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ABSTRACT

The enhanced specific strength of SiC Particulate Metal Matrix Composites (PMMC) has been the major
contributing factor which helps to find applications in the aerospace and automotive industries. Uniform
distribution of the particulates in PMMC controls the attainment of better mechanical properties. The most accepted
method for producing such a composite is stir casting in which the homogeneity of particulate reinforcement is a
significant challenge. This research work proposes a new method for mixing the particulate reinforcement with the
liquid and semi-solid aluminium matrix to ensure a uniform mix of the particulates using a gyro shaker. Gyro
shaker is a dual rotation mixer commonly used for mixing high viscous fluids. It rotates about two mutually
perpendicular axes which help in thoroughly mixing of the ingredients. Developed Computational Fluid Dynamics
(CFD) simulation model of the mixing device in finding the mixing performance while mixing SiC particulates
with glycerol. The results of the simulation were also validated by experimentation. Analogue fluid simulation of
gyro casting was carried out using water and glycerol/water mixture which are having a closer value of viscosity as
that of liquid aluminium and semi-solid aluminium. The mixing time obtained in the water system at gyration
speeds of 29.63 rpm, 58.18 rpm, 72.73 rpm and 87.27 rpm was 61.84 sec, 43.44 sec, 26.85 sec and 27.24 sec
respectively. The mixing time obtained in glycerol/water system at gyration speeds of 58.18 rpm, 87.27 rpm,
116.36 rpm and 145.45 rpm was 26.34 sec, 15.97 sec, 9.8 sec and 6.26 sec respectively. The distribution of the SiC
particulates obtained from simulation was compared with stir casting simulations. The homogeneous distribution of
particulates was observed in the gyro casting simulation.

Keywords: Gyro casting; Stir casting; Computational fluid dynamics; Mixing power; Grid independence
study; Mixing index.

1. INTRODUCTION is stir casting. In stir casting, the molten metal is

vigorously stirred using mechanical impeller while

Composites have a material configuration in which
the reinforcement particulates are dispersed in
continuous phase resulting in a combination of
properties of the constituents. The combination
properties of fluids can also modify by adding
powdered metal oxides (Gupta et al., 2018a). The
thermal performance of fluids can be improved by
adding solid particles in nanometer size (Gupta et
al., 2018b). AI-SiC PMMC is one of the widely
used composites in the aerospace, sports and
automotive due to its high specific strength.
Materials like carbon nanotubes are also widely
used as reinforcement due to its high tensile
strength and modulus (Sharma, K et al., 2015). The
most common method for the production of PMMC

particulates are added for keeping the dispersed
particle in suspension (Hashim et al., 1999).

Proper mixing of particulates in the production of
PMMC and their distribution play a key role in
determining the mechanical properties of the
composite. The defects associated with the
reinforcement while manufacturing will weaken the
strength of the composite (Sharma et al., 2012). Prabu
et al.,, (2006) conducted experiments and found that
the mechanical properties are much influenced on the
particulate distribution of the cast composite. Behera et
al. (2012) conducted experiments for studying the
distribution of SiC particulates in metal matrix
composites made by stir casting and its effect on
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mechanical properties. Yigezu et al. (2013) fabricated
a hybrid composite using aluminium alloy as the
matrix material and a mixture of SiC and Al203
powders as reinforcement using stir casting method.
The microstructure study showed fairly distribution of
Al203 and clustering of SiC particulates. Ghauri et al.
(2013) tested mechanical properties and conducted a
microscopic study to evaluate the clustering of
particulates in the stir cast PMMC. The agglomeration
of SiC particles resulted in lowering of properties
regarding toughness and hardness. The centrifugal
force of the larger particles causes the non-uniformity
of particle distribution. Ezatpour et al. (2014)
fabricated PMMC by stir casting with AI6061
aluminium alloy as the matrix material and SiC of
40nm size. The amount of SiCnano particulates varied
from 0.5 to 1.5 wt%. The stir casting process followed
by an extrusion process for producing the composite.
He found agglomeration nanoparticles at higher wt%
loading. Aigbodion (2014) manufactured particulate
composite with ash powder and Al-Cu-Mg alloy by the
stir casting method. The wt % of SiC is varied from 2
to 10.  The microstructure analysis shows the
agglomeration of ash particulates in the matrix.
Sharma, P et al. (2015) made Aluminium matrix
composites with graphite particulates by the stir
casting process. The wt % of graphite is varied from 3
to 12. The microstructure of the cast PMMC shows a
non-uniform distribution of graphite particulates.
Kandpal et al. (2017) found clustering of Al20s
particulates in the cast composite prepared by
aluminium alloy 6061 as matrix material.

