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ABSTRACT 

The enhanced specific strength of SiC Particulate Metal Matrix Composites (PMMC) 

has been the major contributing factor for finding 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 axes rotation mixer commonly used for mixing 

high viscous fluids. It rotates about two mutually perpendicular axes which help in thoroughly 

mixing of the ingredients. Computational Fluid Dynamics (CFD) simulation model of the 

mixing device was developed for assessing the mixing performance and flow characteristics 

while mixing SiC particulates with Glycerol. The results of the simulation were also validated 

by experimentation. CFD simulation for liquid-solid mixing was conducted by using sand 

particles and glycerine/water mixture. Analogue fluid simulation of gyro casting was also 

carried out using water and glycerol/water mixture which are having closer value of viscosity 

as that of liquid aluminium and semi-solid aluminium. The distribution of the SiC particulates 

obtained from simulation was compared with stir casting simulations.  

The proposed gyro casting method can be adopted for obtaining a homogeneous 

suspension of particulates as compared to the existing stir casting method for the production 

of PMMC. Advantage of this mixing is that it can be continued while solidification occurs, 

resulting in avoiding the formation of dendritic growth of microstructure, which helps in 

improving mechanical properties of the cast composite.    
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Composites have a material configuration in which the reinforcement particulates are 

dispersed in continuous phase resulting in a combination of both the properties of the 

constituents. The composites are classified into three, according to the reinforcement forms. 

They are laminar composites, fibre reinforced composites and particulate composites. The 

quasi-isotropic properties of the particulates composites make it suitable for a large number 

of applications in engineering. According to the matrix materials used in the particulate 

composites, it is again classified into polymer matrix composites, metal matrix composites 

and ceramic matrix composites. Among these, the metal matrix composite is widely used in 

the aerospace, sports and automotive due to its better mechanical properties. Common 

metals used as matrix are Al, Mg, Zn, Cu etc. having a low density and strength. High 

strength particulates of SiC, Al2O3, MgO, BeO, CuO, SiO2, TiC etc. are used as 

reinforcement in combination with the above matrix metals. 

The Particulate Metal Matrix Composite (PMMC) produced by the combination of 

aluminium as matrix and SiC as particulates finds more applications in engineering due to its 

high specific strength. The strength of the cast composite primarily depends on the 

particulate homogeneity in the cast composite. Proper mixing of particulates in the 

production of PMMCs plays key roles in determining the mechanical properties of the 

composite. Numerical simulations have also shown that the non-uniform distribution of 

particulates reduces the strength of cast composites. 

Manufacturing methods have a vital role in the distribution of particulates in the cast 

composite. PMMC are manufactured by liquid processing, semi-solid processing and solid 

processing. In liquid processing, molten metal is vigorously stirred using mechanical impeller 

at the time of adding particulates for keeping the dispersed particulates in suspension. It is a 

common manufacturing method due to its easiness and low manufacturing cost. However 

cannot be assured the complete homogeneity of particulate distribution in this processing. 

The introduction of particulate powder into semi-solid matrix material during mechanical 

stirring can improve the distribution of particulates inside the cast composite. The powder 
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metallurgy method, which is solid processing, can assure better homogeneity of particulates 

in the composites. But the manufacturing cost is very high compared to the other two types. 

The compromise between the quality and cost leads to thinking about a liquid processing 

technique with better mixing mechanism. 

The quality of mixing of the particulates with matrix improves the quality of the 

composites. Mechanical stirrers were used for mixing the particulates and matrix. Most of the 

researches on improving the quality of liquid and particulates mixing were concentrated on 

the modification of mechanical stirrer (Abhishek et al., 2012; Alliet-Gaubert et al., 2006; Bai 

et al., 2017; Bao et al., 2018). The geometry and position of stirrers and several stirrers were 

changed in such investigations. The homogeneity of particulates was not observed in all 

area of the mixing vessel were not obtained in such studies due to the fluid flow fluctuations 

inside the mixing vessel. An alternate method of rotating the mixing vessel might be a 

solution for getting uniform flow inside the stirred vessel. The gyro shaker mixer commonly 

used for mixing highly viscous fluids such as paints is a method, which employs such a 

technique. In Gyro shaker, the mixing vessel rotates about two mutually perpendicular axes 

which causes mixing. 

Before suggesting the two axes rotating device for mixing molten aluminium with SiC 

particulates, it might be an advantage to predict the performance of mixing using numerical 

analysis of the fluid flow inside the mixing vessel.  Also, the measurement of fluid flow 

characteristics is difficult in a melt-metal system. 

Several numerical simulations have been carried out for analysing the mixing in the stir 

casting with the help of Computational Fluid Dynamics (CFD) tools. Room temperature 

analogue fluid simulation is one of the methods for studying the SiC particulate distribution in 

stir casting. In this, the molten metal is replaced by equivalent viscosity fluid.  The flow 

pattern inside the mixing vessel, which influences the efficiency of mixing, was also 

observed using CFD simulation. The flow patterns can be studied using CFD simulation for 

arriving at the flow parameters for the better uniformity of particulates. 

1.2  Problem definition 

 The homogeneity of particulates in PMMC plays a vital role in attaining better 

mechanical properties. The present conventional methods of stir casting for manufacturing 

PMMC was not able to reach a perfect homogeneity of particulates. This was due to the poor 

mixing of particulates with the molten matrix material. So, the development of a better mixing 
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system which ensures efficient mixing would be highly visible in this area of manufacturing. 

Gyro shaker is a dual-axis rotating mixing device commonly used for mixing highly viscous 

fluids. The possibility of such dual-axis mixing system is studied in this thesis work. The 

development of a simulation model for studying particulate mixing with dual axis rotation of 

the mixing cylinder can ensure the possibility of adequate mixing. The developed simulation 

model can be used for conducting the blending of liquid metal with particulates and 

comparing with the existing mixing methods in the area of PMMC casting. 

1.3 Objectives of the study 

The following objectives were identified for the research work: 

1 To develop simulations and conduct experiments on the two-axis mixing device. 

2 To develop a new mixing method with two axis rotation for obtaining a 
homogeneous particulate mixture. 

3 To compare the performances of the existing stirred vessel device with the two-axis 
mixing device. 

4 To simulate PMMC casting in the new two-axis mixing device. 

5 To compare the PMMC casting simulation on two axes mixing with the existing 
method and derive conclusions. 

1.4 Methodology 

Methodology adopted for doing the research is as follows. The primary objective of the 

research work was to develop a new mixing system for homogeneous mixing of liquid and 

particulates for the production of PMMC. For this, CFD simulation of dual axis rotation mixing 

was developed to conduct simulation for gyro casting. The design parameters for the CFD 

simulation for dual axis rotating mixing device were identified from the existing literature. The 

various models of simulations available were also identified from the previous studies. 

Different simulation models suitable for the Gyro casting were selected from among these. 

The CFD simulation developed was validated with experiment. The Gyro shaker 

machines that are used for mixing highly viscous fluids, was employed for conducting the 

experiment. The height to diameter ratio of the mixing cylinder was fixed to one in the mixing 

vessel. Glycerine and SiC powder were used as the liquid and particulates, respectively. 

The grid independence study of the CFD simulation model was conducted by refining 

the grid size to arrive at the best solution for the flow variables. The mixing power obtained 

from the experimental was compared with the CFD simulation results and validated. 
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CFD simulation for the Gyro casting was then compared with stir casting for assessing 

the effectiveness. The domain in Gyro casting mixing vessel was taken as the same as that 

of stir casting. Mixing time required and particle distribution at various locations inside the 

mixing vessel were compared at different mixing speeds in both liquid and semi-solid 

systems and derived conclusions. 

1.5 Thesis outline 

Chapter 1 delivers an introduction to the importance of the particulate distribution for 

improving quality of cast PMMC. The research gap, problem, objective of the study and the 

methodology adopted are also explained in this chapter 

Chapter 2. contains the literature review in the area of PMMC. The research works 

carried out by previous researchers in different casting methods are explained in this 

chapter. CFD simulations in the area of stir casting and stirred vessels are reported here. 

The experiments conducted in the area of dual axis rotation machine are also reported. The 

summary of findings from the literature review added in the last section. 

Chapter 3. contains the design parameters for the dual axis mixing device, which is 

proposed in this research work. The relevant non-dimensional parameters for a dual axis 

mixing device are explained in the chapter. Numerical modelling for a dual axis mixing 

device is also described in this chapter. The multiphase CFD simulation models and the 

turbulence models selected for the Gyro shaker are also elaborated. 

The experiment for determining the mixing power and validation of the CFD simulation 

model are explained in Chapter 4. The detailed procedure of grid independence study for 

arriving at the best simulation result, and the flow characteristics obtained are discussed in 

this chapter. 

In Chapter 5, the traditional mixing of solid particles with liquid is compared with the 

mixing inside a Gyro shaker. The CFD simulation conducted by Wang et al. (2010) in a 

stirred vessel is compared with the Gyro shaker for analyzing the difference in flow 

parameters. 

CFD simulation of Gyro casting for comparison of the mixing performance with the stir 

casting is explained in Chapter 6. The particle distribution at various locations inside the 

Gyro casting mixing device is compared with the results taken from the work done by Naher 

et al. (2007). 
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The overall conclusion of the research work, on simulation model development for dual 

axis mixing device, Gyro casting simulation and comparison with stir casting are elaborated 

in Chapter 7. The scope of future work is also added in this section. 

1.6 Summary 

This chapter gives an introduction to the PMMC, its production processes and 

difficulties faced in improving the quality of the cast PMMCs. The research problem, 

objectives and methodology of the research work are also pointed in this chapter. 
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CHAPTER 2 

LITERATURE REVIEW 

The primary focus of the literature survey conducted was on the distribution of the 

particulates in the Particulate Metal Matrix composites (PMMC). The common materials for 

the matrix phase and particulate phase were identified along with the manufacturing 

methods which influence the strength and particulate distribution. Computational Fluid 

Dynamics (CFD) simulations for the particulate distribution were also considered. Mixing 

being the key factor, most of the referred journals were connected to chemical engineering 

process. The outcomes of the literature survey are presented in five subsections. The first 

one describes the materials used as reinforcement and matrix in the manufacturing of 

PMMC. The second one describes the methods of producing PMMC. The third gives 

information about the hydrodynamics of the fluid flow inside a stirred vessel. The fourth one 

observes the CFD works carried out in manufacturing of PMMC by the previous researchers. 

The last one describes the performance evaluation of mixing in a stirred vessel and the two 

axes rotation mixer. 

2.1 Materials used in PMMC manufacturing 

The old civilisation used composite made from mud and straw in which mud having a 

low tensile strength and straw having a high tensile strength. The example for composite 

made by nature is wood in which cellulose fibers act as reinforcement. The continuous 

phase in a composite is called matrix which has a low strength than the reinforcement. 

Based on the matrix material, the composites are classified as Polymer Matrix Composites 

(PMC), Ceramic Matrix Composites (CMC) and Metal Matrix Composites (MMC). Based on 

the reinforcement types, composites are classified as particulates composites, fibrous 

composites and laminated composites. Since the area under research is focused on PMMC, 

the following paragraphs explains the common materials used in PMMC. 

The materials commonly used in PMMC as the matrix are Al, Mg, Ti, Zn, Cu etc. 

(Bodunrin et al., 2015). The different types of ceramic particles usually employed for 

reinforcement in the PMMC are SiC, Al2O3, MgO, BeO, CuO, SiO2, TiC, TiO2, Fe2O3, Fe3O4, 

ZnO, MnO2, Gr etc. (Almadhoni and Khan., 2015). The combination of these materials also 

used as reinforcements for producing hybrid composites. Table 2.1 provides the details of 
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reinforcements and matrix materials in different PMMCs that are developed by different 

researchers in that decade. 

Table 2.1 Properties of Aluminium Metal Matrix Composite (Yashpal et al. (2017)) 

Reference Matrix 
material 

Reinforceme
nt 

Particulate 
size Hardness 

Tensile 
strength 
(MPa) 

Kalaiselvam et al. (2011) A6061 12 wt.% B4C 10 μm 80.8 HV 215  

Kumar and Murugan (2012) A6061 20 wt.% AlN 3-4 μm 79 BHN 241  

Gopalakrishnan and 
Murugan (2012) A6061 10 vol.% TiC - 44 HV 115  

Mazaheri at al. (2013) Pure Al 10 vol.% B4C 30 μm 51 HV 132  

Niranjan et al. (2013) A356 5.96 wt.% 
TiB2 - 70.98 HV 261.84  

Selvam et al. (2013) A6061 
10 wt.% SiC 
+ 7.5 wt.% 
Fly ash 

- 78.8 HV 213 

Kumar et al. (2013) A359 8 wt.% Al2O3 30 μm 72.8 
HRC 148.7  

Ezatpour et al. (2014) A6061 1 wt.% Al2O3 40 nm - 260  

Dwivedi et al. (2014) A356 15 wt.% SiC 25 μm 104.66 
BHN 309.83  

Sharma et al. (2015) A6082 12 wt.% 
Si3N4 50 μm 93.5 VHN 201  

Kohli et al. (2015) A6061 3.5 wt.% 
Al2O3 40 nm 74.25 

HRB 254.72  

 

Youssef et al. (2005) conducted experiments for examining the behaviour of titanium 

diboride (TiB2) during solidification in metal matrix of pure aluminium and aluminium alloy. 

Kok. M. (2005) fabricated an aluminium alloy based PMMC with Al2O3 particulates as 

reinforcement using vortex method. El-Khair et al. (2007) fabricated a PMMC with Aluminium 

alloy as the matrix material and ZrO2 as reinforcement for studying the erosion-corrosion 

behaviour of cast composite. Lashgari et al. (2010) produced an aluminium alloy matrix 

based composite using stir casting method. The reinforcement was used B4C, along with a 

small amount of strontium added as a modifier for improving the wear properties of the cast 

composite. Zhang et al. (2010) fabricated ZrC particle reinforced metal matrix composite with 

tungsten as matrix material using hot-pressing method for studying the high-temperature 

electrical resistivity. 
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Khorshidi et al. (2011) made a Mg2Si particulate reinforced composite with Al alloy 

having a small amount of lithium as matrix material for improving the mechanical properties. 

Alaneme et al. (2013) fabricated rice husk ash (HRA) – alumina reinforced PMMC with Al-

Mg-Si alloy as matrix material using stir casting. The HRA was added for reducing the cost 

of the composite. He found that the addition of more quantity of HRA slightly reduces the 

strength of the cast composite. Ramnath et al. (2014) fabricated a hybrid composite by stir 

casting with aluminium alloy as the matrix material and two types of reinforcement 

particulates. The reinforcement particulates were Al2O3and B4C. Al2O3and B4C were 

powders added for increasing wear resistance and fracture toughness respectively. Prabhu, 

T.R. (2014) produced a hybrid composite using powder metallurgy with Fe, SiC, Gr and 

BaSO4 powders for examining the dry sliding wear characteristics. Liu et al. (2015) made a 

composite with titanium as the matrix material and WC (Tungsten Carbide) particulates as 

reinforcement by laser beam processing. 

2.2 PMMC manufacturing methods 

The common manufacturing processes of PMMC are Liquid processing, Semi-solid 

processing and Solid processing. Strength and cost of the composite largely depends on its 

manufacturing process. The primary challenge in the manufacturing of composites is 

developing a cost effective method for obtaining the desired distribution of the reinforcement. 

2.2.1  Liquid phase processing 

In liquid processing, the matrix material is in liquid form while the reinforcement is in 

solid powdered form. The matrix material is heated to liquid state and powdered 

reinforcement is added to this matrix to get the desired composite. Researches on liquid 

phase processing that are reported are summarised in the subsequent sections. 

2.2.1.1 Stir casting 

The widely used manufacturing method for producing PMMC is the stir casting. In this 

method, the dispersed particulate reinforcement is stirred inside molten matrix metal using a 

mechanical stirrer. Hashim et al. (1999) had conducted a comparative study of the different 

manufacturing processes have found that stir casting is the best method for producing 

PMMC with high strength, least expensive and causing no damages to the particulate 

reinforcement. 

The homogeneous distribution of the particulates is a major concern in stir casting. 

Prabu et al. (2006) conducted experiments for studying the particulate distribution to cast 
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composite by varying stirring speed and stirring time. He manufactured PMMC with 

aluminium alloy A384 as the matrix material and 10 vol% SiC of 16 μm size. At lower stirring 

speed and lower stir time, the clustering of particulates was noticed in the cast composite. 

Higher hardness of the composite was obtained for the cast composite produced at larger 

stirring speed and stirring time. Lina et al. (2011) conducted experiments for studying the 

effect of stirring temperature and stirring time on reinforcement distribution and tensile 

properties of the cast composite. The reinforcements selected wereAluminum Borate 

whisker and Silicon Carbide Particulates with the 6061Al matrix material. The study revealed 

that the homogeneity of reinforcement and tensile properties increased with decreasing the 

stirring temperature and increasing stirring time. 

