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ABSTRACT

This thesis explores metal casting, specifically the permanent mould casting of aluminium in steel
mould. The advantages of permanent mould casting, including cost-effectiveness and high-quality
part production, are discussed. The significance of the solidification process in metal casting is
examined, considering factors that affect casting quality, strength, and characteristics. Techniques for
predicting and reducing porosity defect in casting are explored. The thesis proposes the use of Ansys
Fluent simulation software to enhance the casting process. Computational fluid dynamics (CFD)
models are highlighted for their ability to reduce trial-and-error testing and provide insights into
mould filling, solidification, cooling, and porosity defect detection. The thesis aims to create a CFD
model that comprehensively analyses the solidification process from the start of metal pouring. By
optimizing casting parameters and minimizing porosity, the study seeks to improve casting quality.
The CFD model predicts porosity location and identifies areas with the highest porosity, enabling
better control of the solidification process. The study focuses on permanent mould casting of pure
aluminium with a steel mould. One-dimensional casting solidification models estimate solidification
time and front, while a three-dimensional model using Ansys Fluent simulates the process more
extensively. The model considers air and aluminium as a two-phase system and turbulent flow within
the mould cavity. It allows for variations in pouring velocity, pouring temperature, and mould initial
temperature. The study explores the importance of parameters related to porosity defects and their
impact on casting quality. Optimal pouring velocity and temperature are determined to reduce
porosity. The length of fully-filled solid aluminium and the presence of a solid aluminium-air layer
are analysed. The findings reveal the influence of pouring parameters on porosity formation and
propose strategies to minimize porosity. The thesis concludes by summarizing the research's
contributions, identifying areas for further investigation, and acknowledging encountered limitations
and challenges. Continued research in aluminium casting with metal mould is encouraged to advance

the field






NOMENCLATURE

Symbols Description Unit
A Area mm” or m"
B Constant -

b Breadth mm
C Constant -
Cp Constant -
C. Model constant -
C. Model constant -
Ces Constant by which ¢ is affected from the buoyancy -
C Model constant -
Conush Mushy zone constant -
corc, Specific heat at constant pressure J/kg K
0 Volumetric coefficient of thermal expansion K'
d Depth mm
D Diameter mm
E Total energy Jkg
e Relative error -
€ Turbulent dissipation rate Ji(kg:s
erf(¢) Error function -
erfe(() Complementary error function -
F Source term vector N
y Kinematic viscosity m’/s
gJ Gravitational vector m/s”
g Gravitational vector in the i-th direction m/s”

vii




Gy Turbulence kinetic energy due to the buoyancy N/kg
Generation of turbulence kinetic energy due to the mean
Gy N/kg
Velocity gradients
g Grid refinement ratio -
GCI Grid convergence index -
H Height mm
h Enthalpy Jkg
h; Sensible heat Jkg
h, Latent heat J/kg
h. Convection heat transfer coefficient W/m’ K
AT Difference in temperature K
n Integration variable -
Mo Constant -
k Turbulent kinetic energy J/kg
K, Mould constant -
L, Length of the outside wall surface mm or m
L Latent heat of solidification Jkg
£ Length mm
A Theramal conductivity W/m K
m Mass transfer rate kg/s
u Viscosity kg/ms
p Density kg/m’
oc Order of convergence -
p Pressure N/m’
Pr Prandtl number -
] Volume fraction -
Ra Rayleigh number -

viii




Re Reynolds number -

R, Correction factor N/kg
R; Reynolds stress tensor N/m?
s(t) Depth of solidification mm or m
S Modulus of the mean rate-of-strain tensor s
Sij Mean rate of strain tensor st
T Stress tensor N/m?
T Temperature K

Mould initial temperature or mould temperature or mould
Ty K
preheat temperature

Ts Wall surface temperature K
T; Freezing temperature K
Tr Mean film temperature K
T;or T, Initial liquid temperature or pouring temperature K
T, Constant of integration -
t Time s
t, Pouring time s
1 Solidification time S
u Velocity mm/s or m/s
u; Velocity component in the i-th direction -
U Fluctuating component of velocity mm/s or m/s
u; Fluctuating velocity in the i-th direction mm/s or m/s
u Mean component of velocity mm/s or m/s
v Velocity vector mm/s or m/s
vy Pouring velocity mm/s
X Distance from mould-casting interface mm or m

