since the jets come from the
holes arranged in the rows, they join causing a strong movement of the fluid which
travels farther. It does not necessarily mean the full agitation of the fluid. In between
these conjoined jets, there are stagnant zones. The strong jets have a longer travel
distance, and calculations of the volume are based on maximal jet length. Therefore,
the non-uniformity is not taken into account in Fig. 4. The mixed volume is also
smaller when the holes are square-shaped than when they are round. The reason for
this can be explained by the jets’ impairment on the hole boundary. Round holes
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Fig. 4 Predicted volumes of the pseudo-cavern observed with different stators for a wide range
of the N. In the inset: different shapes of stators, a prototype ceramic stator used to shear molten,
b model of the ceramic stator, RH stator with round holes in the rows, c SqH stator with square-
shaped holes, d crossH stator with proposed change of holes arrangement

do not disturb jets and allow them to move more freely than the square ones. The
free jets tend to acquire a cylindrical shape, which is an effect of the surface tension
holding droplets together. If no other forces are present, the free jet maintains its
shape for a specific length and will be broken in droplets in the air [27, 28; after 29]
or will change from the concentrated form of the jet into the turbulence of the fluid
[30].

Before this happens, just after passing the hole, the contraction can be observed
and the jet diameter will become smaller than the hole aperture [31]. Thus, the jet
shape is always close to a cylinder. The square hole will change this natural shape by
mechanical reflections of the fluid, which means that the “square jet” becomes less
stable. This effect was illustrated and predicted by computer simulations. Isosurfaces
of the velocity gradient tensor for circular and square jets show that the turbulence at
the end of the jet occurs earlier in the case of the square jet [30]. Less stability of the
jets is a simple reason for the observation presented in Fig. 4 and it explains why the
mixed volume is bigger for RH since the expected jets are longer for the RH stator.

Since RH and SqH compared in Fig. 4 have the same design, except for the shape
of the holes, in the chosen N, the moving rotor gives the same amount of energy into
a fluid. As the mixed region seems to be smaller for the SqH, it means that part of
the energy is used for a process other than mixing, or the agitation inside the pseudo-
cavern is more intensive. To find an explanation for this difference in volumes we
need to compare the flow around all the stators. The flow pattern observed with a
PIV system is shown in Fig. 5.
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Fig. 5 a Flow around the SqH stator; b flow around the RH stator, c flow around the crossH stator.
The head position is shown by the red rectangular, N�7000 rpm. Velocities on the scale bars are
given in m/s

The flow observed in the xy-plane was mainly recorded to confirm the size of
the well-mixed region but recorded photographs offer complex information. In the
pictures (Fig. 5), we can observe proof of the non-uniform agitation in (b) part of the
figure. The flow is much weaker than that recorded with other stators. Surprisingly the
jet does not start near the stator. Obviously, the laser beam plane reveals the stagnation
zone in this area and part of the jet above point on the x-axis over 30 mm. For SqH and
crossH, any of the recorded PIV photographs (taken in the range 2000–9000 rpm with
a step of 1000 rpm) have not shown a similar flow pattern. In each case recorded
for those stators, the flow pattern was more uniform as in cases (a) and (c). The
RH recorded for the same range gives a “weak” pattern twice. Thus, it is a strong
indication that sometimes the beam crosses the stagnation area around the RH head,
which is consistent with the previous measurements of the non-uniformity coefficient.
Similar observations can be found in the Mortensen’s et al. research [32], around the
used slotted head investigated by the PIV system. The slotted stator is slightly similar
to the RH, but instead of the row of round holes, there is one slot.

PIV photographs [32] of the flow reveal a strong jet surrounded by a reverse fluid
with much smaller velocities. Since their observation plane was perpendicular to
what is shown in Fig. 4, we can complement our knowledge with these findings.
According to the results published by Mortensen [32], we can expect strong jets to
be accompanied by regions of stagnation or weaker reversed flow, which is the result
of fluid inertia. It is not surprising that the RH stator with rows of round holes causes
the same effect, since the jets from each hole can join to create a similar flow pattern
as for the slotted head.

It should be reminded here that the round holes are the beginning of strong and
concentrated jets, while the square-holes stator provides a more uniform mixing since
the jets are not so well concentrated. The jets will not travel as far with round holes
but the velocity pattern is more uniform because the energy is transferred by the
turbulence on the end of the jet into the fluid surrounding the jet. The better agitation
can be seen in Fig. 4 as the flow observed with an SqH stator is more agitated and
the calculated mean velocities differ by as much as 28% for the case in Fig. 4. When
the N increases, the difference increases too [15].



188 A. Dybalska et al.

After PIV analyses, we can conclude that even if the volume calculated for RH is
slightly bigger than for SqH, it is accompanied by the decrease in the uniformity and
intensity of the agitation inside the well-mixed volume. The intensity of the agitation
was previously checked for few Silverson stators by the computer simulation [33]
and it was found that in the case of the square-hole head from the Silverson provider
about 28% of the energy is dissipated in the jet region and in the rest of the tank. For
disintegrating the head in a similar region, the amount of energy dissipated equals
43%. Thus, jet energy and tank agitation are on a higher level with wide round holes
(8 mm diameter). In the case of narrower (1.6 mm wide slots with the length of
11 mm) and square-shaped holes (2.5 mm), about 18% more energy is dissipated in
the rotor swept region and in the holes region than in the case of the disintegrating
head. That means that more energy is used for the shearing process that occurs inside
the head and in the holes region than in the case of the disintegrating head. The RH
(Fig. 4b) has some similarities to the disintegrating head. The holes of the RH are
smaller but the same round shape will be promoting the free jets emanating from
the stator holes. Therefore, the jets will transfer more energy outside the head. If
we compare only the well-mixed region (jets region at [33]), it can be seen that the
agitation is slightly less for the disintegrating head. The non-uniform agitation of this
region can give an explanation. Similar results are observed in our research for RH
as the averaged velocities are smaller in this region than with the SqH stator [15].