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 mechanical 

properties. The study indicated that the distribution of SiC particles was not uniform 

throughout the casting.Yigezu et al. (2013) fabricated a hybrid composite using aluminium 

alloy as the matrix material and a mixture of SiC and Al2O3 powders as reinforcement using 

stir casting method. The microstructure study showed a fair distribution of Al2O3and 

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. They concluded that the centrifugal force of the larger particles 

causes the non-uniformity of the distribution of particulates. 

Ezatpour et al. (2014) fabricated PMMC by stir casting with Al 6061 aluminium alloy as 

the matrix material and SiC of 40nm size as particulate. The amount of SiCnano particulates 

varied from 0.5 to 1.5wt %. The stir casting process followed by an extrusion process for 

producing the composite. He observed an agglomeration of nanoparticles at higher wt% 

loading. Aigbodion (2014) manufactured particulate composite with ash powder and Al-Cu-

Mg alloy by stir casting method. Thewt % of SiC is varied from 2 to 10.  The microstructure 

analysis shows the agglomeration of ash particulates in the matrix. Sharma et al. (2015) 

made Aluminium matrix composites with graphite particulates by 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. He manufactured PMMC with Silicon Nitride 

(Si3N4) particulate and Aluminium also. The wt % of Silicon Nitride is varied from 3 to 12. A 

non-uniform distribution of particulates was reported by conducting microstructure analysis. 
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Balaji et al. (2015) manufactured two types of aluminium alloy matrix based PMMC 

with SiC and Al2O3 as reinforcements. The mechanical properties of SiC reinforcement 

composite showed better mechanical properties than that of Al2O3 reinforcement composite. 

Kandpal et al. (2017) found clustering of Al2O3 particulates in the cast composite prepared 

by stir casting, where aluminium alloy Al 6061 was the matrix material. Kumar et al. (2018) 

prepared a magnesium alloy based metal matrix composite with SiC of 40 μm size. The 

volume fraction of SiC particulates varied from 3% to 12%. Fairly uniform distribution of 

particulates was observed in the cast composites. 

2.2.1.2  Infiltration 

 In this process, liquid metal is infiltrated into a reinforcement material preform. 

Sahin and Acilar (2003) manufactured PMMC with aluminium alloy as the matrix material 

and SiC particulates as reinforcement. The particulate loading was up to 55 vol.%. This 

method was expensive as compared to stir casting method. The distribution of particulates 

was more uniform and the hardness and wear resistance were found more in high 

particulate loading. Hu et al. (2014) manufactured PMMC by infiltration method with 

aluminium as the matrix material and TiNifibers and SiC particulates as reinforcement. The 

amount of TiNifibers was 20 vol.% and SiC varied up to 20 vol.%. The cast composite 

showed high yield strength and elastic modulus. 

2.2.1.3 Squeeze casting 

 In this method, the molten metal is squeezed into the reinforcement preform. 

Reihani (2006) prepared a PMMC using this method in which Al6061 molten alloy was 

squeezed into a SiC preform. The SiC loading was 30 vol.% with two different sizes of 16 

and 22 μm. The microstructure of the cast composite showed a uniform distribution of 

particulates. The composite with decreasing particulate size showed better mechanical 

properties. Zhang et al. (2006) fabricated aluminium based hybrid composite using whiskers 

and nanoparticles of SiC. The whiskers loading was 20 vol.% and SiC nanoparticles with 35 

nm size was varied up to 7 vol.%. The obtained composite showed a better distribution of 

reinforcements. The strength of the cast composite was found high with a high reinforcement 

loading. Beffort et al. (2007) manufactured an aluminium based PMMC with SiC of size 12.5 

μm as reinforcement. The matrix material was superheated to 100 C above liquidus 

temperature and squeezed into SiC preform at a pressure of 1400 bar. The distribution of 

SiC particulates was homogeneous. 
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Table 2.2 Manufacturing processes of the PMMCs and their reinforcement distributions 

Reference Manufacturing 
process 

Matrix 
material Reinforcement material Reinforcement 

distribution 

Sahin and Acilar 
(2003) Infiltration Al-Si alloy 

SiC - 149μm & 80μm 
size. 
up to 55 vol.% 

Uniform 

Prabu et al. (2006) Stir casting A384 SiC - 16μm size 
10 vol.% 

Clustering of 
particulates 

Reihani et al. 
(2006) 

Squeeze 
casting Al6061 SiC preform - 16μm & 

22μm size, 30 vol.% Uniform 

Zhang et al. (2006) Squeeze 
casting Al32024 

SiC whiskers 20 vol.% 
and SiCnano particle 7 
vol.%  

Uniform 

Beffort et al. (2007) Squeeze 
casting 

Al99.99% 
AlMg4 
AlZn6 
AlCu3 
AlZn6Mg1 

SiC – 12.5μm size 
60 vol.% Uniform 

Lina et al. (2011) Stir casting Al6061 
Aluminum borate whisker 
– 5 vol.%, SiC – 8-14μm 
size, 15 vol.% 

Uniform 

Amirkhanlou et al. 
(2011) Compo-casting Al6061 SiC - 3μm size 

10 vol.%     
Uniform after cold 
rolling 

Sajjadi et al. (2012) Compo-casting A356 
Al2O3up to 7.5 wt.% of 
20μmsize and up to 4 
wt.% of 50 nm 

Uniform 

Behera et al. 
(2012) Stir casting LM6 SiC – 37 μm size 

5-12.5 wt.% 
Segregation of 
particles 

Kumar et al. (2013) Electromagnetic 
stir casting A359 Al2O3– 30 μm size 

2-8 wt% Uniform 

Yigezu et al. 
(2013) Stir casting 

Mg foundry 
alloy with Al-
4% and Cu-
2.5% 

SiC&Al2O3 – 37 μm size, 
5 wt% 

Fairly distribution 
of Al2O3 and 
clustering of SiC 

Ghauri et al. (2013) Stir casting Al SiC – 10 μm size, 
up to 30 vol.% 

Agglomeration of 
SiC 

Hu et al. (2014) Infiltration Al 
Ti-50 at.%Nifibers – 20 
vol.%, 
Sic - 5μm size & 35 vol.%

Uniform 

Ezatpour et al. 
(2014) Stir casting Al6061 Al2O3 – 40 nm size 

up to 1.5 wt.% 
Agglomeration of 
Al2O3 

Aigbodion (2014) Stir casting A2009 
Bagasse ash (sugarcane 
ash) 
– 10 wt% 

Agglomeration of 
ash particulates 

Wang et al. (2014) 

Stir casting 
assisted 
ultrasonic 
vibration 

AZ31B 
magnesium 
alloy 

SiC – 10 μm& up to 13.5 
vol.%, 
SiC – 60 nm & up to 1.5 
vol.% 

Non-uniform  

Sharma et al. 
(2015) Stir casting A6082 Gr - 50μm size 

up to 12 wt.% Non-uniform  
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2.2.2 Semi-solid phase processing 

 In semi-solid processing, the matrix material is in semi-solid form while the 

reinforcement is in solid powdered form. The research works reported on the three different 

methods of producing PMMCs in semi-solid phase processing are explained in the following 

subsections. Table 2.2 gives a consolidation of the research work reported on the different 

methods of semi-solid phase processing. 

2.2.2.1 Compo-casting 

 Compo-casting is a vortex method in which semi-solid metal is mechanically 

stirred while introducing the reinforcement particulates. Amirkhanlou et al. (2011) prepared 

aluminium alloy based PMMC with 10 vol.% SiC particulates by compo-casting followed by a 

cold rolling process. The uniformity of particle distribution was more after the cold working 

process. He suggested that, Introducing particulates in semi-solid metal while mechanical 

stirring would reduce the formation of dendritic growth producing a fine-grained composite. 

Sajjadi et al. (2012) manufactured a PMMC with aluminium A356 as the matrix material and 

Al2O3 as reinforcement by both stir casting and compo-casting process.  

The micrograph of the cast composite showed improved homogeneity of particulates 

was more in compo-casting than stir casting. He observed a better wettability of particulates 

was better in compo-casting. The mechanical properties were also found better in compo-

casting. Khosravi et al. (2015) conducted experiments for studying the SiC particulate 

distribution in compo-casting. SiC particulates were mixed with semi-solid aluminium using 

stirrer and the mould vibrated during solidification. The cast composite showed better 

homogeneity of particulates and tribological properties. 

2.2.2.2 Electromagnetic stir casting 

 In electromagnetic stir casting, the molten metal is stirred using an 

electromagnetic field. The stirring is maintained during the solidification to prevent the 

formation of dendritic growth for obtaining globular/spheroidal microstructure. The strength of 

such materials produced by this method is more than produced to stir casting method. 

Barman et al. (2009) conducted experiment and CFD simulation for Electromagnetic stir 

casting and found that the generation of non-dendritic microstructure during the solidification 

produced improved mechanical properties of the cast composite. Tennyson et al. (2010) and 

Meng-ou et al. (2010) produced aluminium alloys using this process. Kumar et al. (2013) 
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produced Al2O3 reinforced PMMC by this method. The matrix material was A359 aluminium 

alloy. The cast composite showed better mechanical properties with smaller grain size. 

2.2.2.3 Ultrasonic processing 

In ultrasonic processing, the particulate reinforcement is mixed with the molten matrix 

metal using ultrasonic vibrations. Murty et al. (2012) tested the mechanical properties of 

aluminium-fly ash nanocomposite prepared by the ultrasonic method. The microstructure 

reveals a homogeneous distribution of particulates. Wang et al. (2014) manufactured a 

composite using this process in which matrix material was magnesium alloy and 

reinforcement was SiC particulates. In his study, the magnesium alloy was heated to the 

semi-solid state, and SiC particulates were added while stirring. It was followed by ultrasonic 

treatment and again stirred the molten metal in the liquid state. Too long and short time for 

stirring during the ultrasonic treatment showed a non-uniform distribution of particulates. 

2.2.3 Solid phase processing 

In solid processing, both the matrix material and the reinforcement are in solid 

powdered form. Powder metallurgy is used in solid processing for producing PMMC.  

In this method both the matrix and particulates materials in the powder form are 

thoroughly mixed and pressed at high pressure inside a steel die. Canakci and Varol (2014) 

fabricated a PMMC with AA7075 aluminium alloy as the matrix material and SiC particulates 

of size 16 μm and 2.5 to 10 wt.%. The microstructure study shows the non-homogeneous 

distribution of SiC particulates. The agglomeration of SiC particulates was found more for 

higher SiC particulate loading. 

2.3  Computational Fluid Dynamics simulations of stirred vessels 

Computational fluid dynamics (CFD) is widely used for simulating the liquid-liquid and 

liquid-solid mixing processes in stirred vessels (Oumer and Mamat, 2014). The 

hydrodynamics of the multiphase mixing system makes CFD simulation is more complicated 

due to the existence of various levels of interaction between the phases. CFD simulation 

models can be designed for the mixing process which can avoid empirical scaling as used in 

the experiments of the mixing system (Srilatha et al., 2010). Hydrodynamics of the mixing 

process can be predicted using CFD simulation for different geometries and operating 

conditions of the mixing container (Ramesha et al., 2012; Rao and Sivashanmugam, 2010; 
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Takahashi and Motoda,2009). Alfaro-Ayala et al. (2015) conducted CFD simulation in a 

stirred vessel for arriving the best position of the stirrer. 

CFD analysis on multi-stage stirred vessels was also investigated by the researchers 

(Alliet-Gaubert et al., 2006).  Alternate combinations of rotors and stators mounted on the 

mixing tank were also studied (Wu et al., 2014). Studies conducted on the CFD simulation of 

large-scale mixing vessels stirred with multiple radial impellers, and radial and axial up-

pumping impellers were reported by Vrabel et al. (2000). Abhishek et al. (2012) proposed an 

improved geometry of stirrer like an anchor for improving the mixing efficiency. The 

deficiencies in stirred mixing such as formation of Isolated Mixing Regions (IMRs) which 

refer to mixed zones separated by fluid boundary, and non-uniformity of distribution of 

particles especially for highly viscous fluids are reported by Li et al. (2016), Wu et al. (2015) 

and Prabhu et al. (2006). The mixing time will be more for highly viscous fluids to get a 

homogenous mixture in a stirred tank (Naher et al., 2007). 

Numerous CFD simulations of baffled mixing systems that improve the mixing 

performance were proposed by researchers (Nouri and Whitelaw, 1992; Takahashi and 

Motoda, 2009; Zhu et al., 2009; Singh et al., 2011). Many modifications including the 

different types of baffles and alteration of stirrer geometry were carried out for improving the 

mixing performance. Without baffles fitted on the sides of the mixing tank, a solid-body 

rotation is formed corresponding to the central whirlpool of the flow for low viscosity liquids. 

By introducing baffles, the mixing can be improved by getting the desired flow condition 

(Busciglio et al., 2017). However in some mixing processes like biological operations, the 

baffles may cause cell damage (Yang et al., 2013). Lassaigne et al. (2016) experimented on 

the effect of geometrical parameters of the stirred vessel on the improvement of particle 

distribution and found that the homogenization was improved with higher diameters and 

clearances of the impeller. 

Gu et al. (2017) experimented with stirred vessel with a double punched rigid-flexible 

impeller and obtained a better solid particle suspension. Mishra and Ein-Mozaffari (2017) 

introduced a Maxblend impeller with a baffled mixing vessel for improving the homogeneity 

of the suspended particles. Significantly, Vikash et al. (2017) also conducted an experiment 

and CFD simulation in a stirred vessel with a rotor-stator high shear mixing impeller for 

improving the mixing performance. Again, Bao et al. (2018) carried out the Discrete Element 

Method (DEM) simulation for finding the best type of impellers working in a stirred vessel. 
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Related to this, the five types of impellers used were double helical ribbon, pitched blade 

ribbon, inner and outer helical ribbon, bottom helical ribbon and pfaudler. It is noteworthy 

that a combination of bottom helical ribbon, also with inner and outer helical ribbon was 

found more efficient for particle mixing. Interestingly, the strength of chaotic mixing can also 

be improved by placing the stirrer eccentrically (Yavuz and Sandeep, 2018). 

CFD simulation is an effective method for identifying the unsteadiness and pulsating 

flow features (Zamiri and Chung, 2018). Meng et al. (2018) have performed CFD simulation 

for mixing in a new type of particle mixer by Eulerian-Eulerian approach. The VOF (volume 

of fluids) method which is a Euler-Euler multiphase approach was used for obtaining the flow 

features from the CFD simulation. Many researchers (Xie and Luo, 2018; Montante and 

Magelli, 2005) have conducted numerical simulation of solid-liquid suspensions attained by 

mechanical stirrer inside a stirred vessel using Eulerian-Eulerian method. In connection with 

this, Varela et al. (2018) conducted a numerical simulation of mixing inside a stirred vessel 

using RNG k-Ԑ turbulence model which is known by the name Eulerian-Eulerian approach 

for solving the flow fields of highly swirling flows. Zhao et al. (2014) conducted a CFD 

simulation of slurry mixing in a stirred vesselwith an improved intermig impeller, in which, the 

flow field was predicted using RNG k-Ԑ turbulence model. Significantly, Wu. (2010) also 

conducted a similar CFD simulation for a mixing study in aerated lagoons using RNG k-Ԑ 

turbulence model. A large number of CFD simulations were reported using the RNG k-Ԑ 

turbulence model as the multiphase simulation methodology for solving the solid-liquid 

mixing flow fields. 

2.4  Computational Fluid Dynamics simulations of PMMC manufacturing 

Measurement of fluid flow characteristics is difficult in a melt-metal system. Primarily 

due to this reason, several numerical simulations have been carried out by researchers for 

studying the mixing processes of the stir casting with the help of CFD tools.  Table 2.3 

shows a tabulation of the different multiphase and turbulence models used for simulation of 

flows in different equipments, as carried out by different authors. 

Aldas and Mat (2005) investigated the particulate distribution of SiC particulates in 

PMMC with Pb and 20% Sn as matrix material by experimentally and theoretically. The 

theoretical analysis of stir casting was done by CFD analysis. He found that the particulate 

distribution near the wall was found more than the axis of the mixing vessel. Neher et al., 
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(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). The developed FEA model for 

mixing molten aluminium contains SiC particulates was compared with the experiments done 

by replacing aluminium liquid with glycerol. They arrived at the optimum stirring speed and 

stirrer position for obtaining a more uniform distribution of SiC particulates. Montante and 

Magelli, (2005) had investigated the distribution of solid particles in liquid inside a stirred 

vessel using the CFD techniques. Su et al. (2010) conducted CFD simulation for 

optimization of process parameters such as stirrer geometry, blade angle, stirrer speed in 

stir casting process for producing aluminium metal matrix composite. Kumar et al. (2015) 

conducted CFD simulation of stir casting process for studying the effect of stirrer speed on 

the distribution of particulates inside the mixing vessel. The particulate phase and the 

continuous matrix phase were modelled using the multiphase modelling approach. 