X




X; Spatial coordinate in the i-th direction -
P Scalar quantity -
€ Constant -
¢ Constant -
o Thermal diffusivity m?/s
o Inverse effective Prandtl number for k equation -
o Inverse effective Prandtl number for € equation -
V Volume mm’

Suffixes/ Abbreviations:

Terms Meaning

a Air

Al Aluminium

c Casting

eff Effective

li Liquidus

[ Liquid phase

r Riser

s Solid phase

S0 Solidus

sp Sprue

st Steel

t Turbulent

CFD Computational fluid dynamics
RANS Reynolds-averaged Navier-Stokes equations
VOF Volume of fluid
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Introduction

The process of metal casting has been around for thousands of years and is still widely used
today in a variety of industries. The technique involves heating a material until it becomes a
liquid by using a furnace, after which it is poured into a pre-prepared mould cavity where it
solidifies. Once the product has solidified, it is removed from the mould cavity. Then it is
trimmed, and cleaned to shape [1]. Metal casting is an important process for producing large
quantities of parts efficiently and cost-effectively [2, 3]. There are several types of metal casting
processes used in manufacturing like sand casting, investment casting, die casting, permanent

mould casting etc. [1].

Permanent mould casting offers several advantages over other casting methods [4, 5].
Permanent mould casting is a highly efficient and cost-effective process for producing high-
quality parts with excellent dimensional accuracy, surface finish, and mechanical properties. The
process involves the use of durable moulds made of materials that can withstand repeated use
and maintain their shape over time. The moulds can be reused hundreds or even thousands of
times, making the process ideal for producing large quantities of parts. Permanent mould casting
is faster than other casting methods and can produce complex-shaped parts with intricate details.
These advantages make it an ideal casting method for many different industries, from

automotive to aerospace.

The permanent mould casting can be used to produce parts from a wide range of metals and
alloys, allowing for the production of parts with different mechanical properties and corrosion
resistance. Among the metals, the casting of aluminium has recently received a lot of attention
because of their extensive industrial applications and great technological value. This is because

of its many benefits including lightweight, good strength-to-weight ratio, high thermal



conductivity, exceptional corrosion resistance, high castability, and desirable tensile strength [6,
7, 8, 9]. Aluminium is therefore widely employed, particularly in the mechanical automobile and

aerospace industries [7, 8, 9].

The selection of a suitable mould material is an important consideration in permanent mould
casting. Steel have several advantages over other materials [10] and therefore, the present thesis
used steel as mould. Steel is preferred due to their strength, durability, and ability to withstand
high temperatures and pressures. They also have high thermal conductivity, which enables faster
cooling and solidification of castings, improving their mechanical properties. Steel moulds can
be machined to tight tolerances, producing precise castings suitable for aerospace or medical
applications. Additionally, steel moulds can produce smooth surface finishes, reducing the need

for further finishing operations, which is important for automotive or consumer products.

Once the solidification process is complete, the product is removed from the mould.
Solidification is an important step in metal casting, whereby the liquid metal cools and solidifies
inside the mould cavity, transforming into a solid material. Seetharamu et al. [11] pointed out
that the solidification process in metal casting is a complex phenomenon. The quality and
characteristics of the final product in metal casting are influenced by the process of
solidification as stated by Galantucci and Tricarico [12]. The grain structure and associated

properties of a casting are influenced by the solidification rate or cooling rate [13].

According to Mohapatra et al. [13], the pouring velocity, pouring temperature, mould
temperature, and mould material can be individually or collectively chosen to create a desired
thermal gradient in the melt, which determines the solidification rate. The mould material
impact the solidification process, as certain materials may have a greater or lesser thermal

conductivity than others, affecting the cooling rate of the metal.

The solidification rate is determined by the rate at which heat is dissipated from the molten
metal and the solidification time depends on cooling rate. Solidification time is the time taken

for the molten metal to transform from liquid state into a solid state during the casting process.
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Solidification time is a critical parameter in metal casting that determines the final product's
quality, strength, and characteristics such as ultimate tensile strength, ductility and fatigue
properties [14, 15]. During the casting solidification process, the air can become trapped in the
metal and result in air porosity (porosity) defect. The choice of mould material affects the
formation of porosity. Some mould materials, such as green sand moulds, have a higher

potential for porosity formation than other materials, such as ceramic or metallic moulds [16].