The observations presented here are in good agreement with results of computer
simulation done previously [33], since square holes, according to PIV results, are
accompanied by a more uniform and concentrated flow inside the pseudo-cavern.
Author of [33] also described that the energy dissipated around the square-holed head
is more intensive inside the jet region than observed with other stators. Additionally,
for square holes, only 1% of the energy is transferred to the rest of the tank, which
indicates the intensification of the well-mixed volume (especially when compared
to 20% of energy transferred by the disintegrating head).

The mixing efficiency of the crossH stator is better than that of the RH design.
Using square holes will be even beneficial, but if that is non-economical, the RH
stator should be replaced by the crossH design to improve mixing uniformity until
the defragmentation potency is comparable, which is discussed in the next section.

Fragmentation Potency

The last presented set of experiments was prepared to check the potency of the
defragmentation of all stators. To compare results, the powders were observed and
the cross-sectional area of particles was measured. As an effect, we present the
frequency distribution of particles area (FDPA) of alumina sheared by each stator.
Figure 5 shows the results of the alumina shearing by the SqH compared to the results
of shearing by the RH and proposed the crossH stator. Examples of the pictures taken
by microscope for the epoxy-mounted powders are given in the inset.
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The sheared powder was alumina, bonded with ion bonds into bigger granules.
In the molten metal, oxides are present as films and clusters joined by van der Waals
attractive forces. The van der Waals bond is the weakest of all bond types; the
strength of the van der Waals force is between 0.01 and 0.1 eV per bond [34, 35]
while aluminium oxide molecules are bonded by ionic bonds with a typical energy
of about 8–10 eV [36], which means that in the experiments described here we are
breaking bonds about 100–1000 times stronger than those expected to bond oxide
films and agglomerates in the melt.

The agglomeration process is often described as a stochastic process [37] because
it depends on local and temporary conditions; for example, the number of particles in
agglomerates. May be we cannot predict the exact bonding forces, but we can refer to
real shearing effects, which are documented by a grain size refinement [11–14]. This
is indirect evidence that the shear applied by using a “round” head is enough to break
oxide agglomerates and films. Men et al. [37] investigated the mechanisms of grain
refinement by intensive melt shearing and found that it can effectively disperse MgO
films into more individual particles using the RH head. The MgO particle density
was three orders of magnitude higher than without shearing, as found by analysing
the size distribution of the particles found by the pressurised filtration [37]. Thus, if
the RH is proven to cause the oxide agglomerate defragmentation, other considered
designs can be compared with this base-one. The alumina size reduction is stronger
for powder processed by SqH and crossH stators in comparison to RH (see Fig. 6,
inset) and both stators should be considered for liquid metal processing.

Fig. 6 The histogram of the FDPA for sheared alumina particles with different stators calculated
from the powder pictures (an example is given in the insets)
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The number of holes, time and mixing speed were the same for both experiments.
Thus, we observe the only effect is the change in the shape of the holes. If we
compare the percentage results (see Fig. 6) for SqH and RH, we can state, that for
a square-holed head over 70% of the particles are in the range of 0–10,000 μm2.
For the round-holed head only 30% of the particles are in this range. It shows that
square holes are really effective to shear used hard particles. However, if the costs
of the square holes preparation are too high we can improve the effects of shearing
by making other changes. The proposed change in holes arrangement (crossH, see
Fig. 3) results in the change in local pressure inside the head. In the case of the RH, the
pressure exerted on the stator walls by the fluid is stronger close to areas between the
rows, where holes are not present. Inside the new head, we expect smaller differences
between the local pressures as the area between the holes has a more uniform size.
To check how this local change in pressure influences the shearing potency we can
check the size of the processed alumina. If we take one more look at Fig. 6, we notice
the particles broken by the crossH have mostly cross-sectional areas below or equal
to 10,000 μm2 and about 60% of them are in this range, 30% more than for RH.
Obviously, the uniformity of the mixing inside the rotor-stator assembly does not
decrease the fragmentation potency and even improves the shear process.

Concluding Remarks

The physical modelling proved that the HS processing of liquid metals is a potent
method to achieve the defragmentation of agglomerates, as the defragmentation of
the alumina occurs in all the experiments presented. The defragmentation efficiency
is strongly influenced by the shape of the stator holes and the best results were
obtained with square holes. However, the defragmentation potency of round holes
for oxides present in the melt was proven experimentally.

The uniformity of the mixing inside the well-mixed region was checked for differ-
ent mixing conditions and, according to the results, a new stator design was proposed
for treating liquid aluminium. This design improves the uniformity of the mixing in
the well-mixed volume and has higher dispersion efficiency than the design used up
to now.
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