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High shear melt conditioning technology refines the as-cast structure of light
alloy melts, thereby improving the mechanical properties of the casting and
reducing the occurrence of defects, without requiring chemical grain refiners.
To upscale the technology and apply it to processes involving larger melt
volumes, a computational fluid dynamics study is conducted with three rotor–
stator mixers operating in both batch and continuous modes. Analysis of the
results show that rotor–stator mixers with smaller stator holes outperform
those with larger ones because of larger shear rates—increasing the deag-
glomeration rate—and larger volume flow rates—increasing the dispersion of
the intensively sheared melt in the bulk liquid. Compared with batch mode,
continuous operation results in lower mass flow rate through the mixer and
reduced mixing, although the mixer design has a larger impact on both
measures.

INTRODUCTION

High shear melt conditioning (HSMC) technology
results in improved thermophysical properties,
extrudability, and machinability and reduces the
occurrence of defects in the treated light alloy
melt,1,2 without the addition of chemical grain
refiners. The beneficial effects of HSMC are attrib-
uted to grain refinement by the deagglomeration of
inclusions.3–5 Defect reduction is also explained by
the deagglomeration of harmful oxide films.6 The
advantage of HSMC over commercial grain refiners
lies in the recyclability of the cast or wrought alloy
due to the polluting grain refining constituents that
cannot be readily removed once added.

HSMC consists of submitting a bulk volume of
melt to an intense shearing field through a rotor–
stator mixer. A rotor rotates at high speed, typically
of the order of 1000 RPM, thereby drawing the melt
into the confined volume of a stator. The large
velocity difference between the moving rotor blades
and the fixed stator inner surface across the small
gap between the rotor and the stator results in large
shear rate values. Melt is ejected at high velocity
through stator holes, with the shear rate being
larger at the stator hole surface facing the leading
edge of the rotor.7 The effect of the rotor–stator

mixer operation is two-fold: (1) The large shear
rates result in particle deagglomeration, thereby
reducing the size of oxide films and other inclusions
in the melt.8 (2) The large flow rate through the
rotor–stator mixer redistributes the intensively
sheared melt in the bulk of the mixing vessel.9,10

The flow pattern inside the melt bulk is pivotal to
both dispersive and distributive processes and
affects the efficiency of the mixer. This mixing zone,
commonly referred to as a pseudo-cavern for shear
thinning liquids,11 is of paramount interest in the
study of rotor–stator mixers.12 Furthermore, the
flow around the mixer is turbulent, complicating the
optimization of the process. The high-speed rotor
moves within the small gap and entrains melt,
resulting in time-dependent flow features such as
the high-speed jets ejected from the stator, trailing
vortices inside the mixer, vortices below the rotor,
and large re-circulation regions in the crucible.13

Optimization of HSMC necessitates understanding
of the dynamics of mixing and the flow inside stirred
vessels, calling for both experimental investiga-
tions12,14–16 and numerical simulations.9,10

HSMC technology has proven successful in reduc-
ing grain sizes in direct-chill (DC) cast billets,1,4 a
process called melt-conditioned direct-chill (MCDC)
casting, and in controlling the size of secondary
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dendrite arm spacings (SDAS). Widespread exten-
sion of HSMC to other continuous casting processes
is desirable, with potential benefits including a
decrease in per unit cost of production and
enhanced homogeneity in the cast products. How-
ever, continuous operation introduces additional
scaling difficulties.17 MCDC casting is special in

that it is possible to introduce the intense shearing
field directly inside the sump of a DC caster. This
luxury is not afforded in other casting processes,
where treatment must occur further upstream.

In this article, computational fluid dynamics
(CFD) is employed to compare three rotor–stator
mixers running in both batch mode and continuous,

Fig. 1. Mixer heads used in this study.