2.4.1 Numerical models for mixing 

The Multiphase CFD simulations are carried out generally in Eulerian Granular or 

Mixture models. The Eulerian Granular model is a complex model for solving multiphase 

flow. It solves continuity and momentum equations for each phase. Most of the CFD 

simulation work reported for the stirred vessels is carried out in the Eulerian Granular model 

(Taghavi et al., 2011; Sing et al., 2011; Naher et al., 2007). For low particulate loading, the 

Mixture model can predict the flow field using a single momentum equation of the mixture 

fluid. The CFD simulation using Mixture model for stirred vessels and cyclone separator 

were conducted by many researchers (Moghari et al.,2011; Haavisto et al., 2009; Cokljat et 

al., 2006). Roudsari et al. (2012) conducted CFD simulation in the Eulerian model for 

understanding the droplet size distribution in a water and oil emulsion mixture while mixing. 

2.4.2 Turbulence modelling 

Deglon and Meyer(2006) and conducted CFD simulations for studying hydrodynamics 

inside a stirred vessel using standard k-Ԑ turbulence model. Panneerselvam et al. (2008) 

modelled CFD simulation of a mixing vessel used for mixing gas, fluid and solid particles in 

which the standard k-Ԑ turbulence model was used. Wang et al. (2010) conducted 

experiments and CFD simulation for examining the mixing performance of liquids with solid 
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particles. The results compared with the experiments shows better agreement while using 

the RNG k-Ԑ turbulence model. 

Table 2.3 The multiphase models and turbulence models used in mixing equipments 

Reference (Authors) Equipment used Multiphase model Turbulence model 
Micale et al. (2004) Stirred vessel Eulerian-Granular Standard k-Ԑ 
Montante and Magelli 
(2005) Stirred vessel Eulerian-Granular Standard k-Ԑ 

Khopkar et. al. (2005) Stirred vessel Eulerian-Granular Standard k-Ԑ 

Khopkar et al. (2006) Tall gas-liquid 
Stirred vessel Mixture Standard k-Ԑ 

Cokljat et al. (2006) Cyclone separator Mixture RNG k-Ԑ 

Torre et al. (2007) Partially filled 
stirred vessel 

(Volume of Fluid) 
VOF Standard k-Ԑ 

Neher et al. (2007) Stir casting Eulerian-Granular Standard k-Ԑ 
Panneerselvam et al. 
(2008) Stirred vessel Eulerian-Granular Standard k-Ԑ 

Jahoda et al. (2009) Stirred vessel Mixture Standard k-Ԑ 
Fletcher and Brown 
(2009) Stirred vessel Eulerian-Granular Standard k-Ԑ 

Haavisto et al. (2009) Stirred vessel Mixture Standard k-Ԑ 

Yu et a. (2010) 
Anaerobic digester 
with bio-waste 
particle flow 

Eulerian-Granular Realizable k-Ԑ 

Wang et al. (2010) Stirred vessel Eulerian-Granular RNG k-Ԑ 

Hreiz  et al. (2011) Cyclone separator Eulerian-Granular 
Standard k-Ԑ 
Realizable k-Ԑ 
RNG k-Ԑ 

Taghavi et al. (2011) 
Stirred vessel with 
dual Rushton 
turbine 

Eulerian-Granular RNG k-Ԑ 

Tamburini et al. (2012) Baffled stirred 
vessel Eulerian-Granular Standard k-Ԑ 

Zhao et al. (2014) Stirred vessel with 
intermig impeller Eulerian-Granular Standard k-Ԑ 

Kumar et al. (2015) Stir casting Mixture Realizable k-Ԑ 

 

Taghavi et al. (2011) investigated the power consumption for mixing inside a Rushton 

turbine stirred vessel by conducting CFD simulation and compared the results. The RNG k-Ԑ 

turbulence model used in this simulation which is suitable for highly swirling flow could 

predict the mixing power more accurately. Hreiz et al. (2011) investigated the flow 

parameters inside a cyclone separator using CFD simulation. The simulations were carried 
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out in three different turbulence model namely standard k-Ԑ, RNG k-Ԑ and realizable k-Ԑ. 

They suggested that both the RNG k-Ԑ and realizable k-Ԑ turbulence model were better than 

the standard k-Ԑ turbulence model. 

2.4.3 Validation of CFD simulation in mixing vessels 

 The validation with experiment is an essential step for developing a CFD 

simulation model. Shekhar and Jayanti(2002) developed a CFD simulation model for 

mechanically stirred mixing vessel which was validated with experiment. The study was 

conducted for laminar, transition and turbulent conditions of the fluid flow. The simulation 

model was validated by computing the mixing power and mixing time obtained from the 

correlation and from the literature. Deglon and Meyer (2006) developed a CFD simulation 

model for stirred tanks by validating with Power number, mean velocity components and 

turbulent kinetic energy from published experimental results. Zadghaffari et al. (2010) 

conducted CFD simulation of a stirred vessel and validated using power number, mean 

velocity components, mixing time, turbulent kinetic energy and turbulent dissipation rate from 

published experimental data. 

The power consumed for the mixing process was obtained by subtracting the power 

obtained at no-load condition from loaded condition (Rao and Sivashanmugam, 2010; Andre 

at al., 2012). The mixing power by CFD simulation can be obtained by both Viscous 

dissipation method and Torque method. In Viscous dissipation method, the viscous 

dissipation energy was integrated over the entire domain of mixing to get the mixing power 

(Alliet-Gaubert et al., 2006). In Torque method, the torque acting on the walls of the impeller 

was used to determine the mixing power (Zhu et al., 2009; Coroneo et al., 2011). 

2.4.4 Grid independence study 

 In CFD simulations, the domain under consideration is divided into small control 

volumes. Partial differential equations related to the flow fields are solved for each control 

volumes for obtaining results at discrete points. Here, the results obtained largely depend on 

the size of small control volumes. The results of a CFD simulation model should be grid 

independent. A quantified entity is more appropriate for checking whether the results are grid 

independent or not. Roache (1994) suggested the Richardson extrapolation method is the 

best mrthod for quantifying the grid independence using Grid Convergence Index (GCI). Ali 

et al. (2009) have conducted a Direct Numerical Simulation (DNS) of a flow around a square 

cylinder and took the results for flow variables having a GCI value less than 5%. Coughtrie et 
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al. (2013) have investigated the flow through an anaerobic gas-lift digester using CFD 

simulation with different turbulent closure models. The CFD simulation was carried out in 

fine, medium and coarse grids for obtaining the GCI value of the flow variables. They 

ensured that the GCI values were less than 5%. Volk et al. (2017), Almohammadi et al. 

(2013) and Longest and Vinchurkar (2007) were also reported the use of Richardson 

extrapolation method in a grid refinement study to arrive at a grid independent flow variable 

solution. 

2.5 Dual axis rotation 

The mixing of fluids with particulates is usually performed with mechanically agitated 

stirred vessels having an impeller arrangement which rotates about a single axis. Delaplace 

et al.(2007) have conducted experimented in a planetary mixer for determining the mixing 

performance of glucose syrup-water mixture. The planetary mixer is a device used for mixing 

powders and fluids in which the agitator rotates about two axes. The results obtained had to 

be compared with the usual mixing stirred vessel device. For this purpose, he conducted a 

dimensional analysis to get an expression for Reynolds number. The Characteristic velocity 

for the planetary mixer was derived using the maximum velocity of fluid flow inside the 

mixing system (Auger et al., 2013; Guillaume et al., 2012). Andre et al. (2012) and Auger et 

al. (2013) have conducted dimension analysis for comparing the mixing performance of a 

planetary mixer to derive an expression for Power number. 

2.6 Summary 

PMMC with Aluminium alloy as matrix material is widely used in many engineering 

applications. The composite made using this alloy exhibits a high specific strength. The 

widely used particulate reinforcement in such composites is SiC. 

Stir casting is the most widely used manufacturing method for producing PMMC. The 

mechanical mixing of this process is less expensive than other processes for producing 

PMMCs. The pressure inside the mixing vessel of a stir casting device being low, the chance 

for damaging of reinforcements in the cast product is very low. However, the non-uniform 

distribution of the particulates is the major drawback in stir casting. A mechanical mixing 

system under low pressure is a better option for obtaining uniform distribution for avoiding 

such difficulties. 

The understanding of hydrodynamics inside a mixing vessel is absolutely necessary 

for examining the mixing performance. Numerous CFD simulations had been conducted for 
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such mixing system by many researchers. The mixing performance was studied by changing 

the stirrer speed and stirrer positions inside the mixing vessel. CFD simulation was also 

conducted by changing the geometry and number of impellers. 

CFD simulation of stir casting was also done by many researchers. In stir casting 

process, the molten metal is vigorously stirred inside the mixing vessel by an impeller.  

Conducting experiments inside such a molten metal system while stirring is very difficult. 

Here, simulation is the best alternative to understand the fluid flow behaviour in such mixing 

systems. The simulation models built for mixing systems has to be validated with 

experiments. For such purpose, analogue fluid simulations and experiments were carried out 

in which the selected fluid has almost same viscosity as that of the molten metal. 

The CFD simulation for mixing fluid with particulates is usually conducted in 

Multiphase model. The multiphase simulation models widely used for such purpose are 

Eulerian granular model and mixture model. Among the turbulence model, the RNG k-Ԑ 

turbulence model is the best for catching the highly swirling characteristics of the fluid flow 

inside the mixing system. 

The validation of simulation model with experiment is an essential procedure for 

developing the CFD simulation model. The Power number calculated from mixing power 

obtained from experiment is used by many researchers for comparing the experimental and 

simulation results. The mixing power from experiment is determined from the power 

consumed by the mixing machine. The Viscous dissipation method and Torque method are 

used for finding the mixing power from CFD simulation. 

It is necessary to conduct the grid independence study for a CFD simulation for 

obtaining flow variables which is steady after the refinement of grid size. Richardson 

extrapolation method is the best way to quantify the grid independence. The GCI value of 

less than 5% after the refinement of grid size is a measure of grid independence of the flow 

variable. 

The proposal for a new mixing system of dual axes rotation of mixing vessel for 

obtaining uniform distribution of particulates has to compare with the existing systems. 

However, the existing system of mechanical mixing is the single axis rotation of the stirrer. 

The comparison of the systems can be carried out based on the non-dimensional numbers 

such as Reynolds number and Power number. The Characteristic velocity of the flow inside 

the mixing vessel is also to be derived for the dual axis rotation of mixing vessel. These 
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parameters are derived by previous researchers for a planetary mixer having dual axis 

rotation. The same procedure can be used for deriving such parameters for dual axis 

rotating mixing vessel. 

 
  



Page 23 

CHAPTER 3 

NUMERICAL MODELLING OF DUAL AXIS 
ROTATION MIXING DEVICE 

Development of the numerical model for simulating the dual axis rotation of the mixing 

device is explained in this chapter. The parameters of the process, models of numerical 

simulations and their expressions are derived in this chapter. 

The continuous phase is the liquid in which the particulates are to be mixed is the 

primary phase. The particulates to be mixed are the secondary phase. The mixing flow in a 

rotating cylinder is complex to model. The clustering of particulate and the phase interactions 

are more intricate. The flow behaviour and interaction between the phases has to be 

understood before selecting the multiphase simulation models. 

3.1 Dual axis mixing 

The schematics of the planetary mixer and dual axis mixing vessel systems are shown 

in Fig. 3.1 and Fig. 3.2 respectively. The impeller inside the mixing chamber of a planetary 

mixer is rotated about two axes with bevel gear arrangements. This will help the agitation 

everywhere inside the mixing chamber. The mixing vessel of the proposed dual axis mixing 

device is rotated about two mutually perpendicular axes. The Nୗ and Nୋ are the spin speed 

and gyration speed respectively.  

  

Fig. 3.1 Planetary mixer Fig. 3.2 Dual axis mixing device 

The classical Reynolds Number and Power Number are not significant in gyro mixing 

due to the dual rotation of the mixing vessel. The maximum velocity inside the fluid system 

depends on spin speed and gyration speed of the mixing cylinder. Researchers have 
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proposed two parameters namely Characteristic velocity (Uୡ୦) and Power number (N୮)  to 

represent the properties of mixing. Planetary mixers having dual rotation of the mixing 

impeller uses the term Characteristic velocity for replacing the dual rotational speeds for the 

purpose of dimensional analysis. The most important and representative dimensionless 

parameter used extensively for a mixing systems is the Power Number. The Power Number 

is generally used to establish the validity of CFD simulations of flow in stirred tanks (Shekhar 

and Jayanti, 2002; Deglon and Meyer, 2006; Zadghaffari, 2010). 

3.1.1 Mixing power 

The term Mixing Power (P) is used to compare the quality of different types of mixers. 

Mixing power for a mixer depends on physical properties such as density and viscosity, 

operating parameters like stirrer speed and geometrical parameters like diameter of the 

mixing tank. It is the energy consumed for mixing in a period of time. It is a key factor for 

operating cost, scaling-up and design of mixing vessel. The mechanical agitator efficiency, 

mass transfer and circulation time also related to the mixing power. The mixing power can 

be calculated in two methods namely Viscous dissipation method and Torque method. 

3.1.1.1 Viscous dissipation method 

The power for mixing is arrived at using two methods as proposed by researchers. In 

the first method P is obtained by integrating the viscous dissipation energy, (Φv) over the 

entire mixing domain (Alliet-Gaubert et al., 2006). The power consumed for the mixing is 

dissipated in the liquid which is the work done against the viscous force. P = ∭ μଵΦv dV୚  (3.1) 

where, 

Φv = 2 ൤ቀୢ୚౮ୢ୶ ቁଶ + ቀୢ୚౯ୢ୷ ቁଶ + ቀୢ୚౰ୢ୸ ቁଶ ൨ + ቂୢ୚౮ୢ୷ + ୢ୚౯ୢ୶ ቃଶ + ቂୢ୚౮ୢ୸ + ୢ୚౰ୢ୶ ቃଶ + ቂୢ୚౯ୢ୸ + ୢ୚౰ୢ୷ ቃଶ
 (3.2) 

and μଵ=Apparent fluid viscosity in PaS 

3.1.1.2 Torque method 

In the Torque method, the power for mixing is evaluated from overall torque on the 

walls due to the tangential stress distribution and pressure (Zhu et al., 2009 and Coroneo et 

al., 2011). P = 2πNୗT୷ + 2πNୋT୸ (3.3) 
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where T୷ and T୸ are the Torques on the walls in y-axis and z-axis respectively 

The efficiency of mixing is expressed in term of Specific Power (P/V ) which is the ratio 

of Mixing Power to the vessel volume. 

3.1.2 Characteristic velocity 

Characteristic velocity is the ratio of maximum velocity attained on the impeller tip and 

π. The characteristic velocity, Uୡ୦for Planetary mixer is obtained using formula 3.4 and 3.5 

(Delaplace et al., 2007 and Andre et al., 2012). NୗDୋ/NୋDୗ < 1; Uୡ୦ = ቂ(Nୗଶ + Nୋଶ) ቀDୗଶ + Dୋଶ ቁቃ (3.4) NୗDୋ/NୋDୗ > 1; Uୡ୦ = (NୖDୗ + NୋDୋ) (3.5) 

where, Dୋ and Dୗ are the gyration circle diameter and  mixing impeller diameter 

respectively. 

This formula can be used for calculating the Characteristic Velocity in a Gyro shaker 

also which is given in formula 3.6. Uୡ୦ of Gyro Shaker = (NୗD + NୋL) (3.6) 

where, D and L are the diameter and length of rotating vessel. 

3.1.3 Reynold’s number 

The Reynolds Number (Rୣ)for stirred vessel is obtained using equation number 3.7 

(Zhu et al.,2009) . Rୣ = ஡୒ୈమஜ  (3.7) 

where, ρ is the density of fluid inside the mixing vessel, N is the stirrer speed, D is the 

diameter of the stirrer and μ is the viscosity of the fluid. 