Numerical simulation was done by Ayyar et al., (2008)
also shown that the clustering of particulates reduces
the strength of cast composites. The homogeneity of
particulates in the cast is influenced to a great extent
by the shear rate, mixing speed and mixing time during
the casting process (Tong et al., 2017; Neher et al.,
2007). The introduction of particulate powder into the
semi-solid state of the matrix material during
mechanical stirring can improve the distribution of
particulates inside the cast composite. The difference
in density between the particulates and matrix material
may cause settling of particulates when solidification
occurs. The dendritic growth of microstructure during
solidification may lead to lowering of the mechanical
properties of the composite. Barman et al. (2009)
manufactured aluminium alloy by stirring the semi-
solid material using an electromagnetic field to avoid
the formation of dendritic growth.

Measurement of fluid flow characteristics is
difficult in a melt-metal system. By this reason,
several numerical simulations have been carried out
for studying the mixing features in the stir casting
with the help of CFD tools. Neher et al. (2007)
conducted room temperature analogue fluid
simulations for PMMC casting for studying the SiC
particulate distribution in stir casting. The flow
pattern inside the mixing vessel which influences
the efficiency of mixing was also observed by CFD
simulation (Hashim et al., 2002). Montante and
Magelli, (2005) investigated the distribution of solid
particles in the liquid inside a stirred vessel using
the CFD techniques. The particulate phase and the
continuous matrix phase are modelled using the
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multiphase modelling approach. The governing
equations for continuity and momentum of both
primary fluid phase and secondary particulate phase
are solved in each cell of the domain. The flow
patterns can be studied using CFD simulation for
arriving at the flow parameters for the better
uniformity of particulates.

The AI-SiC PMMC is commonly produced using
the stir casting process. The impeller which is
immersed in the molten aluminium is rotated about
a single axis. The difficulty of getting a
homogeneous mixture of particulates is a great task
in stir casting method. A new manufacturing
method is proposed in this work for getting more
uniform particulate distribution in the cast
composite. To improve the mixing in the proposed
gyro casting mixing system, the mixing cylinder
rotates about two mutually perpendicular axes. In
this work, the CFD simulation model is developed
for gyro casting and validated it with the Power
Number obtained from the experiment.

2. METHODS

The proposed system of mixing particulates with
fluids, CFD simulations and experiments are
discussed in this section.

2.1 Mixing System

The schematic of the stir casting device is as shown
in Fig. 1(a) in which the stirrer was rotating about
an axis is used for mixing molten aluminium and
SiC particulates. The schematic of the gyro casting
device is as shown in Fig. 1(b) in which the mixing
vessel is rotating about two axes. The axes of
rotation of the mixing cylinder for gyro casting
mixing are shown in Fig. 1(b). A gyro shaker,
commonly used for mixing paints, is used for
conducting the experiments for validating the CFD
simulation model. The dual axis rotation of the
mixing vessel is attained by an induction motor of
1hp. The speed of the induction motor is controlled
using an autotransformer to get desired gyration
speed between 135 rpm and 180 rpm. The mixing
vessel made of transparent acrylic pipe has its
height and diameter both kept at 140 mm. For the
mixing of viscous fluids in gyro shaker, the spin
speed (NS) of the cylinder is set twice as that of
gyration speed (NG). Gyro Shaker machines are
commonly used for mixing paints; in the spin speed
is kept twice than that of gyration speed. The same
configuration is used for this experiment also.