The pouring temperature of the molten metal can also impact the formation of air porosity. If the
temperature is too low, the molten metal will solidify too quickly, and porosity can occur. On
the other hand, if the temperature is too high, it can lead to the formation of entrained gas
porosity [17]. One of the main causes of porosity in aluminium casting is pouring velocity.
When the pouring velocity of the molten metal is too slow, the metal can begin to solidify
prematurely before it has completely filled the mould cavity. This can result in the formation of
gas pockets or voids in the casting [18]. The pouring temperature, pouring velocity, and mould
temperature influence the solidification time and the porosity in the casting. The selection and

control of these parameters are essential for avoiding porosity.

1.2 Literature Survey

1.2.1 Permanent Mould Casting

There are many casting processes with varying capabilities. Selecting the appropriate casting
process for producing a component is necessary as stated by Daws et al. [19]. Choosing an
unsuitable process can result in financial loss and a decrease in market share. A outline of
advisory casting process selection system has been presented by Daws et al. [19]. It was stated
that sand casting take long time to produce a part than permanent mould casting. Permanent
mould casting is preferable to sand casting for mass production. Fatigue testing was carried out
on sand cast and permanent mould cast specimens by Linder et al. [20]. The fatigue properties

could be improved in the product if permanent mould casting is used.



Suthar et al. [15] and Vignesh [21] stated the  permanent mould casting allows for the
production of high-quality parts with excellent dimensional accuracy, surface finish, and
mechanical properties. This is because the moulds are made of durable materials that can
withstand repeated use and maintain their shape and integrity over time. Jorstad [22] stated the
permanent mould casting process is faster than other casting methods, such as sand casting or
investment casting. This is because the moulds are preheated and can be used immediately after
the previous casting has been removed.

Otarawanna and Dahle [23] stated permanent mould casting allows for the production of
complex-shaped parts with intricate details, such as thin walls and internal cavities. This makes
it ideal for producing parts with complex geometries, such as engine blocks, transmission cases,
and turbine blades.

Peters [24] stated permanent mould casting can be used to produce parts from a wide range of
metals and alloys, including aluminium, brass, bronze, and magnesium. This allows for the

production of parts with different mechanical properties and corrosion resistance.

1.2.2  Modelling of Metal Casting Process

Over the years, there has been significant progress in the modelling of metal casting processes.
Initially, the focus was on ideal metals and alloys under controlled laboratory conditions.
However, with advancements, the scope of modelling has expanded to include the complexity of
industrial processing of commercial metals and alloys. Initially, solidification modelling was
limited to closed-form solutions using the Bernoulli equation. This was later utilized by Ruddle
[25] to design gating systems, and the calculations were integrated with empirical knowledge
and engineering principles commonly employed by foundry engineers. With the development of
digital computers, these calculations were incorporated into computer-aided design programs.
Szekely et al. [26] used continuum mechanisms in continuous casting, and these models were
useful for turbulent flow in continuous casting designs and gas-stirred ladles. Metal casting is a
complex process that involves several stages, including mould filling, solidification, and

cooling. Modelling the casting process is important to optimize the process, minimize defects
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and improve quality. Modelling of metal casting processes involves the use of mathematical
equations to predict the behaviour of molten metal during the casting process. There are several

types of models used in metal casting, including empirical, analytical, and numerical models.

Empirical models are based on the experimental data obtained from the casting process [27].
These models are useful in predicting the behaviour of molten metal during the casting process,
but they lack the accuracy and precision of analytical and numerical models. Analytical models
[28, 29] use mathematical equations to predict the behaviour of molten metal during the casting
process. These models are useful in understanding the physics of the process, but they are
limited by the complexity of the process and the assumptions made during model development.
Numerical models use computational fluid dynamics (CFD) techniques [30] to simulate the
behaviour of molten metal during the casting process. These models are the most accurate and

precise, but they are also the most complex and time-consuming.