The Reynolds Number (Rୣ୑) for the planetary mixing based on characteristic velocity 

is obtained by the equation 3.8 (Delaplace et al., 2007 and Andre et al., 2012). Rୣ୑ = ஡  ୳ౙ౞ ୈஜ  (3.8) 

Similarly, Reynolds Number (Rୣୋ ) based on the Gyration speed are obtained using 

equation 3.9. Rୣୋ = ஡  ୒ృୈమஜ  (3.9) 
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3.1.4 Power number 

The energy supplied to the stirred vessel is consumed for shearing the fluid. This 

energy per unit time is known as Mixing power (P). The mixing efficiency is indicated by 

Power Number (N୮) which depends on the fluid properties and geometry of the mixing 

vessel. The Power Number for stirred vessel is obtained using equation number 3.10 (Zhu et 

al.,2009). N୮ = ୔஡୒యୈఱ (3.10) 

The Power Number ( N୮୑ ) for the planetary mixing based on characteristic velocity are 

obtained by the equation 3.11 (Delaplace et al., 2007 and Andre et al., 2012). N୮୑ = ୔ఘ୳ౙ౞య ୐మ (3.11) 

Similarly, Power Number (N୮ୋ)  based on the Gyration speed are obtained using 

equation 3.12. N୮ୋ = ୔ఘ୒ృయ ୈఱ (3.12) 

3.2 Effect of particulate loading 

The interaction between the primary liquid phase and secondary particulate phase is 

an important parameter for selecting the multiphase CFD simulation model. The particulate 

loading (β) which is the ratio of mass of the dispersed particulate phase to the mass of 

continuous liquid phase is used for the selection (Crow et al., 1998). β = ஑ౚ஡ౚ஑ౙ஡ౙ  (3.13) 

Where, αୢand αୡ are the volume fractions of the secondary dispersed phase and 

primary continuous phase respectively. ρୢ and ρୡ are the densities of the secondary 

dispersed phase and primary continuous phase respectively. If particulate loading is very low 

(β << 1.0), then the fluid flow influences the particulates through turbulence and drag and the 

influence of the particulates on fluid flow is negligible (ANSYS Fluent Theory Guide, 2013).  

The multiphase CFD simulation models such as Eulerian, Discrete phase and Mixture are 

well suitable in such situations to predict the flow features. If the particulate loading is 

intermediate the influence of the secondary phase is considerable. If the particulate loading 

is high (β>>1.0), particle pressure and viscous stress should be considered. In the CFD 
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simulation of Al-SiC PMMC, the particulate loading is intermediate and is equal to 0.296. In 

such case, Stokes number (St) which is defined as the ratio of particle response time (τd) to 

the system response time (τs) should be considered. St = தౚத౩ (3.14) 

τୢ = ஡ౚୢౚమଵ଼ஜౙ  (3.15) 

τୱ = ୐౩୚౩ (3.16) 

Where, dd is the particle diameter, μc is the viscosity of fluid, Ls is the characteristic 

length and Vs is the characteristic velocity. The characteristic velocity is taken as the 

maximum velocity of flow inside the stirred vessel and the characteristic length is taken as 

the diameter of the stirred vessel (Mattei and Vozzi., 2016). 

In this CFD simulation, the Stokes number is very much less than unity and is equal to 

1x10-5. In such situation, the secondary phase particles will follow the flow closely. The 

Mixture model and Eulerian granular model are more appropriate in this situation (ANSYS 

Fluent Theory Guide, 2013). The above two multiphase modes are mathematically 

formulated by Eulerian-Eulerian approach. 

3.3 Multiphase models 

CFD solvers uses the Finite Volume Method (FVM) in which the fluid domain under 

consideration is divided into a finite set of control volumes. The conservation equations of 

fluid flow such as mass, momentum and energy, species etc are to be formulated and solved 

for each finite control volumes for simulating the flow field. In this work, numerical simulation 

of the Gyro shaker flow was modelled by three types of multiphase models namely Eulerian 

kԐ dispersed turbulence model, Mixture model and Volume of fluids (VOF) model. These 

models and the corresponding governing equations are described in the following sections. 

3.3.1 Eulerian Granular Model 

 The set of momentum and continuity equations for both primary and secondary 

phases are considered in Eulerian Granular model. Kinetic theory is applied for the 

secondary granular phase. The coupling between the primary phase and secondary phase is 

achieved through the pressure and inter phase exchange coefficients. The Eulerian granular 

dispersed turbulence model is suitable for a dilute secondary phase where the turbulence of 

the continuous primary phase is dominant. However, particle collisions are not considered in 
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this model. Transport equations are solved for predicting the turbulence field of the 

continuous primary phase. In this model, the pressure is same for all the phases. Most of the 

CFD simulation works reported for the stirred vessels are carried out in Eulerian Granular 

model (Taghvi et al., 2011; Sing et al., 2011; Naher et al., 2007; Deglon and Meyer, 2006). 

The following governing equations are solved for the primary liquid phase and secondary 

granular phase  (Zhao et al.,2014). 

The continuity equation is: 

பப୲ (∝௟ ρ୪) + ∇. (α୪ρ୪v୪ ) = 0 (3.17) 

and பப୲ (∝ୱ ρୱ) + ∇. (αୱρୱvୱ ) = 0 (3.18) 

The momentum equation is: 

பப୲ (∝୪ ρ୪ v୪) + ∇. (α୪ρ୪v୪v୪) = −α୪∇p + ∇. τധ୪ + α୪ρ୪g + F୪ + Kୱ୪(vୱ − v୪) (3.19) 

பப୲ (∝ୱ ρୱvୱ) + ∇. (αୱρୱvୱvୱ) = −αୱ∇p + ∇. τധୱ + αୱρୱg + Fୱ + K୪ୱ(v୪ − vୱ) (3.20) 

Where, the subscripts 'l' and 's' stands for liquid and solid respectively which are the 

primary and secondary phases in mixing, 

and τധ୪,ୱ is the phase stress-strain tensor which is: τധ୪,ୱ = α୪,ୱμ୪,ୱ ቔ൫∇v୪,ୱ + ∇v୪,ୱ୘ ൯ − ଶଷ I∇. v୪,ୱቕ (3.21) 

The cell volume fractions of primary liquid phase and secondary solid phase are 

constrained by the equation: α୪ + αୱ = 1 (3.22) 

The momentum exchange coefficient is calculated using equations 3.23, 3.24 and 

3.25.  It is obtained using Gidaspow model -which is used when viscous forces dominate the 

flow behaviour - and combination of the WEN and YU model and the Ergun equation 

(ANSYS Fluent Theory Guide, 2013). K୪ୱ = Kୱ୪ = ଷସ Cୈ ஑౩஑ౢ஡ౢ|୴౩ି୴ౢ|ୢ౩ α୪ି ଶ.଺ହ (3.23) 

Cୈ = ଶସ஑ౢୖୣ౩ ሾ1 + 0.15(α୪Reୱ)଴.଺଼଻ሿ (3.24) 
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Reୱ = ஡ౢୢ౩|୴౩ି୴ౢ|ஜౢ  (3.25) 

3.3.2 Mixture Model 

In this model, the turbulence field is same for both primary and secondary phases. 

Both the phases are assumed to be inter penetrating continuum and moves at different 

velocities. The relative velocity between phases are determined by assuming that the Stokes 

number of the flow is considerably lower than unity. It solves continuity and momentum 

equations for the mixture. The effect of interaction of the inter-phase mass, momentum and 

energy is included in this model. The CFD simulation using Mixture model for stirred vessels 

and cyclone separator were conducted by several researchers (Moghari et al.,2011; 

Haavisto et al., 2009; Cokljat et al., 2006). 

The continuity equation is given as under: 

பப୲ (ρ୫) + ∇. (ρ୫V୫) = 0 (3.26) 

where, V୫ = ∑ ஑ౡ஡ౡ୚ౡ౤ౡసభ஡ౣ  (3.27) and ρ୫ = ∑ α୩ρ୩୬୩ୀଵ  (3.28) 

Momentum equation is obtained by summing up the individual momentum equations 

for all phases. 

பப୲ (ρ୫V୫) + ∇. (ρ୫V୫V୫) = −∇p + ∇. ሾμ୫(∇V୫ + ∇V୫୘ )ሿ + ρ୫ g + F +∇. ൫∑ α୩ρ୩Vୢ୰,୩Vୢ୰,୩୬୩ୀଵ ൯ (3.29) μ୫ = ∑ α୩μ୩୬୩ୀଵ  (3.30) Vୢ୰,୩ = V୩ − V୫ (3.31) 

The volume fraction equation for secondary phase p: 

பப୲ ൫α୮ρ୮൯ + ∇. ൫α୮ρ୮V୫൯ = −∇. ൫α୮ρ୮Vୢ୰,୮൯ + ∑ ൫mሶ ୯୮ − mሶ ୮୯൯୬୯ୀଵ  (3.32) 

3.3.3 Volume of Fluid Model 

The surface-tracking method is used in VOF model for the primary and secondary 

phases. Each phases shares a single set of momentum equations by tracking the volume 

fraction of each phase. Governing equations are solved using the volume fraction in each 

cell. Turbulence and energy equations are solved for the mixture and no empirical 
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correlations are used for predicting the interaction between phases (ANSYS Fluent Theory 

Guide, 2013). The model does not support for void region where no phases are existing. 

Even though this model is designed for immiscible liquids for a sharp interphase between 

phases, the validity of this model is also evaluated in this paper. 

The density is calculated using; ρ = αଶρଶ + (1 − αଶ)ρଵ (3.33) 

The Continuity Equation for the volume fraction of the kth phase is given in equation 

3.34 which is solved only for the primary phase. 

ப஑ౡப୲ + V. ∇α୩ = ୗ஑ౡ஡ౡ  (3.34) 

The secondary phase volume fraction is obtained using the equation 3.35. ∑ α୩ = 1୬୩ୀଵ  (3.35) 

The single momentum equation for the entire domain is solved using the equation 

3.36. 

பப୲ (ρV) + ∇. (ρVV) = −∇p + ∇. ሾμ(∇V + ∇V୘)ሿ + ρg + F (3.36) 

where velocity V is taken as the mass averaged variable: V = ஑భ஡భ୚భା஑మ஡మ୚మ஡  (3.37) 

The secondary phase in the simulation of Gyro Shaker is a granular phase, for which 

knowledge of viscosity is necessary for simulation modelling. The viscosity of secondary 

granular phase is applied using the formula proposed by Raju and Mehrotta (2000) for 

studying the casting of particulate metal matrix composites. The proposed equation is as 

given in equation 3.38. μୱ = μ൫1 + 2.5V୮ + 10.05V୮ଶ൯ (3.38) where V୮ is volume fraction of the secondary 

particulate phase. 

3.4 Turbulence modelling 

For all Models, the RNG k-Ԑ turbulence flow model which produces better results for 

highly swirling and rapidly strained flow was reasonably chosen (Kaushal et al., 2012; Hreiz 

et al., 2011; Taghvi et al., 2011;Wang et al., 2010; Deglon et al., 2006). A statistical method 

called ‘Renormalization group (RNG)’ is used for deriving the RNG k-ε turbulence model 
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from the instantaneous Navier-Stokes equation. Effect of swirl on turbulence and additional 

term in turbulent kinetic energy dissipation rate equation for improving accuracy of flow 

behaviour is also included in this model. The governing equations for modelling turbulent 

kinetic energy (k) and turbulent energy dissipation rate (Ԑ) are given in equation 3.39 and 

3.40 (Wang et al., 2010). 

பப୲ (ρk) + பப୶౟ (ρku୧) = பப୶ౠ ൬α୩μ୲ ப୩ப୶ౠ൰ − ρuనᇱu఩ᇱതതതതത ப୳ౠப୶౟ − ρε (3.39) 

பப୲ (ρε) + பப୶౟ (ρεu୧) = பப୶ౠ ൬αகμ୲ பகப୶ౠ൰ − Cଵக க୩ ρuనᇱu఩ᇱതതതതത ப୳ౠப୶౟ − Cଶகρ கమ୩ − Rக (3.40) 

The effective viscosity (μ୲) by considering the effect of swirl is: μ୲ = ρCஜ ୩మக f ቀαୱ , Ω, ୩கቁ (3.41) 

Rக = େಔ஡஗య(ଵି஗/஗బ)ଵାஒ஗య கమ୩  (3.42) 

The closure coefficients are, α୩=1.393, αக=1.393, Cஜ=0.0845, αୱ=0.07, η଴=4.38 and  β=0.012. η = Sk/ε, where,S is the modulus of the mean rate-of-strain tensor and is given 

by 

S = ൫2S୧୨S୧୨൯భమ where, S୧୨ is the rate-of-strain tensor (3.43) 

S୧୨ = ଵଶ ൬ப୳ഥ౟ப୶ౠ + ப୳ഥౠப୶౟൰ (3.44) 

Ω is the characteristic swirl number and the model constants are, Cଵக=1.42 and Cଶக=1.68. 

For all the simulation models, the effect of mass transfer due to cavitation, 

evaporation-condensation and boiling are not considered. Lift force, which is significant only 

if the size of the particles is very large and virtual mass force, which is significant only if the 

secondary phase density is much smaller than primary phase were also not considered 

(Wang et al., 2010). 

3.5 Governing equations for Rotating Reference Frame 

 Since the mixing domain was continuously rotating about two axes, the 

governing equations of the fluid flow was formulated in Rotating Reference Frame (RRF) 
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approach. In RRF formulation for the fluid flow, two additional terms for the acceleration of 

the fluid is added in momentum equations. The additional acceleration terms are Coriolis 

acceleration and centripetal acceleration. So, the additional terms in the momentum 

equations for primary liquid phase and secondary particulate phase are (Nino-Lopez and 

Gelves-Zambrano, 2015): 𝐹௟ = −2 ∝௟ 𝜌௟(𝜔 × 𝑉௟) − 𝛼௟𝜌௟𝜔 × (𝜔 × 𝑟) (3.45) 𝐹௦ = −2 ∝௦ 𝜌௦(𝜔 × 𝑉௦) − 𝛼௦𝜌௦𝜔 × (𝜔 × 𝑟) (3.46) 

where, 2 ∝௟ 𝜌௟(𝜔 × 𝑣௟) is the Coriolis force, 𝛼௦𝜌௦𝜔 × (𝜔 × 𝑟) is the centripetal force, 𝜔 

is the angular velocity and 𝑟 is the position vector. 

3.6 Computational domain and mesh 

The Computational domain of the CFD simulation was a cylinder having both diameter 

and height of 140 mm. It was assumed that the entire domain was filled with liquid as 

primary phase and particulates as secondary phase. The flow inside the mixing vessel was 

highly swirling due to the dual axis rotation of the mixing cylinder. In that situation, the 

hexahedral and tetrahedral meshes showed convergence difficulties. The gradient 

calculations of the flow properties in such highly swirling flows would be better, if the number 

of neighbouring were more.So, the domain obtained in tetrahedral mesh is converted to 

polyhedral mesh with more neighbouring cells which showed a monotonic convergence. The 

computational domain with polyhedral mesh is shown in Fig. 3.3.  

 
Fig. 3.3 Computational domain with mesh 
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3.7 Boundary conditions 

No-slip boundary condition was applied to the closed rotating walls so that the velocity 

of the fluid stuck on the walls was the same as that of the velocity of the walls. This is due to 

the adhesive force between the molecules of the fluid and wall which is considerably higher 

than the cohesive force between the fluid molecules. 

3.8 Numerical scheme 

The governing equations for the fluid flow are solved using a finite volume based fluid 

dynamics CFD code in Fluent version 14 software. The simulation was carried out for the 

mixing of SiC of 30 microns in glycerine. The centre of the mixing tank was kept as the origin 

of the coordinate system such that the y- axis is along the centre line of the mixing tank. For 

all the simulation models, first order upwind implicit formulation for unsteady integration and 

a second order upwind scheme discretization for spatial derivatives were adopted. The 

pressure-velocity coupling used in Eulerian model, Mixture model and VOF model were 

Phase Coupled SIMPLE, SIMPLE and PISO respectively. For all the models, Gradient 

formulation was Least squares cell based and volume fraction parameter was QUICK. For 

the VOF model, the User Defined Function (UDF) for the viscosity of the secondary phase 

was compiled and hooked for the simulation. The time step of the transient simulation was 

set to 0.001 sec for all the simulation models so that the mixing cylinder was rotated through 

20 about the spin axis and 10 about gyration axis in each time step for the maximum gyration 

speed of 176.8 rpm. The spin was given to the walls by wall motion option and gyration was 

given by the frame motion option of the software. The simulation was run till the mixing 

power shows no variation with respect to flow time. 

3.9 Grid independence study 

Richardson extrapolation method was used for grid independence study to check 

whether the flow variable under consideration is grid independent or not. Three significantly 

different set of grids have to be selected for this study. The representative cell sizes h1, h2 

and h3 has to be find out using the formula given in equation 3.47. 

Grid size Size;  h = ൤∑ (∆୚౟)౟ొసభ୒ ൨భయ
 (3.47) 

Where, N = total Number of cells in the Domain 

∆Vi is the volume of the ith cell 
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It is desirable that the grid refinement factor, r=hcoarse/hfine, be greater than 1.3 (Celik, 

2008), and simulations are run to determine the values of key variables (Φ) important to the 

objective of the simulation study. 