2.2 Characteristic Velocity and Power
Number

The Reynolds number (Re) and Power number (Np)
are the commonly used non-dimensional numbers
for understanding the performance of mixing in
stirred vessels. The validity of CFD simulation
model for the stirred vessel is assessed according to
the Power number obtained from experiment
(Zadghaffari et al., 2010; Deglon and Meyer, 2006;
Shekhar and Jayanti, 2002). The characteristic
velocity in a mixing system is the ratio of impeller
tip velocity to m. The impeller tip velocity is the
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maximum velocity of the fluid inside the mixing
vessel. Using similar maximum fluid velocity
conditions in a gyro shaker mixer, the equation for
Characteristic Velocity (Uch) is obtained as;

U o by st akeNsD+ NgL) (1)

C-.) Ns

——
stirrer

(@)

Stir casting

Ns

NG

%

Mixing cylinderxr

(b)

Gyro casting

Fig. 1. Schematics of mixing systems.

where Ns is the spin speed, Ng is the gyration
speed, D is the diameter of the mixing tank and L is
the height of liquid level.

The power consumption for the mixing, which is
known as Mixing Power (P) has to be obtained from
the CFD simulation. The mixing power is obtained
by integrating the viscous dissipation energy, (Pv)
over the entire mixing domain (Alliet-Gaubert et al.
2006).

P= ,u®vdV (2)
d 2 d 2 d 2

ov=2[(FH + (5D +(FH 1+

dy ,dy.2 dy  dy?2  dy  dy?

d—y*'ﬁ] Al i FERT (3)

where p is the apparent fluid viscosity and v is the
velocity.

The efficiency of a mixing system is defined by the
Power number which is a function of the mixing
vessel geometry and properties of the liquid phase.
The Power number and Reynolds number based on
characteristic velocity for a planetary mixing
system having two axes rotation as reported by
Delaplace et al., (2007) is used in CFD simulation.
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The equations for Power number and Reynolds
number are:

=_P
pudpL?

4)

Np M

uc D
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®)

where p is the density of liquid phase, Nem is the
power number based on characteristic velocity and
Rem is the Reynolds number based on characteristic
velocity.

2.3 Mixing Time and Mixing Index

The mixing time is the time interval between the
segregated state of the liquid and particulate phase
to attain a given degree of homogeneity. The
Mixing Index (MI) proposed by Rose and Robinson
(Huang and Kuo, 2014) as shown in equation 6 is
used for assessing the mixing time. Both ¢ and 6o in
the equation are standard deviations of the volume
fraction of secondary particulate phase at sampling
points inside the mixing domain at the current time
and initial time. In the presented CFD simulation
for comparing the mixing effectiveness, all the cell
centre values of the volume fraction of SiC
particulates inside the domain are taken as sampling
points. As usually taken in stirred vessels, the
dispersion time (Bg9) is considered as the mixing
time when Mixing Index (MI) proposed by Rose
and Robinson reaches 0.99 (Javed et al., 2006).

Mixing index=1-(c/c0)
2.4 CFD Simulation

CFD solvers use the Finite Volume Method in
which the domain under consideration is divided
into a finite set of control volumes. The flow field is
obtained by solving the conservation equations of
the flow such as mass, momentum, energy and
species etc. Eulerian k-€ dispersed turbulence
model which is a multi-phase model is used for
solving the governing equations of the flow.

(6)

2.4.1 Governing Equations

The governing equations for the primary liquid
phase and secondary granular phase are the
following (Zhao et al., 2014; Fletcher and Brown,
2008; Montante and Magelli, 2005).