In terms of modelling complexity, a casting process can be divided into two stages: mould filling
and phase change (from liquid to solid). Computational fluid dynamics (CFD) principles can be
used for modelling the flow of molten metal during mould filling [31]. CFD models can be used
[32, 33] to simulate the flow of molten metal, heat transfer, and solidification processes in a
casting to predict the formation of defects such as shrinkage, porosity, and hot tears. Recent
research has focused on developing more accurate and efficient models for predicting
solidification behaviour in metal castings. The modelling may be done either using mesh or

without a mesh.

The mesh-based models utilize a mathematical approach that involves dividing the entire
problem domain into small sections, known as control volumes or elements. This technique is
used to solve complex problems by applying equations to each of these sections individually.
Finite difference or volume (FVM) and finite element (FEM) methods are commonly used for
numerical modelling of casting processes. The conservation equations of heat, mass, and
momentum govern the casting process, and these equations are well-established in the literature

[34]. Dedicated or general-purpose software can be employed to acquire computed outcomes
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from a casting model. Various software such as Magma-Soft [4, 35], Pro-Cast [36], Nova-Flow
[4, 37] Any-Casting [38], Solid/Flow/Opti-Cast [4], Flow-3D [4], ANSYS-CFX [39], ANSYS-

FLUENT [40], etc. are available to model different aspects of casting processes.

Meshless methods [41, 42], also known as mesh-free methods, are a type of numerical method
that utilizes a set of nodes that are arbitrarily distributed without the extra topological
relationships between them. This approach provides an alternative to finite element or finite
volume methods and solely necessitates a collection of uniformly (consistently) or non-
uniformly distributed computational nodes within the domain of computation. Meshless
methods are a promising technique for avoiding problems associated with polygonisation, and
there are several available methods that are described in the literature [41, 42, 43]. Cleary et al.
[44] pointed out that Smooth Particle Hydrodynamics (SPH) is an example of a meshless
method that has been successfully employed by researchers to model various casting processes.
Smooth Particle Hydrodynamics has been successfully applied in primary casting of foundry
ingots and high-pressure die casting scenarios. It accurately captures phenomena such as the
fragmentation of metal streams into droplets and the possibility of oxide entrainment, which can

be challenging for meshed methods when it comes to resolving droplet sizes [45].

According to Jolly and Katgerman [46], with the ongoing improvement in computer and
processor capabilities, it is now possible to model various phenomena involving multiple
physics, such as free surface flow, heat and fluid flow, and thermal stress, at a macroscopic
level. However, effectively integrating these computed results into real casting processes and
accurately predicting performance still presents a significant challenge. This obstacle needs to
be overcome in order to achieve widespread success and applicability of casting modelling as a
valuable tool for manufacturing firms. At present, a significant portion of current casting
modelling efforts are focused on defect prevention, such as mitigating porosity, thermal cracks,

and macro-segregation [47, 48].

Khan and Sheikh [4] emphasized that simulation models play a crucial role in minimizing

casting defects by offering a virtual environment for testing various casting designs and
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parameters prior to actual production. These models use computational fluid dynamics (CFD)
software to simulate the flow of molten metal in the mould and the subsequent solidification
process [49]. By adjusting parameters such as pouring temperature, filling rate, and mould
design, engineers can identify potential defects such as air porosity, shrinkage, and hot spots and
make the necessary adjustments to prevent or minimize them [50]. Additionally, simulation
models can help optimize casting production by reducing the need for physical prototypes and
experimental testing. This saves time and resources while also improving the quality of the final

product.

Ge et al. [51] highlighted that Ansys Fluent is an example of a simulation model utilized in
casting for detailed modelling of the fluid dynamics and heat transfer processes involved in
casting. The software can simulate different types of casting processes, such as gravity casting,
low-pressure casting, and high-pressure die casting. By using Ansys Fluent, engineers can
predict and prevent defects such as porosity, misruns, resulting in higher-quality castings and
increased production efficiency. ANSYS Fluent is widely used computational fluid dynamics
(CFD) software that can be utilized in casting simulations to predict the flow of molten metal
and the formation of defects during the casting process [52]. By inputting the physical properties
of the molten metal and the mould material, as well as the boundary conditions and initial
conditions of the system, Ansys Fluent can simulate the flow of the metal as it fills the mould
cavity, including the formation of hot spots, porosity, and other types of defects. The Ansys
Fluent software can also be used to study the effects of various casting process parameters on
the formation of defects, such as the pouring temperature, filling rate, and average cooling rate
[53]. This allows engineers to optimize the casting process to minimize defects and improve the

quality of the final product.