Let h1<h2<h3, then the grid refinement ratio, r21=h2/h1 and r32=h3/h2. 

The apparent order, p, of the method was calculated using the expression: p = ଵ୪୬(୰మభ) ቚln ቚகయమகమభቚ + q(p)ቚ (3.48) 

q(p) = ln ൬୰మభ౦ ିୱ୰యమ౦ ିୱ൰ (3.49) 

S=1.Sign(Ԑ32/Ԑ21) (3.50) 

where, Ԑ32=Φ3-Φ2, Ԑ21=Φ2-Φ1 

The extrapolated value of the variable Φ was calculated using the formula 3.51: 

eୣ୶୲ଶଵ = ൫୰మభ౦ ∅భି∅మ൯൫୰మభ౦ ିଵ൯  (3.51) 

The approximate relative error was found out using the formula3.52: eୟଶଵ = ቚ∅భି∅మ∅భ ቚ (3.52) 

The approximate relative error (eୟଶଵ) and extrapolated relative error (eୣ୶୲ଶଵ )were 

calculated by: eୟଶଵ = ቚ∅భି∅మ∅భ ቚ (3.53) 

eୣ୶୲ଶଵ = ቚ∅౛౮౪భమ ି∅భ∅౛౮౪భమ ቚ (3.54) 

The Grid Convergence Index (GCI) for the fine grid was estimated using the following 

formula. GCI୤୧୬ୣଶଵ = ଵ.ଶହୣ౗మభ୰మభ౦ ିଵ  (3.55) 

The convergence conditions of the system were checked before evaluating the 

extrapolated value. The convergence conditions are; 

1. Monotonic convergence; 0<R<1 

2.Oscillatory convergence; R<0 
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3.Divergence; R>1 

where R is the convergence ratio and is determined by the equation; R=Ԑ21/Ԑ32. 

The Grid Convergence Index (GCI) is a measure of convergence for grid refinement 

studies. It determines how much the solution approaches the asymptotic value. The GCI 

value less than 5% is an acceptable measure of grid independent converged solution. 

3.10 Summary 

In this chapter the models of simulations, and the parameters of comparing the 

different models are described. The properties of mixing were assessed using the flow 

Characteristic velocity and Power Number. Characteristic velocity is a measure of maximum 

velocity of fluid inside the mixing chamber and Power Number is a measure of power 

consumed for mixing. The mixing in stir casting and gyro casting has to be compared for the 

quality of mix. So, Characteristic velocity of gyro shaker was derived for comparing the 

results obtained from same characteristic velocity conditions of the stirred vessel. 

The Power Number was calculated using the mixing power obtained from viscous 

dissipation method and torque method. The selection of multiphase model is a key factor for 

getting consistent results. From the particulate loading and Stoke’s number, it is advantages 

to use Mixture and Eulerian granular models for CFD simulation of flow inside the mixing 

vessel. Most of the simulation works in mixing of fluids with solid particulates were reported 

in Eulerian granular k-Ԑ model. Since the fluid flow was highly swirling, the RNG k-Ԑ 

turbulence model was selected. The grid independence study is also an important factor for 

getting a reliable result. 
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CHAPTER 4 

EXPERIMENTAL VALIDATION OF CFD MIXING 
MODEL 

4.1 Experiment 

The experimental setup for finding the mixing power at various gyration speeds of the 

mixing cylinder was arranged at Heat Engines Laboratory of Government Engineering 

College, Thrissur. The different aspects of the experiment are described in subsequent 

sections. 

4.1.1 Materials selection 

The glycerine was taken as the liquid in which the particulates to be mixed. The 

glycerine is highly viscous and can be treated as Newtonian fluid. A measurable quantity of 

mixing power can be obtained by using this fluid due to its high viscosity. The particulate to 

be mixed was selected as SiC powder with 30μm size. The vol.% of SiC particulates was 

taken as 20. 

Viscosity of the Glycerine measured at various temperature using Brookfield DV 2T 

Extra Viscometer was found to be 0.4659 PaS at 340C which was the room temperature 

where the experiments were conducted. Density of glycerine measured using Density Meter 

DMA 35 Anton Paar instrument and was found to be 1259 kg/m3 at a temperature of 22.40C.  

The same value of viscosity was used for simulation by neglecting the very small deviation 

for the room temperature of 340C. An amount of 1.3786 kg of SiC with 30μm size was 

weighed using Shimadzu ATY224, electronic weighing balance of accuracy 10-4 grams and 

added to the glycerine to the mixing vessel for getting volume fraction of 20% for the 

secondary phase. The mixing tank was cylindrical in shape and made of transparent acrylic 

material, so that the mixing could be observed visually. Both the diameter and height of the 

mixing tank was kept as 140 mm. 

4.1.2 Specifications of measuring instruments 

The specification of Viscometer, Density meter, Electronic weighing balance, Power 

meter and Tachometer are listed below. 
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Brookfield DV 2T Extra Viscometer: 
 Speeds: 0.1 – 200 rpm 

 Temperature sensing range: -1000C to 3000C 

 Viscosity accuracy: ± 1.0% of full scale range 

 Viscosity repeatability: ± 10C for -1000C to +1490C, ±20C for +1500C to 
+3000C 

 Operating environment: 00C to 400C temperature range and 20% - 80% 
Relative humidity 

Density Meter DMA 35 Anton Paar: 
 Measuring range:Density: 0 to 3 g/cc, Temperature: 0 to 400C, Viscosity: 

0 to approx. 1000 mPa.s 

 Accuracy: - Density: 0.001 g/cc, Temperature: 0.20C 

 Repeatability: - Density: 0.0005 g/cc, Temperature: 0.10C 

 Resolution: - Density: 0.0001 g/cc, Temperature: 0.10C 

Shimadzu ATY224, electronic weighing balance: 
 Capacity: 220g, Minimum display: 0.1 mg 

 Repeatability: ≤ 0.1 mg, Linearity: ± 0.2 mg 

 Stabilisation time: Approx. 3.0 seconds 

 Operating temperature and humidity limits: 5 – 400C, 20- 85% RH 

PX110 Power meter – Metrix: 
 Network type: Single-phase and three-phase 

 Bandwidth: DC to 1 kHz, Power range: 10 W to 1 kW 

 Resolution: 0.1 W, Power factor range: 1.0 

 Voltage range: 0.5 to 600 V RMS, Resolution: 100 mV 

 Current range: 10 mA to 2 A – 2 A to 10 A 

 Resolution 1 mA – 10 mA, Operating temperature: 0 to 500C 

Digital photo type tachometer: 
 Range: 60 to 100000 rpm, Resolution: 0.1 up to 999.9 rpm, 1 above 

1000 rpm 

 Accuracy: ± (0.05% ± 1 digit), Sampling rate: 1 second 

 Measuring distance: 100 to 300 mm, Operating temperature: 0 to 600C 
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4.1.3  Experimental setup 

Experiment was conducted on the Gyro Shaker mixer for mixing of SiC in glycerine. 

The equipments used for conducting experiment is shown in Fig.4.1.The mixing cylinder was 

rotated in both spin and gyration axis using a 1 hp induction motor. The single phase ac 

power supply was connected to an auto transformer which acts as the speed regulator for 

varying the voltage of power supply to the induction motor. Power and current were 

measured using PX110 Power meter – Metrix which was connected in between the induction 

motor and speed regulator. A non-contact RPM sensor was employed for measuring the 

spin and gyration speeds of the mixing vessel. The photograph of the experimental setup is 

shown in Fig. 4.2. The maximum speed of Gyro Shaker was 180 rpm and the machine was 

unsteady below the speed of 135 rpm. So, the measurements of power were taken at 5 

different speeds between 135 and 180 rpm. 

 

Fig. 4.1 Schematic of experimental setup 

4.1.4 Experiment procedure 

The empty mixing tank was loaded in the gyro shaker machine and clamped. The 

electrical connection to the speed regulator and power meter were connected as shown in 

Fig. 4.1. The field resistance of the motor(R)was measured using a multi meter and found to 

be 2Ω. The single phase A.C. power supply to the speed regulator was connected and the 

speed regulator was adjusted to get a gyration speedof 138.2 rpm. The gyration speed was 

measured using the non-contact rpm sensor. The current (I) and power (PW) drawn by the 

electric motor was noted from the power meter readings. The experiment was repeated for 

gyration speed of 143.5 rpm, 151.8 rpm, 165.4 rpm and 176.8 rpm. 

The lid of the empty mixing tank was opened and 1.3786 kg of SiCwas added 

into the mixing cylinder. The tank was then filled with the glycerine liquid and closed 
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with the lid. The mixing tank was loaded in the gyro shaker machine and clamped. 

The speed regulator was adjusted to get a gyration speed of 138.2 rpm. The current 

and power drawn by the electric motor was noted from the power meter readings. 

The experiment was repeated for gyration speeds of 143.5 rpm, 151.8 rpm, 165.4 

rpm and 176.8 rpm. Equation 4.1 is used to determine the power consumed by the 

machine. It was assumed that the frictional power of the machine depends only on 

the rotation speed of tank. The power for mixing the fluid for a particular speed of 

rotation was calculated by subtracting the power at no load condition from the loaded 

condition (Andre et al., 2012; Rao and Sivashanmugam, 2010). P୫ୢ = P୵ − IଶR (4.1) 

 

 
Fig. 4.2 Experimental setup 

4.2 Validation for CFD mixing model 

The CFD simulation model for the Gyro shaker mixing has to be validated with the 

experiments. The results obtained from the simulation must be grid independent. For this, 

the Grid Convergence Index (GCI) value for each simulation for different gyration speeds 

has to be determined. The variation of mixing power and flow characteristics are studied 

from the results obtained from CFD simulations. 
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4.2.1 Grid Independence study 

The grid independence study was carried out before arriving at the grid resolution for 

the simulation. The Mixing Power was calculated from the extrapolated value evaluated from 

the Grid Independence study. Two methods namely Viscous Dissipation method and Torque 

method are used for predicting the mixing power. The different mesh sizes used for grid 

independence study was selected for a grid refinement factor of 1.37. The mesh sizes 

considered are 108859, 42657 and 16707 numbers of polyhedral cells with average cell 

sizes of 1.93 mm, 2.64 mm and 3.61 mm respectively. These cells are obtained by 

converting 619899, 223734 and 91436 tetrahedral cells to polyhedral cells. The quality of the 

polyhedral mesh is listed in Table 4.1. The minimum orthogonal quality, Maximum skewness 

and maximum aspect ratio are found good for CFD simulation. 

Table 4.1 Quality of mesh 

No. of polyhedral cells 108,859 42,657 167,07 

Minimum orthogonal quality 0.52 0.51 0.50

Maximum Skewness 0.48 0.49 0.50

Maximum aspect ratio 8.3 8.5 7.8 
 

Table 4.2𝐺𝑟𝑖𝑑 𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝐼𝑛𝑑𝑒𝑥   𝐺𝐶𝐼௙௜௡௘ଶଵ  (%)for Mixing power 

Gyration 
speed 
(rpm) 

Viscous dissipation method Torque method 

Eulerian 
granular 
model 

Mixture 
model VOF model

Eulerian 
granular 
model 

Mixture 
model VOF model

138.2 0.85 4.31 2.87 1.66 1.37 1.24 

143.5 0.89 4.02 4.15 1.33 1.51 1.86 

151.8 0.86 3.27 4.77 0.36 1.41 2.91 

165.4 0.97 3.77 4.93 0.50 1.73 2.71 

176.8 1.37 3.56 2.92 0.50 1.22 1.32 

 
The grid independence study was carried out for mixing power, volume weighted 

average velocity and pressure. The GCI value for the above parameters are listed in Table. 

4.2 and Table. 4.3. All the simulation model showed Grid Convergence Index (GCI) value 

less than 5%. The convergence ratio obtained for all the models are between 0 and 1 which 

indicates monotonic convergence. The effect of Grid resolution for mixing at 176.8 rpm 

gyration speed on the mixing power for Viscous Dissipation method and Torque method is 
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shown in Fig.4.3 (a) and (b) respectively. A monotonic convergence was observed for the 

solution of mixing power in both Viscous Dissipation method and Torque method. There 

were no significant variations in mixing power obtained by using the 619899, 223734 

polyhedral cells. So, further refinement of the cells was not considered. 

 

Table 4.3𝐺𝑟𝑖𝑑 𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝐼𝑛𝑑𝑒𝑥   𝐺𝐶𝐼௙௜௡௘ଶଵ  (%)for volume weighted average pressure and 
velocity 

Gyration 
speed 
(rpm) 

 𝐺𝐶𝐼௙௜௡௘ଶଵ  (%) for volume weighted 
average pressure 

𝐺𝐶𝐼௙௜௡௘ଶଵ  (%) for volume weighted 
average velocity 

Eulerian 
granular 
model 

Mixture 
model VOF model

Eulerian 
granular 
model 

Mixture 
model VOF model

138.2 1.23 0.05 0.92 1.66 0.30 1.20 

143.5 1.20 0.02 0.74 1.12 0.07 1.26 

151.8 2.81 0.43 0.15 3.25 0.03 1.23 

165.4 0.65 0.23 0.71 1.09 0.00 1.46 

176.8 0.26 0.58 0.90 054 0.03 1.71 

 

  
(a) Viscous Dissipation Method (b) Torque Method 

Fig. 4.3. Effect of Grid resolution on Mixing Power. ED: Eulerian dispersed model, M: 
Mixture model, VOF: Volume of fluid model 

4.2.2 Specific power for mixing 

Specific Power characteristics of the Gyro Shaker based on characteristic velocity for 

the Viscous Dissipation method and Torque method are shown in Fig.4.4 (a) and (b).  The 

specific power for mixing increases almost linear with respect to gyration speed for all the 

simulation models. Mixing power obtained by Viscous Dissipation method is greater than 

that of Torque method which is in concurrence with the results reported by Alliet-Gaubert et 
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al. (2006). Specific Power for the mixing derived from the Viscous Dissipation method for the 

Mixture model and Specific Power derived from Torque methods for VOF model show better 

agreement with the experimental results. Since the mixing power derived from velocity 

gradients for Viscous dissipation method shows better agreement with experiment results, it 

can be concluded that the velocity distribution obtained from mixture model is better than the 

other models. 

Similarly, the pressure distribution also shows a better agreement in VOF model than 

the other models, the mixing power obtained from Torque method is more close to the 

experimental results. The Viscous Dissipation method for obtaining the mixing power 

predicts more accurate results than Torque method. The difference in torque obtained 

between simulation using Torque method and experimental results was due to the low 

accuracy for predicting the pressure acting on the faces of boundary cells. Since Stokes 

number of the flow is 1x10-5, the secondary phase particles will follow the flow closely, and 

hence the simulation results were in better agreement with experiment for Mixture model. 

The VOF model with modified viscosity for the secondary phase yields almost similar 

velocity, pressure and volume fraction distribution as that of the mixture model. 

  

(a) Viscous Dissipation Method (b) Torque Method 

Fig. 4.4. Specific Power characteristics of the Gyro Shaker based on characteristic 
velocity. Exp: Experiment, VOF: Volume of fluid model, M: Mixture model, ED: Eulerian 

dispersed model. 

The maximum deviation of Mixing Power as predicted using Viscous Dissipation 

Method for Mixture Model, VOF Model and Eulerian kԐ dispersed turbulence Model by the 

experimental value as the basis was 6.1%, 17.4%and 8.4% respectively. The maximum 

deviation of Mixing Power predicted by Torque Method concerning the experimental value 

for Mixture Model, VOF Model and Eulerian kԐ dispersed turbulence Model and are 20.4%, 

0

5000

10000

15000

20000

25000

30000

360 380 400 420 440 460 480

P 
/ V

 (W
/m

3)

ReM

Exp
VOF
M
ED

0

5000

10000

15000

20000

25000

30000

360 380 400 420 440 460 480

P 
/ V

 (W
/m

3)

ReM

Exp
VOF
M
ED



Page 44 

14.8% and 18.3% respectively. The best computational cell for CFD analysis for mixing was 

found to be polyhedral which took low CPU time and provided better convergence. 

4.2.3 Power number 

The variation of Power number with respect to Reynolds number based on 

Characteristic velocity is shown in Fig. 4.5 (a) and (b). Variations of Power number with 

respect to Reynolds number based on gyration speed is also same since the Characteristic 

velocity is directly proportional to the Gyration speed.  

  

(a) Viscous Dissipation Method (b) Torque Method 

Fig. 4.5. Power number as a function of Reynolds number based on characteristic 
velocity. Exp: Experiment, VOF: Volume of fluid model, M: Mixture model, ED: 

Eulerian dispersed model. 

The flow regime can be assumed as transition region since the variation of power 

Number based on characteristic velocity and Gyration speed is not constant with respect to 

the Reynolds number based on characteristic velocity and Gyration speed. 