The continuity equation is:

Z(ap)+ (@pv)=0 and ¥
Z(0sps) + - (0sPsVs ) = O ®
The momentum equation is:

%(Oﬂpl v)+ (apvv) = —ap p+ T+
apg+ R+ Ks(vs—v) ©)

0 -
E(aspsvs) + (0spsVsVs) = —0g p+ T+

aspsg+ Fs + Kj v — vg) (10)
where a is the volume fraction, v is the velocity and
p is the pressure. The subscripts | and s stand for
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liquid primary phase and solid secondary phase
respectively, and T is the phase stress-strain
tensor which is:

= 2
Ts= Oishis ( Vis+ V) - 31 Vis (11)
The volume fractions of primary liquid phase and

secondary particulate phase are controlled by the
equation:

o+oas=1 (12)

The momentum exchange coefficient is calculated
by Gidaspow model combining with the WEN and
YU model and the Ergun equation (Zhao et al.,
2014; Tamayol et al., 2008).

asapilvs=vil —265

Ki & Ks = ;G =B (13)
G = sm 1+ 01 aR @0 °F (14)
R g= pIdS|:IS_VII (15)

Where G is the drag coefficient and dg is the
diameter of the secondary particulate phase.

2.4.2 Turbulence Modeling

Since the fluid flow inside the mixing vessel is
highly swirling, the RNG k-€ turbulence flow
model which produces better results is chosen for
solving the turbulence quantities (Hreiz et al., 2011,
Taghvi et al., 2011; Wang et al., 2010; Razmi et al.,
2009). Effect of swirl on turbulence for improving
the accuracy of flow behaviour is included in this
model. The governing equations for turbulent
kinetic energy (k) and turbulent energy dissipation
rate (€) are given in equation 16 and 17 (Wang et
al., 2010; Tamayol et al., 2008).

0 0
a( )"‘07( )=
d ok —-0u
5 ( ) Fa (16)
0 0 0 o€
a( )+W( ):W( a) -
- TR, = (17)

The effective viscosity ( ) by considering the
effect of swirl is:

2

= - ( ’ !_) (18)
_ 3(1- 1 o) 2
T T (19)
The closure coefficients are, =1.393, =1.393,
=0.0845, =0.07, ¢=4.38and =0.012.
= [ , where, is the modulus of the mean
rate-of-strain tensor and is given by
1
= (2 )2 where is the rate-of-strain tensor
1,8 . d
=5G=+7) (20)
where is the characteristic swirl number, and
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1 =1.42 and , =1.68 are the model constants.

The effect of mass transfer due to cavitation, virtual
mass force, lift force, evaporation-condensation and
boiling are not considered. A Finite volume based
CFD code in Fluent 16.0 module of ANSYS
software is used for solving the governing equations
of the fluid flow. Two sets of CFD simulations are
carried out. The first set of simulation is for
developing gyro shaker CFD model by validating
with experimental. The second set of simulation is
carried out for comparing the mixing performance
of gyro casting with the simulation for stir casting
carried by Neher et al., (2007). No-slip boundary
condition is applied to the closed rotating walls so
that the velocity of the fluid stuck on the walls has
the same as that of the velocity of the walls.

2.5 Experiment for Mixing Power

In order to validate the CFD simulation, an
experiment was conducted to arrive at the power
number of the gyro shaker. Experimental setup for
obtaining mixing power is shown in Fig. 2. Twenty
percent of the total volume of mixing cylinder at the
bottom of the tank was filled with SiC of 30 um size
and the rest was filled with glycerol. Viscosity of
glycerol at a room temperature of 34° C was
measured using Brookfield DV 2T Extra Viscometer
was found to be 0.4659 PaS. Density Meter DMA 35
Anton Paar instrument was used for measuring the
density of glycerol and was found to be 1259 kg/m?3.
The density of SiC was considered as 3200 kg/md,
The maximum and minimum gyration speeds of the
gyro shaker machine were 180 rpm and 135 rpm
respectively. The mixing power was measured at five
different gyration speeds which were obtained by
adjusting the speed regulator. Power and current was
measured using PX110 Power meter — Metrix
instrument. The field resistance (R) of the motor was
measured and found to be 2Q.

The mixing power was calculated by taking the
difference in power consumed by the motor at load
and no load conditions. Frictional power was
assumed to be independent on speed and equation
(21) is used for obtaining the mixing power.