1.2.3  Solidification in Casting

Solidification is a fundamental and critical stage in the metal casting process, which determines
the final microstructure and properties of the casting. It is a complex phenomenon that occurs

when the temperature of the molten metal drops below its melting point, causing it to transform
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from a liquid to a solid state. The solidification process is accompanied by a phase change from
liquid to solid, which results in the formation of a crystalline structure [54]. The solidification
process in metal casting involves several stages. Initially, the molten metal is poured into a
mould, and as it cools, it begins to solidify from the surface of the mould towards the centre.
During the solidification process, the atoms in the molten metal arrange themselves in an
ordered, crystalline structure [55]. As more atoms join the crystal lattice, the solidification front
advances further into the liquid metal. The rate of solidification depends on several factors, such
as the cooling rate, the shape and size of the casting, casting material, and different pouring

parameters.

During the solidification process, the temperature of the molten metal begins to decrease, and
the liquid metal starts to transform into a solid state. This transformation occurs through a series
of stages, the first of which is the nucleation stage. During the nucleation stage, the first solid
particles begin to form as the temperature of the molten metal decreases. These solid particles,
called nuclei, serve as the starting point for the growth of the solid phase. The formation of
nuclei is influenced by several factors, including the composition of the metal, the cooling rate,
and the presence of impurities. The process of nucleation can be further classified into two
types: heterogeneous and homogeneous nucleation [56]. In heterogeneous nucleation, the
formation of solid particles is initiated at the surface of impurities or foreign particles present in
the molten metal. In contrast, homogeneous nucleation occurs when the formation of solid

particles is initiated in the bulk of the molten metal.

After the formation of nuclei, the growth stage follows, during which the solid particles begin to
grow. The growth of the solid phase occurs by the addition of atoms or molecules from the
liquid phase onto the surface of the solid particles. The rate of growth is influenced by several
factors, including the temperature difference between the solid and liquid phases, the
concentration of solute atoms in the liquid phase, and the crystallographic orientation of the
solid particles. The final stage of the solidification process is the solid-state transformation

stage. During this stage, the solid phase undergoes changes in its microstructure, such as grain
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growth, dendrite coarsening, and phase transformations [57]. The changes in microstructure
during solid-state transformation can significantly affect the final properties of the casting, such

as mechanical strength, corrosion resistance, and ductility.

During casting, the solidification process typically starts at the walls of the mould, where the
heat is rapidly transferred from the molten metal to the colder mould material. The solidification
then progresses towards the centre of the casting, as the heat is gradually transferred from the
outer surface towards the inner regions. Therefore, the point at which the solidification process
starts depends on various factors such as the temperature of the metal, the thermal properties of

the mould material, and the cooling rate of the metal [58].

As the molten metal cools and solidifies, the temperature of the mould also decreases. The
mould design must also take into consideration the properties of the casting metal and the
solidification process. The mould must be designed to withstand the thermal shock and stress
caused by the solidification process. The solidification process generates heat, and the mould
must be able to conduct this heat away efficiently to prevent overheating and thermal damage.
Steel is a good choice as a mould for aluminium castings because of its excellent thermal
conductivity and strength at high temperatures. When molten aluminium is poured into a steel
mould, the steel rapidly absorbs the heat from the molten metal, causing it to solidify quickly
and uniformly. This results in a more controlled and predictable solidification process, which
can lead to higher quality castings with fewer defects. Additionally, steel moulds are durable
and can withstand the repeated thermal cycling and mechanical stresses that occur during the
casting process [59]. Steel moulds also have good dimensional stability, which means they can
maintain their shape and size even under high temperatures and pressures, resulting in consistent
casting dimensions. Steel typically has a higher thermal conductivity than many other materials,
including aluminium. This means that steel has a higher rate of heat transfer, which can result in
a higher cooling rate when used as a mould for aluminium castings. The use of moulds with

higher cooling rates can accelerate the solidification process.