4.2.4 Flow characteristics 

The models are simulated and run until the mixing power reaches steady state.  To 

analyse the mixing pattern in different models, the state of the mixture after 2 seconds of 

mixing time is studied.  Various parameters of the mixture for the different models are 

examined and compared to each other. The simulation for all gyration speed conducted in 

the experiment is considered in the simulation. The results for the maximum gyration speed 

of 176.8 rpm are explained in this section. 

4.2.4.1 Streamlines of particles 

Streamline of the secondary phase for the Eulerian k-ε Dispersed model for 176.8 rpm 

gyration is shown in Fig.4.6.  The secondary phase particles attained a maximum velocity of 

2.589 m/s at the top and bottom corners of the mixing tank. The velocity of secondary phase 
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particles was low at the centre of the mixing tank. It was observed from the streamline that 

the particles were vigorously mixing at the centre of the tank even though their velocity was 

low. 

 

 

Fig.4.6. Streamline of Secondary  Phase 

4.2.4.2 Pressure contours 
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Fig. 4.7. Contours of static pressure (Pa) of mixture at 138.2 rpm gyration speed 
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The contours of the static pressure of the mixture at various gyration speeds are given 

in Fig. 4.7, Fig. 4.8, Fig. 4.9, Fig. 4.10 and Fig.4.11 The contours for static pressure and 

primary phase velocity were comparable for all the Multiphase simulation models.  The 

mixture static pressure and primary phase velocity were minimum at the center of the mixing 

tank and maximum near to the edges of the mixing tank at top and bottom. 
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Fig. 4.8. Contours of static pressure (Pa) of mixture at 143.5 rpm gyration speed 
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Fig. 4.9 Contours of static pressure (Pa) of mixture at 151.8 rpm gyration speed 
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Fig. 4.10. Contours of static pressure (Pa) of mixture at 165.4 rpm gyration speed 
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Fig. 4.11. Contours of static pressure (Pa) of mixture at 176.8 rpm gyration speed 
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4.2.4.3 Velocity contours 

The contours of the velocity of primary phase at various gyration speeds are 

given in Fig. 4.12, Fig. 4.13, Fig. 4.14, Fig. 4.15 and Fig.4.16. Both the Primary and 

secondary phase velocities are almost the same for all the models. 
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Fig. 4.12. Contours of velocity magnitude for phase-1 (m/s) at 138.2 rpm gyration speed 
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Fig. 4.13. Contours of velocity magnitude for phase-1 (m/s) at 143.5 rpm gyration speed 
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Fig. 4.14. Contours of velocity magnitude for phase-1 (m/s) at 151.8 rpm gyration speed 
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Fig. 4.15. Contours of velocity magnitude for phase-1 (m/s) at 165.4 rpm gyration speed 
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Fig. 4.16. Contours of velocity magnitude for phase-1 (m/s) at 176.8 rpm gyration speed 

  

4.2.4.4 Volume fraction contours 

The contours of the volume fraction of secondary phase at various gyration speeds are 

given in Fig. 4.17, Fig. 4.18, Fig. 4.19, Fig. 4.20 and Fig.4.21. . For a complete mixing, the 

volume fraction for the secondary phase should be 20% throughout the mixing vessel. 

Before the mixing, the standard deviation of the secondary phase volume fraction was 0.4.   
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Fig. 4.17. Contours of volume fraction for phase-2at 138.2 rpm gyration speed 
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Volume fraction for the secondary phase is high near to the walls and low at the centre 

of the mixing vessel for all the models. This is due to the density difference between the 

phases.  
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Fig. 4.18. Contours of volume fraction for phase-2 at 143.5 rpm gyration speed 
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Fig. 4.19. Contours of volume fraction for phase-2at 151.8 rpm gyration speed 

The standard deviation of secondary phase was found to be decreasing as the speed 

increases. This indicates the increasing rate of mixing with the increase in speed. The 
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maximum value of standard deviation was at 138.2 rpm gyration speed and values obtained 

as 0.0723, 0.0785 and 0.1124 for Eulerian k-ε Dispersed Model, Mixture Model and VOF 

Model respectively. The minimum value of standard deviation was at 176.8 rpm gyration 

speed and values obtained as 0.0705, 0.0731 and 0.0794 for Eulerian k-ε Dispersed Model, 

Mixture Model and VOF Model respectively. 
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Fig. 4.20. Contours of volume fraction for phase-2 at 165.4 rpm gyration speed 
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Fig. 4.21. Contours of volume fraction for phase-2 at 176.8 rpm gyration speed 
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4.2.4.5 Pressure and velocity profiles 
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Fig. 4.22. Normalised profile of axial static Pressure for Mixture 

 

The normalised static pressure of mixture for different gyration speeds observed at the 

different dimensionless height, and radial coordinates on x-y plane are shown in Fig. 4.22 

and 4.23 respectively. The normalised static pressure obtained using the static pressure (P) 

and maximum pressure (Pmax) inside the mixing domain. The dimensionless height 

obtained using the y-coordinate (y) of the location and height (H) of the cylinder. At the 

minimum gyration speed of 138.2 rpm, as seen from the Fig. 4.22, the static pressure along 

the axis of the mixing tank was maximum at the bottom and top of the mixing vessel for all 

simulation models. The maximum static pressure observed was 1119 Pa for the Eulerian k-ε 

Dispersed model.  For Mixture and VOF models, static pressure observed was 911 Pa and 
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881 Pa, respectively. The minimum static pressures observed were -9.9 Pa, 1.3 Pa and -8.4 

Pa for the respective models. The static pressure was the lowest at the center of the tank. 

The variation of mixture static pressure along the axis was almost similar for Mixture and 

VOF simulation models. 

At the minimum gyration speed of 138.2 rpm, the maximum static pressure along 

radius was observed on the walls of the mixing tank for all the simulation models. The 

maximum radial pressure is 835 Pa, 837 Pa and 838 Pa for Eulerian k-ε Dispersed, Mixture 

and VOF models respectively. For all the simulation models, static pressure along the radius 

was minimum near the center of the tank.  These values were -27.5 Pa, -12.3 Pa and -8.2Pa 

for Eulerian k-ε Dispersed, Mixture and VOF models respectively. 
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Fig. 4.23. Normalised profile of radial static Pressure for Mixture 
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The normalised static pressure of mixture for maximum speed of 176.8 rpm gyration 

speed observed at the different dimensionless height, and radial coordinates on x-y plane 

are shown in Fig. 4.22 and 4.23 respectively. As seen from the Fig. 4.22, the static pressure 

along the axis of the mixing tank was maximum at the bottom and top of the mixing vessel 

for all simulation models. The maximum static pressure observed was 1797 Pa for the 

Eulerian k-ε Dispersed model.  For Mixture and VOF models, static pressure observed was 

1549 Pa and 1502 Pa, respectively. The minimum static pressures observed were 3.7 Pa, 

1.8 Pa and 4.4 Pa for the respective models. The static pressure was the lowest at the 

center of the tank. The variation of mixture static pressure along the axis was almost similar 

for Mixture and VOF simulation models. 
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Fig. 4.24. Normalised Profiles of the phase-1 axial velocity 
 

At maximum gyration speed of 176.8 rpm, the maximum static pressurealong radius 

was observed on the walls of the mixing tank for all the simulation models. The maximum 
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radial pressure was 1422 Pa, 1416 Pa and 1340Pa for Eulerian k-ε Dispersed, Mixture and 

VOF models respectively. For all the simulation models, static pressure along the radius was 

minimum near the centre of the tank.  These values were -9.6 Pa, -8.7 Pa and -7.7 Pa for 

Eulerian k-ε Dispersed, Mixture and VOF models respectively. 
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Fig. 4.25. Normalised Profiles of the phase-1 radial velocity 

 

The velocity profiles of the primary phase for various simulation models at different 

gyration speeds are shown in Fig. 4.24 and Fig. 4.25. At lower gyration speed of 138.2 rpm, 

the velocity of phase-1 along the axis was maximum near to the walls which are 1.12 m/s, 

1.09 m/s and 1.01 m/s for Eulerian k-ε Dispersed, Mixture and VOF models respectively. 

Minimum velocity was near to the center of the mixing tank which were 0.102 m/s, 0.101 m/s 
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and 0.026 m/s for Eulerian k-ε Dispersed, Mixture and VOF models respectively. The radial 

velocity was maximum near the wall which was 2.26 m/s for all the models. The minimum 

radial velocity were 0.071 m/s, 0.039 m/s and 0.044 m/s for Eulerian k-ε Dispersed, Mixture 

and VOF models respectively. 

At maximum gyration speed of 176.8 rpm, the velocity of phase-1 along the axis was 

maximum near to the walls which were 1.37 m/s, 1.36 m/s and 1.33 m/s for Eulerian k-ε 

Dispersed, Mixture and VOF models respectively. Minimum velocity was near to the center 

of the mixing tank which were 0.08 m/s, 0.10 m/s and 0.08 m/s for Eulerian k-ε Dispersed, 

Mixture and VOF models respectively. The radial velocity was maximum near the wall which 

was 2.89 m/s for all the models. The minimum radial velocity were 0.036 m/s, 0.031 m/s and 

0.046 m/s for Eulerian k-ε Dispersed, Mixture and VOF models respectively. The velocity 

and pressure were minimum near the center of the tank due to the centrifugal effect.  The 

primary phase velocity for Eulerian k-ε Dispersed, Mixture and VOF models were almost 

similar. Both the primary and secondary phases are having the same maximum and 

minimum velocity magnitude for all the models. This was due to tendency of the secondary 

particulate phase to follow the highly viscous primary phase flow. 

4.3  Summary 

This chapter explained the experimental setup and the conformation of results with the 

CFD simulations. The experiment was conducted using the particulate solid phase as SiC 

and continuous liquid phase as glycerine. Sophisticated instruments were used for 

measuring the physical properties of the ingredients and readings from experiments. The 

mixing tank first loaded with 20% volume of SiC particulates and the rest of the tank was 

filled with glycerine. The readings were taken at no load and loaded conditions. The gyration 

speed of the mixing vessel was varied in between 138.2 rpm and 176.8 rpm. The mixing 

power was calculated by subtracting the power consumed at no load conditions from the 

loaded conditions. 

The mixing of two-phase ingredients in a Gyro shaker is modelled using CFD software 

and experiments were conducted on a gyro shaker to validate the simulation.  CFD 

simulation of the Gyro Shaker mixing was carried out in three multiphase models. A grid 

independence study was conducted to arrive at best mesh and type of cells. The Polyhedral 

element was found to be the best choice for the CFD simulation which shows better 

convergence with a minimum number of cells consuming low CPU time. The derived 
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characteristic velocity, Reynolds Number and Power Number can be used for further studies 

on Gyro Shaker mixer. 

Out of the three simulation models, Mixture model shows better agreement with the 

experimental results. The Viscous Dissipation Method is better than Torque method for 

obtaining Mixing Power for the Gyro Shaker. The VOF model which is generally used for 

simulating immiscible liquids gave better results for simulating flows in Gyro Shaker also with 

the modified secondary phase viscosity. 

The CFD simulation model can replace empirical correlations while scaling up of the 

system. Simulation can also be used for predicting the mixing behaviour in particulate mixing 

for the production of Metal Matrix Composites where the mixing process is at elevated 

temperature. A well-validated simulation model can be used to optimise the process 

parameters of the mixing systems. 
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CHAPTER 5 

CFD SIMULATION OF LIQUID-SOLID 
DISPERSION IN A GYRO SHAKER 

In this chapter, the development of CFD simulation of liquid-solid dispersion in the dual 

axis mixing for solid particulates is explained. Also, the solid particle distribution was 

compared for stirred vessel with gyro shaker mixer. Wang et al. (2010) have conducted a 

CFD simulation for analysing the solid particle distribution in a stirred vessel without baffles. 

The primary liquid phase of their work was glycerine/water mixture with density and viscosity 

of 1115.1 kg/m3 and 0.006406 PaS respectively. The secondary particulate phase was sand 

with a density of 2779.2 kg/m3. The diameter of the sand particle and loading was 137 μm 

and 4.62 vol. % respectively, so that 128.47 g/L of solid particle concentration for a perfectly 

homogeneous mixture. Both the diameter and liquid level of the cylindrical mixing vessel was 

140 mm. The mixing was performed by mechanical agitation using an impeller with a 

diameter of 70 mm. The CFD simulation was conducted for a stirrer speed of 200 rpm, 250 

rpm and 300 rpm. 

5.1  Numerical scheme 

For the glycerine/water and sand particle mixing simulation of Gyro shaker, the first-

order upwind scheme was chosen for the spatial derivatives and volume fraction parameter 

as simulation conducted by Wang et al. (2010). The pressure-velocity coupling and the 

gradient formulation was SIMPLE and least squares cell-based respectively. The bottom of 

the mixing vessel was patched with 4.62 vol. % of sand particles. The gyration speed of the 

gyro shaker was calculated by equating the characteristic velocity of gyro shaker and stirred 

vessel taken by Wang et al. The stirrer speed in the stirred vessel was 200 rpm, 250 rpm 

and 300 rpm. Hence, the simulation of Gyro shaker mixing was conducted for a gyration 

speed of 33.33 rpm, 41.66 rpm and 50 rpm. The time step size for the transient simulation 

was taken as 0.001 sec. As in the case of gyro shaker machine, the spin speed of the mixing 

vessel was set as twice as that of gyration speed. 
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5.2 Results and discussion 

The results of simulation of Gyro shaker and its comparison with the studies reported 

by Wang et al. (2010) is described in this section. 

5.2.1 Grid independence study 

The results extracted from the CFD simulation model should be independent of the 

size of the small control volumes. The Richardsons extrapolation method was used for 

finding the Grid Convergence Index (GCI). The three sets of fine, medium and coarse size 

cells were obtained by dividing the computational domain into 619899, 223734, 91436 

number of tetrahedral cells. Since the CFD simulation showed difficulties in convergence 

due to the local fluctuation flow, the tetrahedral cells are converted to 108859, 42657, 16707 

number of polyhedral cells. The grid refinement factor was 1.37, and the average cell sizes 

were 1.93mm, 2.64mm, 3.61mm. The percentage grid convergence index value for the 

mixing power, the volume weighted average of pressure and velocity for the simulation 

model are tabulated in Table. 5.1. Since all the GCI values for the above parameters were 

less than 5%, it was concluded that the CFD simulation was grid independent 

Table 5.1 Grid convergence index (%) 

Gyration speed (rpm) 33.33 41.66 50.00 

Equivalent stirrer speed (rpm) 200 250 300 

GCI: mixing power 1.30 1.88 3.47 

GCI: Volume weighted average velocity 0.21 0.03 0.00 

GCI: Volume weighted average pressure 3.52 4.44 3.50 

5.2.2  Mixing effectiveness 

The mixing quality is obtained using the standard deviation (𝜎) of solid particle 

concentrations at the sampling points inside the mixing region (Wang et al., 2010). 

𝜎 = ටଵ௡ ∑ ቀ ஼஼∝ − 1ቁଶ௡௜ୀଵ  (5.1) 

where, 𝑛 is the number of sampling locations,𝐶 is the solid particle concentration at the 

current time at the sampling points and  𝐶∝ is the solid concentration of the completely mixed 

fluid. 
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The x, y and z coordinates in the CFD simulation were taken in such a way that the 

axis of the mixing cylinder as y-axis and centre of the mixing cylinder coincides with the 

origin of the coordinate system. The eight sampling locations coordinates taken in the 

simulation conducted by Wang et al. (2010) are listed in Table. 2. For this, the coordinate 

system was chosen such a way that the mixing cylinder axis coincides with the z-axis and x-

y plane with bottom plane of the mixing vessel. The same sampling points were taken in the 

simulation of gyro shaker mixing. The mixing is incomplete, if 𝜎>0.8 and the mixing is in just 

suspension condition, if  0.2<𝜎<0.8. For a homogeneous suspension of solid particles, the 𝜎 

should be less than 0.2. The time required for getting a specified degree of homogeneity 

from the commencement of mixing is called mixing time (Kasat et al., 2008). The time to 

reach the value of C/C∞within ±5% of the perfect mix is taken as the mixing time. 