Pmi=Pw- I2R (21)

where Pmg is power consumed by mixing the
ingredients, Pw is power meter reading and | is the
current drawn by the motor.

For validating the simulation model with experiment,
SiC particulates of 30-micron size and 20% volume
fraction with glycerol was used. The computational
domain was a cylinder having diameter and length
equal to 140 mm. No-slip boundary condition was
applied to the walls of the vessel. The SIMPLE
(Semi-Implicit ~ Method ~ for  Pressure-Linked
Equations) pressure-velocity coupling, a second-
order upwind scheme for spatial derivatives, least
squares cell-based gradient formulation, and QUICK
(Quadratic Upwind Interpolation for Convective
Kinetics) volume fraction parameter was used. The
time step size was set to 0.001 sec and the Spin
speed was set as twice as that of Gyration speed as
set in a gyro shaker machine.
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Fig. 2. Experimental setup.

2.6 Gyro Casting Simulation

Neher et al., (2007) conducted an experimental
study on mixing of SiC particulates in liquids with
two different viscosity levels for examining the
effect of viscosity of liquids in dispersion time. The
particle size and speed of stirring were also varied
during the experiment. CFD simulation was also
conducted to determine the steady-state particulate
distribution in the stir casting of liquid aluminium
and mushy state aluminium with 10% SiC of 13 um
size. The experiment and simulation were
conducted by replacing liquid aluminium with
water having an almost same viscosity of 1 mPasS.
Similarly, the mushy state aluminium was replaced
by glycerol having almost the same viscosity of 300
mPaS. The computational domain of the stirred
vessel was a crucible of 105 mm diameter and was
filled with liquid at the height of 65 mm. The stirrer
was made of steel having four blades with a
diameter of 80 mm. In this paper, the dispersion
time and particulate distributions obtained from the
CFD simulation model of gyro casting was
compared with the values obtained from the works
conducted by Neher et al., (2007).

The simulation for comparing the effectiveness of
the mixing system with stir casting was carried out
in laminar model for glycerol/water system and k-€
turbulent model in water system as the simulations
conducted by Neher et al, (2007). The
computational domain for gyro casting was a
cylinder having equal diameter and length of 90
mm so as get the same volume of domain in the stir
casting. The SiC particulate size is 13 microns and
volume fraction is 10%. The Spin speed was taken
as twice than that of Gyration speed. CFD
simulation is carried out with values of spin speed
and gyration speed selected such a way that the
characteristic velocity is same as that of the values
in the experiment conducted by Neher et al., (2007).

3. RESULTS AND DISCUSSION

3.1
MODEL

VALIDATION OF THE SIMULATION

Validation for checking the credibility of simulation
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model was done by comparing the mixing power
obtained from the experiment with the simulation
results. The power consumed for the mixing was
found at different gyration speeds of the mixing
vessel. CFD simulations were completed for the
different gyration speeds and mixing power was
determined using viscous dissipation method.

A grid independence study was carried out using
Richardson’s extrapolation method (Balduzzi et al.,
2016; Wahba, 2013) for the simulation model
developed for comparing with the experimental
results. The CFD simulation was carried out for
three domains of polyhedral cells with a grid
refinement factor of 1.37. Tetrahedral cells of
619899, 223734 and 91436 numbers converted to
polyhedral cells of 108859, 42657 and 16707
numbers for obtaining a monotonic convergence of
the flow parameters. The Mixing Power was
obtained by extrapolating the values determined
from the three simulation models. The GCI (Grid
Convergence Index) values for mixing power,
volume weighted average pressure and the volume
weighted average velocity were less than 5%. So, it
was concluded that the CFD simulation is grid
independent

3.2 Power Characteristics of the Gyro
Shaker

Mixing power for different gyration speeds as
obtained from experiment and CFD simulation are
shown Fig. 3. Mixing power was found to be
increasing almost linearly for both experiment and
simulation. The maximum deviation was found to
be 8% at a gyration speed of 176.8 rpm. Power
number for Reynolds numbers based on
characteristic velocity is shown in Fig. 4. The
power number was found to be slightly decreasing
as the gyration speed increases for both experiment
and simulation model.