The temperature of the molten metal can also influence the solidification process [60]. If the
temperature is too low, the solidification process may be incomplete or may result in the
formation of defects such as shrinkage. On the other hand, if the temperature is too high, the
solidification process may be too fast, which can also lead to the formation of defects.
Therefore, in the case of molten aluminium being cast in a steel mould, the preheating of the
mould to a temperature above the melting point of aluminium is essential to ensure that the
molten aluminium does not solidify too quickly upon contact with the mould [61]. This allows
for a more controlled solidification process, which can result in a higher quality casting with
fewer defects. Defects are a common occurrence in the metal casting process and can
significantly impact the quality and reliability of the final product. Fortunately, there are several

techniques that can be employed to minimize defects and improve the quality of the casting.

Proper design of gating and risering is one such method. The gating system is responsible for
controlling the molten metal's flow into the mould, while the riser system provides a reservoir of
molten metal to compensate for any shrinkage during the solidification process [62]. Improper
gating and risering can result in various casting defects, including porosity, shrinkage, and
misruns. Proper gating and risering design are essential for achieving a high-quality casting with
minimal defects [63]. The riser system is equally important and should be designed to provide a
sufficient volume of molten metal to compensate for the shrinkage that occurs during
solidification. Shrinkage can occur as the molten metal cools and solidifies, causing a decrease
in volume. If the riser system is insufficient, the casting may have shrinkage defects or cracks.
The pouring temperature of the molten metal is another important parameter that needs to be
carefully controlled during the casting process [53]. Igbal et al. [64] indicated that the pouring
temperature can affect the solidification behaviour of the molten metal, and if not controlled
properly, it can lead to the formation of porosity defects and hot spots. Porosity defects occur
when air is trapped in the solidifying metal, resulting in voids filled with air in the casting.
Brimacombe and Sorimachi [65] stated that hot spot is another type of defect that can occur due

to improper cooling. Hot spots are regions in the casting where the cooling rate is slower,
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causing the metal to solidify more slowly and resulting in a coarser microstructure. This can
lead to reduced mechanical properties and casting failure. Therefore, proper control of the
pouring temperature is critical for minimizing porosity defects and hot spots [66]. The pouring
temperature should be optimized for the specific metal being cast and the mould type.
Additionally, advancements in simulation software have allowed for more accurate predictions

of casting defects, allowing for adjustments to be made before production.

1.2.4 Turbulence Model in Casting

Turbulence is a chaotic and complex flow pattern that occurs in fluids, when there is a high rate
of flow or when the fluid encounters an obstacle or boundary. It is characterized by random
fluctuations in velocity, pressure, and other flow parameters that lead to the formation of eddies
and vortices [67]. Turbulence is a significant factor in many areas of fluid dynamics, including
aircraft design, weather prediction, oceanography, and industrial processes. It affects the
efficiency of fluid transport, mixing, and heat transfer, and can also cause structural damage in
pipes and other components. The study of turbulence involves the development of mathematical
models and experimental techniques to better understand and predict its behaviour. According
to Rodi [68], turbulence models are employed to simulate the intricate flows in engineering

applications and to describe the turbulent behaviour of the fluid.

Turbulence models are mathematical models that aim to predict the turbulent behaviour of a
fluid flow by providing an approximation of the turbulent flow variables. These models are
based on the Navier-Stokes equations, which describe the motion of fluids in terms of velocity,
pressure, and viscosity [69]. However, since the Navier-Stokes equations cannot be solved
analytically [70] for most practical engineering problems, turbulence models are used to provide
a numerical solution. These models use a combination of empirical relations, statistical methods,
and numerical simulations to represent the complex interactions between the fluid particles and
the flow boundaries. Menter [71] stated that turbulence models have found wide applications in

various engineering fields, including aerospace, automotive, and energy industries. They have
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been applied to simulate flows around casting, aircraft wings, turbomachinery components,
internal combustion engines, and heat exchangers, among others. The accuracy of turbulence
models depends on the flow conditions and the complexity of the geometry. Therefore, choosing
an appropriate turbulence model is crucial for obtaining reliable predictions of the flow

behaviour [72].