Table 5.2 Representative points 

Coordinate X (m) Y(m) Z(m) 

Point - 1 0.0354 0.0354 0.01 

Point - 2 0.05 0 0.01 

Point - 3 0.0283 0.0283 0.05 

Point - 4 -0.0354 -0.0354 0.05 

Point - 5 0.0247 0.0247 0.095 

Point - 6 0.0424 0.0424 0.095 

Point - 7 0.0354 0.0354 0.125 

Point - 8 -0.05 0 0.125 

5.2.2.1  Mixing time 

The concentration of secondary phase sand particle in a perfectly homogeneous 

mixture is 4.62 % of the total mixing tank volume. The time taken by the simulation to run 

from the commencement of mixing to attaining a value of C/C∞in between 0.95 and 1.05 was 

chosen as mixing time. The mixing time obtained from gyro shaker mixing for an equivalent 

stirrer speed of 200 rpm, 250 rpm and 300 rpm were 30.1 sec, 27.2 sec and 30.8 sec 

respectively. The variation of concentration of sand particles at the eight sampling locations 

for simulation conducted by Wang et al. and gyro shaker mixing concerning simulation run 

time are as shown in Fig. 5.1 (a) & (b) respectively. The gradual mixing was found in the 

stirred vessel. But in gyro shaker mixing, the sand particle concentration was found 

fluctuating due to the highly recirculation flow. 
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 The mixing time for stirred vessel and gyro shaker mixer at various equivalent 

stirrer speeds are plotted in Fig. 5.2. The mixing time in stirred vessel was found decreasing 

as the stirrer speed increases. The mixing time in gyro shaker was found decreasing as the 

speed changed from 200 rpm to 250 rpm. However, it has increased as the speed increased 

from 250 rpm to 300 rpm. This was due to the increased local fluctuations of the particles 

concentration at sampling points 1 & 2. Increased mixing time was found for extremely low 

and high speeds of gyration of the mixing cylinder.   

(a) (b) 
Fig. 5.1. Mixing time in the glycerine/water-sand system at an equivalent stirrer speed of 
250 rpm. (a) Stirred vessel simulation by Wang et al. (b) Gyro shaker Simulation. 

 

 
Fig. 5.2. Mixing time for different stirrer speeds. WE: Experimental results taken from Wang 
et al. WS: Simulation results taken from Wang et al. S: Simulation results from gyro shaker 

mixing. 

5.2.2.2  Solid particle distribution 

 The standard deviation of the solid particle concentration after completing the 

mixing at various sampling points are shown in Fig. 5.3. It is obtained that the standard 
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deviation of the sand particle concentration at the different sampling locations was well 

below the value of 0.2. The standard deviation of the solid particle concentration at 200 rpm, 

250 rpm and 300 rpm were found 0.02815, 0.02641 and 0.03519 respectively. The standard 

deviation inside the stirred vessel was found decreasing as the speed increases. 

In gyro shaker, its value was minimum in between 200 rpm and 300 rpm.The mixing 

quality was found better at lower gyration speed of the mixing vesel. At higher speeds the 

the solid particles concetrated near the walls causes a higher value of standard deviation. 

The standard deviation of the solid particle concentration inside the stirred vessel was found 

decreasing as speed was increased.The standard deviation of the sand particle 

concentration in gyro shaker was lower than that of stirred vessel which indicated a more 

homogenous mixture in Gyro shaker mixing. 

S
ta

nd
ar

d 
D

ev
ia

tio
n 

(σ
) 

 
 Equivalent stirrer speed (rpm) 

Fig. 5.3. The standard deviation of solid particle concentration.  
WE: Experimental results taken from Wang et al. WS: Simulation results  

taken from Wang et al. S: Gyro shaker simulation. 

The variation of the ratio of the concentration of sand particle (C) after reaching the 

mixing time to the completely homogenised mixture (Cavg) at various locations inside the 

mixing region at an equivalent stirrer speed of 250 rpm is shown in Fig. 5.4.  

The sand particle concentration along the axial direction at various dimensionless 

radial locations is plotted for stirred vessel and gyro shaker. The minimum and maximum 

value of C/Cavgwas found as 0.930635 and 1.074424 at locations where r/R=0.357 and 0.857 

respectively. In both cases, the homogeneity of the mix is weak at the bottom of the mixing 

vessel where the sand particles were patched at the beginning of mixing. The mixing in 

stirred vessel was found poor near the impeller region. In gyro shaker, a deviation of mixing 

quality was observed near the centre of the mixing tank. This was due to the effect of 
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centrifugal force which pushes the sand particles towards the walls of the container. The 

sand particle distribution was found more homogeneous in gyro shaker than a stirred vessel.   

 

 
Fig. 5.4. Comparison of simulation models on the  

axial sand distribution. S: Stirred vessel G: Gyro shaker. 

5.2.3  Flow characteristics 

The flow characteristics of the simulation of Gyro shaker and Stirred vessel are 

compared in this section. 

5.2.3.1  Velocity contours and stream lines 

The velocity contours of the primary liquid phase at various equivalent stirrer speeds 

for gyro shaker on the x-y plane are as shown in Fig. 5.5.  

 
 200 rpm 250 rpm 300 rpm 

Fig. 5.5. Contours of fluid velocity (m/s) in the Gyro shaker mixer. 
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 200 rpm 250 rpm 300 rpm 

Fig. 5.6. Stream lines coloured by velocity (m/s) in the Gyro shaker mixer. 

The velocity was found to be minimum near the centre of the tank and maximum near 

the corners of the container. The velocity of fluid flow was more at a higher rotation of the 

mixing tank. The stream lines of the fluid particles after 40 seconds from the commencement 

of stirring at various equivalent stirrer speeds for gyro shaker are shown in Fig. 5.6. The fluid 

moves at low velocity near the centre of the mixing vessel in an irregular mode. When the 

fluid flow reaches the walls of the container, the fluid velocity becomes tangential to the 

walls. The stream lines of the fluid flow indicated a vigorous mixing of the ingredients inside 

the mixing vessel. 

5.2.3.2  Particle distribution contours 

The contours of normalised sand distribution for the gyro shaker after reaching a flow 

time of 40 seconds is shown in Fig. 5.7. The maximum and minimum value observed for the 

particulate volume fraction at 200 rpm was 0.038533 and 0.0545371 respectively. At 

equivalent stirrer speed of 250 rpm, the corresponding values were 0.0379427 and 

0.0557681. 

Similarly, at equivalent stirrer speed of 300 rpm, the corresponding values were 

0.0380725 and 0.05300738. The concentration was low near the centre and high near the 

corners of the mixing tank. This was due to the trapping of sand particles near the edges of 

the container. The volume fraction contours of sand for stirred vessel and gyro shaker are 

shown in Fig. 5.8. An accumulation of sand particles near the bottom of mixing tank is found 

in stirred vessel. However, a uniform distribution of sand particles is observed in gyro casting 
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200 rpm  250 rpm 300 rpm 

Fig. 5.7. Contours of C/C∞ of Sand  after 40 sec in Gyro shaker mixing. 
 

 

 

Fig. 5.8. Contours of volume fraction of sand at 250 rpm of stirrer speed (a) Stirred Vessel 
(Wang et al.) after 3600 Sec. (b) Gyro Shaker after 28 Sec. 

 

 

 

 

5.2.3.3  Swirling strength 

The swirling motion around local centres can be visualised by swirling strength. The 

imaginary part of complex eigenvalues of velocity gradient tensor is called swirling strength.  
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 0.1 S-1 1.0 S-1 10.0 S-1 20.0 S-1  
Fig. 5.9. Isosurface of vortices for swirling strength at  

different speeds coloured by velocity. 

It provides information about the fluid flow for the local rate of rotation. The maximum 

value of swirling strength for the equivalent stirrer speed of 200 rpm, 250 rpm and 300 rpm is 

29.66 S-1, 36.66 S-1 and 43.48 S-1 respectively. The isosurface for constant swirling strength 

of 0.1 S-1, 1 S-1, 10 S-1 and 20 S-1 at different speeds are shown in Fig. 5.9. The local swirling 

strength is maximum near the side walls where the fluid velocity was maximum. It is found 

minimum at the centre of the mixing vessel where the velocity was minimum. 

5.3  Summary 

In this chapter, the CFD simulation conducted in a stirred vessel by Wang et al. (2010) 

for mixing glycerine/water solution with sand particles was compared with the gyro shaker 

mixing. The mixing time and concentration of the sand particles obtained from stirred vessel 

was compared with gyro shaker mixing. The homogeneity of mixture was found better in 

gyro shaker mixing. The flow parameters such as velocity, volume fraction of sand particles, 

streamlines and swirling strength were also observed to be better in the gyro shaker mixing 

as compared to the stirrer mixing. 
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CHAPTER 6 

GYRO CASTING SIMULATION 

The CFD simulation of producing Al-SiC PMMC by gyro casting method and 

comparison for particulate distribution and mixing time with stir casting is described in this 

chapter. The simulation is conducted for the same characteristic fluid velocity and same 

volume of domain as in the case of stir casting. Two simulations, analogues to liquid 

aluminium and mushy state aluminium as matrix materials were conducted. In the analogue 

simulations, the aluminium liquid and mushy state aluminium were replaced by water and 

glycerine/water mixtyre respectively. 

6.1 Computational domain and mesh 

The simulation of stir casting was carried out in laminar model for glycerine/water 

system and k-Ԑ turbulent model in water system similar to the simulations conducted by 

Neher et al., (2007). They were 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 are 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 μm size. The experiment and simulation were conducted by replacing liquid aluminium 

with water having an almost same viscosity of 1 mPaS. Similarly, the mushy state aluminium 

was replaced by glycerine having almost the same viscosity of 300 mPaS. The 

computational domain of the stirred vessel was a crucible of 105 mm diameter and is 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 work, 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 computational domain for gyro casting was a cylinder having both diameter and 

length of 90 mm for keeping the volume of domain same as the domain in the stir casting. 

The size of the SiC particulate was 13 microns and volume fraction was kept at 10%. The 

Spin speed was set to twice than that of Gyration speed. CFD simulation was carried out 

with values of spin speed and gyration speed selected such a way that the characteristic 
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velocity would be the same as that of the characteristic velocity in the experiment conducted 

by Neher et al., (2007). Mixing performance of the 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 glycerine/water solution. 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. 

6.2 Boundary conditions and numerical schemes 

No-slip boundary condition was 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. The CFD 

simulation for the water system was conducted in Eulerian standard k-Ԑ dispersed 

multiphase model. Water was taken as primary phase and SiC particulates was taken as 

secondary phase. For all the gyration speeds, second order upwind implicit formulation for 

unsteady integration and a second order upwind scheme discretization for spatial derivatives 

were adopted. The pressure-velocity coupling used was Phase Coupled SIMPLE. The 

Gradient formulation was Least squares cell based and volume fraction parameter was 

QUICK. The time step of the transient simulation was set to 0.001 sec for all the gyration 

speeds. The spin was given to the walls by wall motion option and gyration is given by the 

frame motion option of the software. The simulation was run up to 60 seconds of flow time. 

The steady state simulation was also conducted for the same numerical scheme. 

The CFD simulation for glycerine/water system was conducted in laminar model. The 

first order upwind implicit formulation for unsteady integration was taken. All other numerical 

schemes were taken as same as that of water system. The transient simulation was run up 

to 30 seconds of flow time. Steady state simulation was also conducted for comparing the 

effectiveness of mixing with stir casting. 

6.3 Mixing index 

The mixing time is the time taken for 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 (Bai et al., 2017: Huang and Kuo, 2014) as shown in equation 6.1 was used 

for assessing the mixing time. The symbols σ and σ0 in the equation indicate standard 

deviations of the volume fraction of secondary particulate phase at sampling points inside 

the mixing domain at the current time and at the initial time. In the presented CFD simulation 

for comparing the mixing effectiveness, all the cell centre values of the volume fraction of 
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SiC particulates inside the domain are taken as sampling points. As usually taken in stirred 

vessels, the dispersion time (θ99) is considered as the mixing time when Mixing Index (MI) 

reaches 0.99. 

Mixing index=1-(σ/σ0)    (6.1) 

6.4 Grid independence study 

The grid independence study was carried out for both the simulation models 

developed for water and glycerine/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 were 

converted to polyhedral cells of 111055, 41336 and 15497 numbers for obtaining the 

monotonic convergence of the flow parameters. The Grid Convergence Index (GCI) for 

mixing power, volume weighted average pressure and volume weighted average velocity 

obtained for the above flow parameters were less than 5%. So, it is concluded that the CFD 

simulation is grid independent. 

Table 6.1 Grid Convergence Index for various Gyration speed in the water system 

Gyration speed (rpm) 29.09 58.18 72.73 87.27 

Equivalent stirrer speed (rpm) 100 200 250 300 

GCI (%) ; Mixing power 0.97 3.73 2.00 1.12 

GCI (%) ; Volume weighted average pressure 0.00 0.28 0.35 0.09 

GCI (%) ; Volume weighted average velocity 0.00 0.11 0.13 0.03 

 

Table 6.2 Grid Convergence Index for various Gyration speed in glycerine/water system 

Gyration speed (rpm) 58.18 87.27 116.36 145.45 

Equivalent stirrer speed (rpm) 200 300 400 500 

GCI (%) ; Mixing power 1.69 1.81 3.73 2.51 

GCI (%) ; Volume weighted average pressure 0.08 0.29 0.37 0.63 

GCI (%) ; Volume weighted average velocity 3.04 0.20 0.15 0.29 
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6.5  Mixing performance analysis in water system 

The distributions of particulates distribution at various positions and after various 

mixing times inside the mixing vessel of the gyro casting were analysed and compared with 

stir casting. The major findings of the sane are explained in the following paragraphs. 

6.5.1  Particle distribution 

The distribution of SiC particulates in the water system at various locations for 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. 6.1, 6.2, 

6.3 and 6.4. The steady state distribution of SiC particulate obtained from the simulation 

conducted by Neher et al., (2007) was also plotted in these graphs for comparing with stir 

casting. The various radial distances along the central axis of the mixing vessel at cross 

sections P, Q, S and T were taken from the bottom of the tank at height ratio of 0, 0.108, 

0.538 and 0.769 respectively (Neher et al., 2010). The positions of P, Q, S and T 

represented the bottom wall, bottom region, middle region and top regions of the mixing 

vessel respectively. 

 

V
ol

um
e 

Fr
ac

tio
n 

of
 S

iC
 

V
ol

um
e 

Fr
ac

tio
n 

of
 S

iC
 

 
 r/R  r/R 
   
Fig. 6.1. Distribution of SiC in the water 
system at an equivalent stirrer speed of 

100 rpm 

Fig. 6.2. Distribution of SiC in the water 
system at an equivalent stirrer speed of 

200 rpm  

For a perfect homogenous suspension of particulates, the volume fraction of  SiC 

particulate should be 0.1 everywhere inside the fluid domain. At lower speeds, the time 

taken to reach a uniform distribution was found to be 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 
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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 of SiC particulates in liquid 

aluminium. 
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Fig. 6.3. Distribution of SiC in the water 
system at an equivalent stirrer speed of 250 

rpm  

Fig. 6.4. Distribution of SiC in the water system 
at an equivalent stirrer speed of 300 rpm  

The maximum volume fraction in Gyro casting simulation was seen near the bottom 

walls which were 0.1002, 0.0993, 0.0999 and 0.0997 respectively for equivalent stirrer 

speeds of 100 rpm, 200 rpm, 250 rpm and 300 rpm. The minimum volume fraction in Gyro 

casting simulation was seen near the top region of the mixing vessel which was 0.0994, 

0.0962, 0.0954 and 0.0947 respectively for equivalent stirrer speeds of 100 rpm, 200 rpm, 

250 rpm and 300 rpm. 

6.5.2  Mixing time 

Mixing time for the water system for both stir casting and gyro casting are tabulated in 

Table 6.3. The mixing time was high at 200 rpm in stir casting which indicates the stirrer 

speed was 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 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 
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was found to be decreasing as the speed was increased but slightly increased at a gyration 

speed of 87.27 rpm which was due to the low recirculation of the particulates through the 

centre of the mixing tank. 

Table 6.3 Time to achieve uniform distribution of SiC 
particulates in the water system 

Neher et al. 
stirring 

speed (rpm) 

Gyration 
speed    
(rpm) 

Mixing time, 
θ99 (Sec) 

Neher et al., 
(2007) dispersion 

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 
 

6.5.3  Volume fraction contours 

The contours of volume fraction inside the mixing vessel before the commencement of 

mixing is shown in Fig. 6.5. 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 of the vertical section for water system at 40 

seconds, 50 seconds and 60 seconds after the commencement of mixing are shown in Fig. 

6.6.  

  

Fig. 6.5. Contours of volume fraction before the 
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commencement of mixing. 

 

 

Fig. 6.6. Contours of  the Volume fraction of SiC in 
the Water system 

As the speed was increased, the rate of mixing also increased. A non-uniformity of 

particulate distribution was found near to the centre of the mixing tank at lower gyration 

speed in water system. 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. 