3.3 Mixing Performance Evaluation

Mixing performance of the developed CFD
simulation model of gyro casting was compared
with the CFD simulation model developed for stir
casting by Neher et al., (2007) to mix SiC
particulates with water and glycerol/water solution.
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The computational domain for comparing the
mixing performance was designed for the same
quantity of liquid phase and particulate phase taken
in the stir casting. Both the diameter and height of
the cylindrical mixing vessel were 90 mm. The
gyration speed of the mixing vessel was set so as to
get the same characteristic velocity of stir casting.
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The grid independence study was carried out for
both the simulation models developed for water and
glycerol/water systems for comparing with the stir
casting results. The CFD simulation was carried out
for three domains of polyhedral cells with a grid
refinement factor of 1.39. Tetrahedral cells of
632495, 231057 and 84085 numbers are converted
to polyhedral cells of 111055, 41336 and 15497
numbers for obtaining a monotonic convergence of
the flow parameters. The Grid Convergence Index
(GCl) for mixing power, volume weighted average
pressure and volume weighted average velocity
were obtained for the above flow parameters were
less than 5%. So, it is concluded that the CFD
simulation is grid independent.

3.3.1 Mixing Time Evaluation from CFD
Simulation

Mixing time for the water system for both stir
casting and gyro casting are tabulated in Table 1.
The mixing time was high at 200 rpm in stir casting
which indicates the stirrer speed is very much close
to the just-suspension speed. The mixing time was
almost same for 200 rpm, 250 rpm and 300 rpm for
stir casting. In stir casting, the mixing was achieved
by the rotation of the impeller. Far regions from the
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impeller get mixed slowly. When the speed was
increased, the centrifugal action threw away the
particulates at a higher rate against the viscous
resistance offered by the fluid resulting a better
mixing. Mixing time for gyro shaker was found to
be decreasing as the speed was increased but
slightly increased at a gyration speed of 87.27 rpm
which is due to the low recirculation of the
particulates through the centre of the mixing tank.

Table 1 Time to achieve uniform distribution of
SiC particulates in the water system

Negrler et Gyration M.ixing Neher et
- time, al., (2007)

stirring speed - .
speed (rom) 099 d_|sperS|on
(rom) (Sec) time (Sec)
100 29.63 61.84 170
200 58.18 43.44 16
250 72.73 26.85 15
300 87.27 27.24 14

Table 2 Time to achieve uniform distribution of
SiC particulates in glycerol/water system

Neher et al. | Gyration | Mixing Ne(hzeoroe;t)al.,
stirring speed time, dispersién
speed (rpm) | (rpm) B99(Sec) time (Sec)
200 58.18 26.34 2335
300 87.27 15.97 1030
400 116.36 9.80 720
500 145.45 6.26 540

Mixing time for both stir casting and gyro casting
for the glycerol/water system are tabulated in Table
2. Mixing time in stir casting was found to be much
higher than that of the gyro casting. The viscous
resistance offered by the fluid is more in this
glycerol/water system than the water system. Fluid
near the stirrer will mix more and the movement of
the particulates towards the far regions is
constrained by the high viscous resistance offered
by the fluid in stir casting. The mixing time for
glycerol/water system was found to be low in case
of gyro casting as compared to that of stir casting. It
was also lower than water system of gyro casting.
Besides, the centrifugal action created by the high
viscous fluid inside the rotating vessel of gyro
casting device produces better recirculation of fluid.

3.3.2 Distribution of SiC Particulates

The contours of volume fraction inside the mixing
vessel before the commencement of mixing is
shown in Fig. 5. The SiC particulates of 10 vol.% of
the total domain were patched before the beginning
of the transient simulation. The contours of the
volume fraction of the SiC particulate at the middle
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of the vertical section for water system at 40
seconds, 50 seconds and 60 seconds after the
commencement of mixing are shown in Fig. 6. For
glycerol/water system the same is shown as in Fig.
7 after 10 seconds, 20 seconds and 30 seconds after
the commencement of mixing. As the speed was
increased, the rate of mixing also increased. A non-
uniformity of particulate distribution was found
near the centre of the mixing tank at lower gyration
speed in both systems. The increased rate of mixing
in glycerol/water system is due to the high viscosity
of the glycerol/water solution. It is clear from the
volume fraction contours that the mixing near the
centre of the tank is very slow compared to the area
near the walls.