Turbulence models can be classified into two broad categories: Reynolds-averaged Navier-
Stokes models (RANS) and Large Eddy Simulation models (LES). RANS models are based on
the Reynolds decomposition, which separates the flow variables into mean and fluctuating
components. These models solve the time-averaged equations of motion and require additional
closure models to represent the turbulent stresses and dissipation rates [73]. On the other hand,
LES models simulate the large-scale turbulent structures explicitly, while the small-scale
structures are modeled using subgrid-scale models. LES models require a fine computational
grid resolution to capture the small-scale turbulent structures, which makes them
computationally expensive compared to RANS models [74]. Detached Eddy Simulation (DES)
is another hybrid turbulence model that combines RANS and LES methods. It uses RANS near
the wall and LES in the outer flow regions to simulate the turbulent flow over a wide range of
scales. DES is particularly useful for simulating flows with separated regions, such as those
encountered in aerodynamic applications [75]. However, for most practical tasks, RANS models
are widely used in industry due to their relatively low computational cost and ability to provide

useful engineering insights into turbulent flows [76].

Lew et al. [77] reported k-epsilon models are one of the most widely used turbulence models in
RANS simulations. These models use two transport equations to solve for the turbulent kinetic
energy (k) and the turbulent kinetic energy dissipation rate (g). The k equation is derived by
assuming that the turbulent fluctuations of the velocity can be approximated as a Gaussian
distribution, and that the turbulent kinetic energy is proportional to the velocity fluctuations
squared [78]. The k equation includes terms for the production, transport, and dissipation of

turbulent kinetic energy.
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The € equation is derived based on the assumption that the dissipation rate of turbulent kinetic
energy is proportional to the product of the turbulent kinetic energy and a characteristic length
scale, as reported by Alvarez et al. [79].The & equation includes terms for the dissipation of
turbulent kinetic energy, as well as for the production of turbulence due to the mean velocity
gradients. Ansys Fluent avails many such models like the standard k-¢ model, RNG k-& model,

realizable k-¢ model, etc. [80].

The standard k-epsilon model [81] is based on two transport equations: one for the turbulent
kinetic energy (k) and the other for the dissipation rate of turbulence (epsilon). The kinetic
energy equation describes the rate at which energy is transferred from the mean flow to the
turbulence, while the dissipation rate equation describes the rate at which turbulent energy is
converted into heat through molecular viscosity [82]. The standard k-epsilon model assumes that
the turbulence in a flow field is isotropic and homogeneous, meaning that turbulence
characteristics are independent of the direction and location in the flow field. It also assumes
that the turbulent viscosity is proportional to the turbulence kinetic energy and the dissipation
rate of turbulence. This assumption allows the model to simulate the mixing of momentum and

energy in the turbulent flow, as stipulated by Schumann and Gerz [83].

The derivation of the standard k-¢ model assumes that the flow is completely turbulent and that
the influence of molecular viscosity is insignificant [78]. As a result, the standard k-¢ model is
applicable solely to fully turbulent flows. The standard k-epsilon model has been widely used in
CFD simulations of turbulent flows because of its simplicity and computational efficiency.
However, it has limitations in accurately predicting complex turbulent flows with strong shear,
rotation, and curvature. To overcome these limitations, several modifications and enhancements
to the standard k-epsilon model have been proposed, such as the RNG k-epsilon model [84] and

the realizable k-epsilon model [85].

The Renormalization Group (RNG) k-epsilon model is an extension of the standard k-epsilon
model that was developed to address some of these limitations. The RNG k-epsilon model was

introduced by Yakhot and Orszag in 1986 [84], and it has since become a popular turbulence
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model in CFD simulations. The RNG k-¢ turbulence model is derived by applying a
mathematical technique called renormalization group theory to the instantaneous Navier-Stokes
equations. This makes a model with new terms and functions that make it different from the
standard k-¢ model. The RNG k-& model is considered more accurate and reliable for a wider
range of flow conditions compared to the standard k-¢ model [86]. The RNG model is similar to
the standard k-¢ model but has some improvements: It includes an additional term in its equation
that enhances accuracy for rapidly strained flows. According to Escue and Cui [87], the RNG
(Re-Normalization Group) model incorporates the influence of swirl on turbulence, making it
more accurate for swirling flows. The RNG theory gives an analytical formula for turbulence
Prandtl numbers, whereas the standard k- model uses constant values specified by the user.
While the standard k-¢ model is suitable for high Reynolds number flows, the RNG theory
incorporates a differential formula for effective viscosity that considers low Reynolds number

effects.