Fig. 2. (a) Modeling setup with mixer A shown as a vertical cross section (y = 0 m). The mixer and wetted cylinder are concentric. The bottom of
the mixer is located at z = 0 m. The inlet is 0.05 m below, at z = � 0.05 m, while the outlet is at z = 0.07 m. The setups for mixers B and C are
identical. (b) Geometry of the rotor.
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or inline, modes with a background flow of 0.1 m s�1

(corresponding to a Reynolds number Re of 8000).
Since deagglomeration and mixing both depend on
the flow conditions around the rotor–stator region,
the velocity field, turbulent viscosity, shear rate,
and flow rates through the mixer in both operating
modes are compared. The effect of the turbulence
model choice is assessed by comparing results from
a Reynolds-averaged Navier-Stoke (RANS) model
and a detached eddy simulation (DES) model.

MODELING SETUP

This study considers three rotor–stator mixers.
The rotor is the same in all three configurations and
is illustrated in Fig. 2b: it consists of four blades of
4 mm width and is of diameter 20 mm overall. The
height of the rotor blades is 17.5 mm. The three
different mixer heads include: a four-row mixer
with 12 small round holes each of 2.7 mm diameter
(mixer A), a 16-slot mixer with each slot of 1.7 mm
width and 11 mm height (mixer B), and a single-row
mixer with 6 big round holes, each of 8 mm diam-
eter (mixer C), all illustrated in Fig. 1 with their
respective dimensions. The outer diameter of the
mixers in the numerical model, D, is fixed to 25 mm.
The total hole area for each mixer is similar
(roughly 300 mm2). The clearance (rotor–stator
gap) is 1 mm.

COMPUTATIONAL FLUID DYNAMICS

The open-source CFD package OpenFOAM (ver-
sion 6)18 was used to run the simulations. Open-
FOAM uses the finite volume method to discretize
the transient, three-dimensional flow conservation
equations. Two turbulence models were considered

in this study: the k� x shear stress transport (SST)
model19 and a detached eddy simulation (DES)
model.20 The unstructured mesh was generated
using SALOME 9.4.0.21 The sliding mesh method,
with an arbitrary mesh interface (AMI) between the
rotor and stator cell regions, is used to simulate the
rotation of the rotor blades.

The mixers are immersed in a wetted pipe of
80 mm inner diameter as shown in Fig. 2a. Each
case is run for two configurations: a batch mode and
for a continuous bulk flow with Re = 8000 through
the pipe. The rotor speed N is varied from 1000
RPM to 5000 RPM in steps of 1000 RPM.

Table I lists the boundary conditions. Only the
inlet boundary conditions differ between the batch
and inline cases. For the batch case, the prescribed
velocity at the inlet is 0 m s�1, identical to a wall no-
slip boundary. For the inline mode, an inbound flow
of 0.1 m s�1 normal to the inlet surface is pre-
scribed. Standard outflow conditions were imposed
at the outlet. The mesh density was fine enough at
the walls to employ the selected turbulence models.
The liquid properties were set to those of water with
the density q = 1000 kg m�3 and kinematic viscos-
ity m = 1.0 9 10�6 m2 s�1. Water was chosen as it is
a good physical analogue to aluminum melt.22,23

The transparency of water will allow validation of
the model in experiments that are planned for the
near future.

An implicit Euler first-order differencing
scheme is used for time discretization. Convective
terms were treated with the second-order linear-
upwind scheme.24 The selected implementation of
the pressure–velocity coupling was the PIMPLE
algorithm, which is a combination of PISO25 and
SIMPLE,26 with the SIMPLE algorithm being used

Table I. Boundary conditions for both batch and inline simulations

Variable Inlet Outlet Walls Rotor blades

Velocity U Dirichlet boundary condition
with a fixed value of Batch mode:

(0, 0, 0) m s�1

Inline mode: (0, 0, 0.1) m s�1

Neumann boundary
condition (zero normal

gradient)