6.6  Mixing performance analysis in glycerine/water system 

6.6.1  Particle distribution 

The particulate distribution for glycerine/water system after 10 seconds, 20 seconds 

and 30 seconds and steady state are plotted in Fig. 6.7, 6.8, 6.9 &6.10. These figures show 

that the mixing rate was more in the glycerine/water system.  
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Fig. 6.7. Distribution of SiC in 
glycerine/water system at an equivalent 

stirrer speed of 200 rpm  

Fig. 6.8. Distribution of SiC in 
glycerine/water system at an equivalent 

stirrer speed of 300 rpm  
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Fig. 6.9. Distribution of SiC in 
glycerine/water system at an equivalent 

stirrer speed of 400 rpm  

Fig. 6.10. Distribution of SiC in 
glycerine/water system at an equivalent 

stirrer speed of  500 rpm  

The SiC particulate distribution was found to be more uniform in glycerine/water 

system for gyro casting. The higher viscosity of the glycerine/water system provided better 

mixing in case of gyro casting than stir casting. The accumulation of particulates near the 

centre of the tank was noticed at lower speeds in the stir casting. The maximum and 

minimum values of particulate concentration observed were 0.1000 and 0.0999 respectively. 

The fluctuation in concentration level of particulates inside the mixing domain was found to 

be more in stir casting than gyro casting for glycerine/water system. 
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6.6.2  Mixing time 

Mixing time for both stir casting and gyro casting for the glycerine/water system are 

tabulated in Table 6.4. Mixing time in stir casting was found to be much higher than that of 

the gyro casting. The viscous resistance offered by the fluid was more in this glycerine/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 contours of volume fraction for the SiC particulates are as shown 

in Fig. 6.11. The mixing time for glycerine/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. 

Table 6.4. Time to achieve uniform distribution of SiC 
particulates in glycerine/water system 

Neher et al. 
stirring speed 

(rpm) 

Gyration 
speed  
(rpm) 

Mixing time, 
θ99(Sec) 

Neheretal.,(200
7). dispersion 

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 

 
6.6.3  Volume fraction contours 

The contours of the volume fraction of the SiC particulate at the middle of the vertical 

section for water system at 10 seconds, 20 seconds and 30 seconds after the 

commencement of mixing are shown in Fig. 6.11. As the speed was increased, the rate of 

mixing also increased. A non-uniformity of particulate distribution was observed near the 

centre of the mixing tank at lower gyration speed in glycerine/water system. The mixing was 

found to be faster at higher gyration speed. 
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Fig. 6.11. Contours of  the Volume fraction of SiC  

in glycerine/water system 

6.7  Steady state simulation 

The contours of the volume fraction of SiC particulates on a vertical mid plane 

obtained from the steady-state simulation for the water system and glycerine water system 

are shown in Fig. 6.12 and 6.13. The centrifugal force had resulted in transporting 

particulates as the speed was increased. This has resulted in a small amount of increased 

concentration near the walls of the mixing tank in the water system as it was having low 

viscosity. The difference in volume fraction of the SiC particulates in the glycerine/water 

system having increased viscosity was negligibly small. The minimum and maximum value 

of volume fraction of SiC particulates were 0.09379 and 0.10006 respectively in water 

system for equivalent stirrer speed ranging from 100 rpm to 300 rpm. The minimum and 

maximum value of volume fraction of SiC particulates were 0.09999 and 0.10001 

respectively in glycerine/water system for equivalent stirrer speed ranging from 200 rpm to 

500 rpm.  

The isosurface of volume fraction of secondary particulate phase for water and 

glycerine/water systems are shown in Fig. 6.14, Fig. 6.15 and Fig. 6.16. The variation of 

volume fraction of the particulates was found to be low at 100 rpm in water system which 

showed a better mixing. As the speed increased, the particles concentration found to be 
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more near to the walls of the container. Hence, it was concluded that slow rotational speed 

provided better mixing in water system. There was not much of a difference in particle 

concentration inside the fluid domain of glycerine/water system. Only a slight increase of 

particle concentration towards the walls of the container was observed with the increase in 

speed. The speed of rotation of the mixing vessel has no considerable effect on the particle 

distribution, hence a lower speed may be preferred. 

 

  
100 rpm 200 rpm 250 rpm 300 rpm 

Fig. 6.12. Contours of  the volume fraction of SiC in steady-state 
simulation for water system 

 

 

  
200 rpm 300 rpm 400rpm 500 rpm 

Fig. 6.13. Contours of  the volume fraction of SiC in steady-state 
simulation for glycerine/water system 

 

   
 

Fig. 6.14. Isosurfaces of volume fractions of SiC particulates  
at an equivalent stirrer speed of 100 rpm for water system. 
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Fig. 6.15. Isosurface of volume fractions of SiC particulates at different equivalent stirrer 
speeds in water system. 
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Fig. 6.16. Isosurface of volume fractions of SiC particulates  

at different equivalent stirrer speeds in glycerine/water system. 
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6.8 Flow pattern for Gyro casting 

The isosurfaces of vorticity coloured by fluid velocity at equivalent stirrer speeds of 200 

rpm and 300 rpm are shown in Fig. 6.17 and Fig. 6.18 respectively. The maximum values of 

vorticity inside the fluid domain at 200 rpm for glycerine/water and water were 147.668 S-1 

and 497.636 S-1 respectively. At 300 rpm, the corresponding values were 267.327 S-1 and 

750.278 S-1. In water system, the magnitude of vorticity was found rapidly increasing near 

the walls of the container. The magnitude of vorticity was found very low at the inner fluid 

region. This was due to the low viscosity of the water which transfers less amount of 

momentum to the inner part of the fluid region inside the cylinder. The increase in speed of 

rotation had not influenced much on the magnitude of vorticity inside fluid region. But, the 

vorticity near the surface was increased as the speed of rotation of the vessel increased. 

The fluid velocity was also low inside the mixing vessel as compared to the velocity near the 

walls. 

The magnitude of vorticity was found to be increasing in glycerine/water system from 

the centre of the mixing tank towards the walls of the container. The maximum magnitude 

was found lower than water system at the same rotational speed of mixing cylinder. As the 

speed increased, the vorticity magnitude also got increased. The momentum transfer from 

the wall was higher in the glycerine/water system as compared to the water system due to 

the higher viscosity of the glycerine/water mixture. The fluid velocity was also found 

increasing towards the walls of the container. 

The isosurfaces of vorticity coloured by swirling strength are shown in Fig. 6.19. The 

swirling strength determines the swirling frequency of eddies formed by fluid particles at local 

points. The eddies inside the fluid domain enhances the fluid mixing. The maximum value of 

swirling strength at equivalent stirrer speed of 200 rpm and 300 rpm were 53.12 S-1 and 

79.45 S-1 respectively for water system. The corresponding values were 35.50 S-1 and 55.22 

S-1 for glycerine/water system. The swirling strength was low in water system as compared 

to glycerine/water system. The increasing in rotational speed of mixing vessel has little effect 

in water system. The swirling strength was found to be increasing as the rotational speed of 

vessel was increased. The mixing was faster in glycerine/water system due to this increase 

in the swirling strength of eddies. 

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. 6.20, 
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6.22 and 6.24 respectively. For Glycerine/water system these are shown in Fig. 6.21, 6.23 

and 6.25 respectively. The streamlines were plotted in the entire domain whereas the 

velocity contour and velocity vectors were plotted in the middle vertical section.   
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Fig. 6.17. Isosurface of vorticity at an equivalent speed of 200 rpm coloured by velocity 
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Fig. 6.18 Isosurface of vorticity at an equivalent speed of 300 rpm coloured by velocity 

The mixing was found to be vigorous in both systems. 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 higher in glycerine/water system than water 

system. This was due to the higher viscosity of the glycerine/water system which helped to 

transfer the momentum delivered by the walls of the mixing tank. 
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Fig. 6.19.Isosurface of vorticity coloured by swirling strength 

The circulation of the flow near the centre of the tank was obtained from velocity vector 

plot for glycerine/water system. The circulation of fluid flow for the water system was 

observed near the corners of the mixing tank. 

  
 

 Fig. 6.20. Streamlines of fluid 
flow for water system 

Fig. 6.21. Streamlines of fluid flow 
for glycerine/water system 
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 Fig. 6.22. Velocity contour of the 
water system 

Fig. 6.23.Velocity contour of 
glycerine/water system 

 

   

 Fig. 6.24. Velocity vector of the water 
system 

Fig. 6.25. Velocity vector of  
glycerine/water system 

 

6.9 Summary 

The mixing of SiC particulates with liquid and mushy state aluminium was simulated by 

replacing liquid aluminium with water and mushy state aluminium with glycerine/water 

mixture. CFD simulation model was designed for the gyro casting using Eulerian k-Ԑ 

dispersed multi-phase turbulence model. The simulation model for gyro casting was 

developed by validating the mixing power obtained from CFD simulation with experiment. 

The characteristic velocity for gyro casting was formulated for comparing the mixing 

performance with the stir casting method. The simulation for mixing of SiC particulates with 

liquid aluminium and semi-solid aluminium was carried out in an equivalent viscosity model 

of water and glycerine/water system. The mixing time in the water system for gyro casting 

was found to be higher than that of stir casting at higher gyration speeds. The mixing time 

was found to be very low in Glycerine/water system for gyro casting. The particle distribution 

in gyro casting was found more uniform than the stir casting for both water and 
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glycerine/water systems. This was due to the vigorous mixing caused by the two axes 

rotation of the mixing cylinder. 

The proposed gyro casting method can be adopted for getting a more homogeneous 

suspension of particulates as compared to the existing stir casting method for the production 

of PMMC. This mixing process can be continued while solidification occurs resulting in 

avoiding the formation of dendritic growth of microstructure which helps in improving 

mechanical properties of the cast composite.In such a situation, the breakage of dendritic 

growth might happen caused by the movement of the molten metal. 
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CHAPTER 7 

CONCLUSIONS 

Compositesfind numerous applications in engineering due to its excellent mechanical 

properties. Composites are produced by reinforcing the base material with either fibersor 

particulates. This research work was conducted on the broad area of improving the quality of 

PMMCs. The most widely used production method for PMMC is stir casting, which is a liquid 

processing having low manufacturing cost. In stir casting, the particulate reinforcement is 

vigorously stirred inside a cylindrical mixing vessel. The major disadvantage of this process 

is the difficulty in getting a homogeneous mixture of the particulates. Obtaining a uniform 

particulate distribution is extremely important in producing good quality composite materials. 

The mechanical properties of the cast product are related to the homogeneity of the 

particulate distribution. Homogeneous mixing of the particulates and matrices are the 

primary requirement for producing quality PMMCs.  This research work was carried out with 

the specific objectives of improving the mixing quality by making use of gyro mixing and 

conducting CFD simulations on the mixing and gyro casting.  The major results of the 

research work and their implications are described in the succeeding sections. 

7.1 Development of Simulation Model for Gyro casting 

A new method of mixing which has a two mutually perpendicular axis of rotation of the 

mixing vessel with no stirring impellers, known as Gyro casting is proposed in this research 

work.  The CFD simulation model for gyro casting was developed for assessing the mixing 

performance of the liquid and particulates. The new method was compared with the existing 

method of stir casting. Characteristic velocity, Reynolds number and power number were 

derived for this purpose by considering the experimental works reported on planetary mixing 

devices. 

The experiment was conducted in a modified gyro shaker, which is usually employed 

for mixing highly viscous fluids. The liquid phase was selected as glycerine, which is a highly 

viscous fluid and the particulate phase as SiC particulates with 30μm size. 

The multiphase simulation models selected were Eulerian granular and mixture 

models for this analysis. The suitability of the VOF model was also observed. The RNG-kԐ 

turbulence model was used to capture the flow characteristics of the highly swirling flow 
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inside the mixing vessel. The computational domain was a cylinder of both diameter and 

height of 140 mm as in the case of the experiment. 

The simulation results were validated by comparing the mixing power required in the 

experiment and simulation. Two methods namely viscous dissipation and torque methods 

were used to find out the mixing power from the CFD simulation.The mixture model 

predicted the mixing power more closely because the particulate flow had followed the fluid 

flow very closely. The velocity, pressure and volume fraction distribution in the VOF model 

were almost similar to the mixture model. The slight variation of the power number 

concerning Reynolds number proved the flow is in the transition region. 

The stream lines obtained from CFD simulation indicated that the mixing was vigorous 

in the entire domain. The fluid velocity and pressure was higher near the walls of the mixing 

vessel and very low near the centre of the mixing vessel. The contours of volume fraction of 

the particulate phase showed a faster mixing near the walls than at the centre of the mixing 

vessel. The contours of velocity and pressure were almost the same in Eulerian k-Ԑ 

dispersed model, mixture model and VOF model. The contours of volume fraction of the 

secondary phase obtained from Eulerian k-Ԑ dispersed model had a slight change than that 

of mixture and VOF models. The variation of pressure and velocity along radial and axial 

directions were found almost same in all the models. 

The two axes rotation of the mixing vessel with liquid and particulates inside the 

cylinder was modelled in three different multiphase approaches. The effect of flow 

parameters on the process variables like gyration speed, spin speed, length and diameter of 

the mixing vessel can be studied using this CFD simulation model. 

7.2 CFD simulation of liquid-solid dispersion in a gyro shaker 

The results of a comparative study of the traditional method of solid-liquid mixing in a 

stirred vessel with gyro shaker mixer were conducted for analysing the particle distribution in 

both the cases. The flow parameters inside the mixing cylinder of the gyro shaker were also 

observed. Compared to the CFD simulation studies conducted in the stirred vessel reported 

by Wang et al. (2010) for inspecting the solid particle distribution, an improvement in the 

solid particle loading resulting in a perfectly homogeneous mixture is observed in the gyro 

shaker. 

The developed CFD simulation model was also used for the numerical simulation for 

glycerine/water and sand. In gyro shaker mixing, the sand particle concentration was found 
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to be fluctuating due to the high recirculation flow.  As the speed increased, the quality of 

mixing got increased, as compared to the stirred vessel mixing. At high gyration speeds of 

the mixing cylinder, the mixing time was found to be shorter.The two axes rotating system for 

liquid and solid particulates mixing developed was found better than the existing stirred 

vessel for attaining homogeneity of solid particles distribution. 

7.3 Gyro casting simulation 

CFD simulation for investigating the mixing performance of gyro casting was also 

conducting using the CFD simulation model. The liquid phases considered were liquid 

aluminium and semi-solid aluminium. The simulation was conducted by replacing liquid 

aluminium with and semi-solid aluminium with glycerol/water mixture. The particulate phase 

was SiC of 13 μm size with a volume fraction of 10%. The cylindrical mixing domain was a 

size of 105 mm diameter and 65 mm in height. 

The same volume of the computational domain, the same materials and mixing 

conditions as used by Neher et al. (2007) for simulating stir casting were used for the CFD 

simulation of gyro casting for comparing the mixing effectiveness with stir casting. Both the 

diameter and height of the mixing cylinder of the gyro casting was kept as 90mm. Transient 

and steady-state CFD simulations were conducted in gyro casting for both aluminium and 

semi-solid aluminium mixing with SiC particulates. The mixing time and particulate 

distributions at various positions obtained from gyro casting were compared with sir casting. 

The particle distribution of the water system was found to be more uniform in gyro 

casting than stir casting. The mixing time was found lower at lower speed in gyro casting 

than stir casting. But, at higher speeds, the stir casting showed a lower mixing time than gyro 

casting. 

The particle distribution of glycerol/water system for gyro casting simulation was found 

to be improvedas compared to the stir casting. The high viscosity of the liquid phase 

supported the mixing in the gyro casting. The mixing time in this system was found to be 

very low as compared with the stir casting. 

The stream line obtained from the steady-state CFD simulation showed a strong 

mixing of the liquid phase with the particulates. The particles were observed to be 

recirculated in the entire domain for achieving perfect mixing. The velocity of fluid flow was 

found to be higher near the walls than at the centre of the mixing vessel. 
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In stir casting, the stirring action should be stopped before the solidification starts 

because of the mechanical stirrer which is immersed in the molten liquid metal. The mixing 

near the stirrer is also a drawback in semi-solid mixing process due to its high viscosity. The 

advantage of the gyro casting is that it can be applied during the entire solidification process. 

This mixing process that continued while solidification occurs, resulting in avoiding the 

formation of dendritic growth of microstructure, which helps in improving mechanical 

properties of the cast composite. 

7.4  Future works 

The development of a new casting method for producing PMMC was in this research 

work. The CFD simulation model for two axes mixing device was developed by validating 

with mixing power obtained from the experiment. The gyro casting simulation was then 

carried out for studying the mixing performance in gyro casting and compared with stir 

casting. The design and construction of an equipment for performing the gyro casting for the 

casting of PMMC is not carried out as part of this work. 

The optimization of process parameters like spin speed, gyration speed, mixing time 

and length to diameter ratio of mixing vessel are not carried out in this work. The usual 

volume fraction of the secondary particulate phase is also limited to 30% in stir casting due 

to the inefficiency of mixing. The casting with higher particulate loading can also be 

examined in gyro casting. The mixing performance can also be checked by introducing 

baffles along the walls of the container as usually done in stirred vessels. 
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