1
0.85
08
0.85
08

Fig. 5. Contours of volume fraction before the
commencement of mixing.

The distribution of SiC particulates in the water
system at various locations and different equivalent
stirrer speeds at 40 seconds, 50 seconds and 60
seconds after the commencement of mixing along
with the steady-state simulation are shown in Fig. 8,
9, 10 &11. The steady state distribution of SiC
particulate obtained from the simulation conducted
by Neher et al., (2007) is also plotted in these graphs
for comparing with stir casting. The various radial
distances along the central axis of the mixing vessel
P, Q, S and T are taken from the bottom of the tank
at height ratio of 0, 0.108, 0.538 and 0.769
respectively. The positions of P, Q, S and T
represent the bottom wall, bottom region, middle
region and top regions of the mixing vessel
respectively. For a perfect homogenous suspension
of particulates, the volume fraction of the SiC
particulate should be 0.1 everywhere inside the fluid
domain. At lower speeds, the time taken to get a
uniform distribution is found more in the water
system for gyro casting. At lower speeds, there was
an accumulation of SiC particulates near the centre
of the bottom wall in the water system for stir
casting. The SiC particulate distribution at the lower
region of the mixing vessel was found to be more
uniform at higher speeds in gyro casting. Even
though there was some degree of non-uniformity in
the distribution of SiC particulates in the middle and
upper regions of the mixing vessel, the particulate
distribution was better in the water system which

describes the mixing SiC particulates with liquid
aluminium.
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Fig. 6. Contours of the Volume fraction
of SiC in the Water system.
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10 Sec
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Fig. 7. Contours of the Volume fraction
of SiC in glycerol/water system.

The particulate distribution for glycerol/water
system after 10 seconds, 20 seconds and 30 seconds
and steady state are as plotted in Fig. 12, 13, 14 &
15. These figures show that the mixing rate is more
in the glycerol/water system. The SiC particulate
distribution was found to be more uniform in
glycerol/water system for gyro casting. The
momentum transfer is more in glycerol/water
system than water system. The intermolecular
forces are strong in highly viscous fluids. The
higher viscosity of the glycerol/water system
provided better mixing in case of gyro casting than
stir casting. The accumulation of particulates near
the centre of the tank was obtained at lower speeds
in the stir casting. The fluctuation in concentration
level of particulates inside the mixing domain was
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found more in stir casting than gyro casting for both
water and glycerol/water systems.
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Fig. 8. Distribution of SiC in the water system at
an equivalent stirrer speed of 100 rpm.
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Fig. 9. Distribution of SiC in the water system at
an equivalent stirrer speed of 200 rpm.
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at an equivalent stirrer speed of 250 rpm.

1592

0.12 0.12
P Q
0.112 0.112 ]
o 0.104 0.104 m/.\_/
& 009 JF—— 17009 m———
‘G 0.088 ] 0.088
s 0.08 0.08
5 0 02040608 1 0 02040608 1
E 0.12 - | 012 -
g 0.112 4 0.112 4
0.104 - .104 3
= | 010t | ——
o 009 1 —= = 0.096 1o
> NS ¥
0.088 1 0.088
0.08 0.08
0 02040608 1 0 02040608 1
rR
—405ec —505ec —60Sec —Steady state —Neher et al.

Fig. 11. Distribution of SiC in the water
system at an equivalent stirrer speed of 300
rpm.