No slip bound-
ary, U ¼ 0

m s�1

Moving wall velocity set to
0 m s�1 relative to the

rotating frame

Pressure p Neumann boundary condition Dirichlet boundary
condition with a fixed

value of 0 Pa

Neumann
boundary con-

dition

Neumann boundary condi-
tion

Kinetic en-
ergy of tur-
bulence k

Turbulent intensity I = 4% Neumann boundary
condition

Neumann
boundary con-

dition

Neumann boundary condi-
tion

Turbulent
specific dissi-
pation x

Mixing length l = 0.0056 m Neumann boundary
condition

x wall func-
tion19

x wall function19

Turbulent
viscosity ra-
tio mt

Calculated, not prescribed Calculated, not pre-
scribed

mt wall function
as a function of

k18

mt wall function as a func-
tion of k18

Only the inlet boundary conditions for velocity differ between both modes: the prescribed velocity is 0 m s�1 for batch mode and 0.1 m s�1

into the pipe for inline mode. The boundaries are indicated in Fig. 2. The walls include the outer surface of the wetted cylinder, the stator
walls, and the rotor stop.
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Fig. 3. Velocity U contours along slice cutting through the fourth row in mixer A (a and d) corresponding to z = 13 mm and mid-section of mixers
B and C (b, c, e, and f) corresponding to z = 8.7 mm for a rotor speed of 1000 RPM, predicted using the k � x SST turbulence model. (g–l)
Corresponding horizontal section 1 mm below the bottom of the mixers. (a–c, g–i) Batch mode and (d–f, j–l) continuous mode, as indicated by
the row labels. The rotor moves anticlockwise. The values quoted in the sub-caption labels indicate the maximum contour value in the selected
plane.
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within every time step and the iterations being out
corrections: this implementation is available in
OpenFOAM through the standard application pim-
pleFOAM. For numerical stability, an adaptive time
step was used, where a maximum Courant number
of 1.0 was enforced. An additional constraint on the
time step size was the imposition of a maximum of a
1 degree turn for the rotor. This results in a
maximum time step of 0.32 ms in the case of 1000
RPM, for example. Each simulation was run for a
minimum of 65 rotor revolutions before analyzing
the results.

RESULTS AND DISCUSSION

Comparison Between Rotor–Stator Mixers

The flow fields around the mixers are shown in
Fig. 3. All contours correspond to a snapshot in time
after 65 revolutions of the rotor. The velocity
(magnitude) contours are plotted on horizontal
slices along the following selected planes: z ¼ 13
mm for mixer A and z = 8.7 mm for mixers B and C.
For mixer A, most of the outflow occurred at the top
row, hence, the selection of the velocity slice in that
plane to show contours in Fig. 3.

The net flow through the mixer heads are all from
the bottom opening and out of the stator holes. A
low-pressure zone near the rotor blades drives the
flow field, causing the liquid to be entrained from
the bottom opening. Due to mass continuity, the
liquid is forced out of the stator holes. The high-
pressure zones near the leading edges of the
rotors—the foremost sections of the blades that
push the melt as the rotor moves—cause an out-
ward pressure gradient that forces the liquid out.
Another consequence of the larger jet next to the
leading edge is the presence of a recirculation at the
trailing edge. The flow behavior is roughly similar
for all mixers and so is the maximum predicted
velocity in the mixer regions.

However, the melt recirculation below the mixers,
shown in Fig. 3g, h, i, j, k, and l, exhibits greater
differentiation between the flows produced by mix-
ers A and B and mixer C. For mixers A and B, which
both feature smaller individual stator holes, the
rotary flow below the mixer opening is consistently
smaller in magnitude than underneath mixer C.
This smaller recirculation is desirable as, in high
shear melt conditioning, it is preferable for most of
the energy to be expended in deagglomerating
intermetallic phases and oxides rather than them

Fig. 4. Shear rate _c contours along slice cutting through fourth row in mixer A (a and d) corresponding to z = 13 mm and mid-section of mixers B
and C (b, c, e, and f) corresponding to z = 8.7 mm for a rotor speed of 1000 RPM, predicted using the k � x SST turbulence model. (a–c) Batch
mode and (d–f) continuous mode. The values quoted in the subcaption labels indicate the maximum contour value in the selected plane.
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being gently swayed around in helical motion along
the channel. In MCDC casting, any larger recircu-
lation of the bulk liquid would lead to a macroseg-
regation band due to forced solute transport,
thereby harming the casting integrity, as exempli-
fied by the lighter colored circular band in Fig. 3 in
Ref. 27.

A similar study was conducted experimentally by
Dybalska et al. in a larger water tank in batch
mode, with their mixer labeled RH corresponding to
mixer A in this study.23 Of interest in their work
was the uniformity of the mixing below the mixer,
as delimited by alumina powder patterns on the
tank floor. The RH mixer performed worse in their
uniformity measure than identical stators with
square holes or using round holes but with succes-
sive rows in cross lines. However, this performance
is less of a worry here as the present study is
concerned with the possibility of treating the mov-
ing melt in a confined cylinder rather than in batch
in a larger vessel. Nevertheless, the general jet
pattern emanating from the mixer is similar to what
was observed in their study.

The shear rate contours along the same horizon-
tal sections (relative to the axis of the rotor) are
shown in Fig. 4. Mixer B shows the best perfor-
mance because of a combination of higher velocities
in the stator holes and a larger number of stator
holes per row. This mixer is therefore the most
suited for disintegrating oxide agglomerates and
intermetallic phases. The maximum shear rates all
occur within the mixing volume, where particle
deagglomeration is expected to occur. The shear
rate is relatively unaffected by the presence of a
forcing flow of 0.1 m s�1 in the inline mode, showing
promise that continuous melt treatment at low
volume flow rates is achievable.

However, this increased shear rate in mixer B is
at the expense of redistributing sheared melt, with
the design exhibiting the lowest turbulent viscosity
in the bulk region as shown in Fig. 5. So far, the
effect of a background flow around the mixer has
been negligible in terms of velocity profiles and
shear rates. However, the amount of turbulence
mixing is radically reduced in continuous mode as
shown by the low viscosity values outside the mixer

Fig. 5. Kinetic turbulent viscosity ratio (mt=m) contours along slice cutting through the fourth row in mixer A (a and d) corresponding to z = 13 mm
and mid-section of mixers B and C (b, c, e, and f) corresponding to z = 8.7 mm for a rotor speed of 1000 RPM, predicted using the k � x SST
turbulence model. (a–c) Batch mode and (d–f) continuous mode. The values quoted in the sub-caption labels indicate the maximum contour
value in the selected plane.
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region in Fig. 5d, e, and f, consistent with what has
been observed in the literature.28 The mixing zone is
also confined to the height of the rotor stator mixer.
Mixer C outperforms the other mixers in this
measure.

Effect of the Turbulence Model Choice

The effect of the turbulence model choice on the
flow predictions is adumbrated in this section. Fig-
ure 6 shows the predicted kinetic turbulent viscos-
ity ratio using the same conditions as in the
preceding section, the only difference being the
application of the detached eddy simulation (DES)
model.20 The predicted mixing zone sizes do not
deviate significantly from the RANS results, indi-
cating that the computationally more affordable
RANS model offers a good compromise between
accuracy and speed for the study of inline rotor–
stator mixers as applicable to melt processing. This
is especially attractive in the design of experimental
studies that attempt to optimize the melt condition-
ing process with regards to deagglomeration and
redistribution of sheared melt or upscaling studies
that employ mixers of different geometries and
sizes.