The contours of the volume fraction of SiC
particulates obtained from the steady-state
simulation for the water system and glycerol water
system are shown in Fig. 16 & 17. The centrifugal
force has resulted in transporting particulates as the
speed was increased. The strong swirling flow
resulted by this centrifugal force drives the solid
particles towards the walls of the mixing cylinder.
This has resulted in a small amount of increased
concentration near the walls of the mixing tank in
the water system as it has low viscosity. The
difference in volume fraction of the SiC particulates
in the glycerol/water system having increased
viscosity is negligibly small.
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Fig. 12. Distribution of SiC in glycerol/water
system at an equivalent stirrer speed of 200
rpm.
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3.3.3 Flow Pattern for Gyro Casting

The streamlines of fluid flow, velocity contour and
velocity vector for water system at gyration speed
of 87.27 rpm obtained from the steady-state
simulation is shown in Fig. 18, 20 and 22
respectively. For Glycerol/water system these are
shown in Fig. 19, 21 and 23 respectively. The
streamlines were plotted in the entire domain
whereas the velocity contour and velocity vectors
were plotted in the middle vertical section. The
mixing was found to be vigorous in both systems.
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Fig. 13. Distribution of SiC in glycerol/water system at an equivalent stirrer speed of 300 rpm.
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Fig. 14. Distribution of SiC in glycerol/water system at an equivalent stirrer speed of 400 rpm.
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Fig. 15. Distribution of SiC in glycerol/water system at an equivalent stirrer speed of 500 rpm.
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Fig. 16. Contours of the volume fraction of SiC in steady-state simulation for water system.
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Fig. 17. Contours of the volume fraction of SiC in steady-state simulation for glycerol/water
system.
0.821 0.821
0.704 0.704
0.587 0.587
0.470 0.470
0.352 0.352
0.235 0.235
0.118 0.118
0.000 0.000
[m s*-1] [m s*-1]

Fig. 18. Streamlines of fluid flow for
water system.

The flow path is found circulating near the walls of
the mixing tank in the water system. The fluid
velocity near the centre of the mixing tank was
found to be more in glycerol/water system than
water system. This is due to the higher viscosity of
the glycerol/water system which helps to transfer
the momentum delivered by the walls of the mixing
tank. The circulation of the flow near the centre of
the tank was found from velocity vector plot for
glycerol/water system. The circulation of fluid flow
for the water system is found to be near the corners
of the mixing tank.
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Fig. 19. Streamlines of fluid flow for
glycerol/water system.

4. CONCLUSION

As far as composite materials are concerned; the
attainment of a uniform particulate distribution is
the foremost deciding factor which ensures good
mechanical properties of the casted product. This
paper describes the idea of developing a two axes
rotation mixing system with the aim of obtaining a
uniform particulate distribution in composite
materials. CFD simulations were performed to
study the effects of mixing SiC particulates with
liquid and semi-solid aluminium. Analogue
simulations were done by replacing liquid
aluminium with water and semi-solid aluminium
with glycerol/water mixture.
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Fig. 20. Velocity contour of the water
system.
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Fig. 21.Velocity contour of glycerol/water
system.
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Fig. 22. Velocr[y vector of the water system.
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Fig. 23. Velocity vector of glycerol/water
system.

The simulation studies for the gyro casting were
performed using CFD modelling method, and
Eulerian k-€ dispersed multi-phase turbulence
model was used. Grid independence study was also
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conducted to determine the consistency of the flow
variables.  An experiment was conducted for
obtaining mixing power to validate the CFD
simulation model. Equivalent viscosity model was
used to conduct simulation studies to understand the
effects of mixing SiC particulates with the above-
mentioned liquid and semi-solid aluminium. The
mixing performance of gyro casting was compared
with the existing stir casting for the same
characteristic velocity of the liquid flow inside the
mixing device. It could be concluded the mixing
time was found to be less and SiC particulate
distribution was more uniform when the gyro
casting method was used in place of stir casting.

Hence, it can be concluded that the adoption of the
proposed gyro casting method would be more
effective in achieving a more homogeneous
suspension of particulates in PMMC. Moreover, the
change brought about in the mixing process resulted
in the alleviation of dendritic growth of
microstructures during solidification which would
enhance the mechanical properties of the cast
composite.
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