Effect of Rotor Speed

The simulations were conducted for faster rotor
speeds of 2000 RPM, 3000 RPM, 4000 RPM, and
5000 RPM, and the mass flow rates through the
rotor stator mixers were computed. Figure 7 shows
the variation of mass flow rate as a function of rotor
speed. The performances of mixers A and B are
again comparable, with mixer C demonstrating the
weakest performance. The continuous mode of
operation, denoted by 0.1 m/s in the legend, results
in a slightly degraded performance as expected.17

The net flowrate passing through the stator holes,
Q, depends on a flow number NQ, as given in the
relationship

NQ ¼ Q

ND3
: ð1Þ

D is the mixer diameter. This relationship is valid
for both batch and continuous modes.17 The legend
of Fig. 7 shows the relative values of the flow
numbers for each configuration. The slight degra-
dation in the mass flow rate through mixers A and B
is shown quantitatively. While still degraded upon
usage in continuous mode, mixers A and B still
outperform mixer C in batch mode: the mixer

Fig. 6. Kinetic turbulent viscosity ratio (mt=m) contours along slice cutting through the fourth row in mixer A (a and d) corresponding to z = 13 mm
and mid-section of mixers B and C (b, c, e, and f) corresponding to z = 8.7 mm for a rotor speed of 1000 RPM, predicted using the DES k � x
SST turbulence model. (a–c) Batch mode and (d–f) continuous mode. The values quoted in the subcaption labels indicate the maximum contour
value in the selected plane.
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geometry is hence the determining parameter that
affects a rotor–stator mixer performance.

CONCLUSION

The performances of three rotor stator mixers
were assessed via numerical modeling. The mixers
with smaller stator holes are predicted to provide a
better performance in deagglomerating oxide parti-
cles, although they are less suited for redistributing
the melt in the liquid bulk. Choosing between a
RANS or DES turbulence model is inconsequential
for the prediction of rotor–stator performance.
When operating in continuous mode, the perfor-
mance of the rotor–stator mixers degrades slightly,
with lower predicted turbulent mixing values and
mass flow rates through the mixers. However, the
degradation in performance upon operating mixers
with smaller openings in continuous mode is less
severe than what would be the case upon choosing a
mixer with large openings.
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17. A. Håkansson, Processes 6, 32 (2018).
18. H.G. Weller, OpenFOAM (OpenCFD Ltd (ESI Group), 2018).
19. F.R. Menter, M. Kuntz, and R. Langtry, in Turbulence, Heat

and Mass Transfer 4 (Begell House, Antalya, Turkey, 2003),
pp. 625–632.

20. M. Strelets, in 39th Aerospace Sciences Meeting and Exhibit
(American Institute of Aeronautics and Astronautics, Reno,
NV, U.S.A., 2001).

21. A. Ribes and C. Caremoli, in 31st Annual International
Computer Software and Applications Conference - Vol. 2 -
(COMPSAC 2007) (IEEE, Beijing, China, 2007), pp. 553–
564.

22. I. Tzanakis, G.S.B. Lebon, D.G. Eskin, and K.A. Pericleous,
Ultrason. Sonochem. 34, 651 (2017).

23. A. Dybalska, D.G. Eskin, and J. B. Patel, in Materials Pro-
cessing Fundamentals 2019, edited by G. Lambotte, J. Lee,
A. Allanore, and S. Wagstaff (Springer International Pub-
lishing, Cham, 2019), pp. 181–192.

24. R.F. Warming and R.M. Beam, AIAA J. 14, 1241 (1976).
25. R.I. Issa, J. Comput. Phys. 62, 40 (1986).
26. L.S. Caretto, A.D. Gosman, S.V. Patankar, and D.B.

Spalding, in Proceedings of the Third International Confer-
ence on Numerical Methods in Fluid Mechanics, edited by
H. Cabannes and R. Temam (Springer Berlin Heidelberg,
Berlin, Heidelberg, 1973), pp. 60–68.

27. J.B. Patel, H.T. Li, M.X. Xia, S. Jones, S. Kumar, K. O’Re-
illy, and Z.Y. Fan, Mater. Sci. Forum 794–796, 149 (2014).
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