The Realizable k-epsilon model is a variant of the standard k-epsilon model used in turbulence
modelling. Shih et al. [85] proposed the RNG k-¢ turbulence model as an improvement to
enhance the accuracy of predictions for complex turbulent flow. The standard k-epsilon model
assumes that the rate of turbulence dissipation is proportional to the square of the turbulent
kinetic energy and a constant called the turbulent viscosity. However, this assumption is not
always accurate, especially for flows with high strain rates or swirling motion. The Realizable k-
epsilon model addresses this limitation by using a more complex equation for the turbulent
viscosity that considers the flow geometry and the local turbulence intensity. The Realizable k-
epsilon model also uses a more accurate equation for the turbulent dissipation rate. Both the
RNG k-epsilon model and the realizable k-epsilon model are improvements over the standard k-
epsilon model [88]. However, the RNG k-epsilon model is widely used in casting due to its
higher accuracy, reliability, applicability to a wider range of Reynolds numbers, and

computational efficiency [88, 89]. The RNG k-¢ turbulence model has been used in this thesis.
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1.2.5  Porosity Defects

To simulate the solidification of a casting, the main concerns are the volume concentration, and
fluid velocity within the solidifying casting. However, this stage is often accompanied by
various defects. Porosity is one of the most common types of defects that can occur during the
solidification of a casting. It is characterized by the presence of voids or pores within the casting
material, which can reduce its strength and cause other issues during operation. The mechanical
properties of a cast metal matrix composite are significantly influenced by the volume fraction
of porosity, as well as the size and distribution of pores within the material [90]. Rappaz

[34]conducted a review of studies that incorporated micro models of solidification.

Porosity can occur for a variety of reasons, including air or gas entrapment, shrinkage, and other
factors related to the casting process [91, 92]. Christian et al. [93] demonstrated that porosity
formation in castings is primarily caused by the casting parameters. These parameters include
the casting route used, the speed and position of the impeller used for stirring, the volume

fraction of reinforcement material, and the holding time during the process.

Porosity can occur in both metal [94] and non-metal [95] casting processes. In metal casting,
porosity is typically caused by the entrapment of air within the molten metal as it solidifies [96]
or due to shrinkage during solidification [97]. Researcher [98] have argued that small changes in
the quality or composition of a metal can lead to the formation of casting defects, even when

standard process conditions are followed.

The presence of porosity in a casting can have a significant impact on its mechanical properties
[99]. Porosity defect can cause the casting to be weak and brittle, leading to cracking, fracture,
or failure under stress. The presence of voids can also create stress concentrations, reducing the
load-bearing capacity of the casting. Additionally, porosity can negatively affect the fatigue life
of the casting, reducing its ability to withstand repeated loading cycles [100]. Porosity can also
compromise the corrosion resistance of the casting, leading to accelerated corrosion and rust

formation. Apart from mechanical properties, porosity defects can also affect the surface finish
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and overall appearance of the casting. Voids can create irregularities on the surface of the
casting, making it difficult to achieve the desired finish. Porosity can also lead to discoloration

or staining of the casting, making it unsuitable for aesthetic or decorative applications.

Porosity leads to an increase in surface roughness, resulting in elevated wear and friction on the
surface and a decrease in material strength [101]. Researchers [101] observed that the frictional
and wear behaviour of pure aluminium is influenced by the pouring temperature and pouring
velocity. Specifically, an increase in the temperature of pouring leads to an increase in frictional
and wear behaviour, while an increase in pouring velocity results in a reduction in frictional and

wear behaviour.

Some of the most common types of porosity defects are gas or air porosity and shrinkage.
Samuel et al. [102] conducted several experiments using Al-Si Cast Alloys and revealed that
pore size has a greater impact than the presence of numerous small pores from a mechanical
perspective. Porosity located at the centre of the testing bar influences tensile testing, whereas
edge porosity causes crack initiation during fatigue testing. Ridgeway et al. [103] developed a
new model, called the Oxide Entrainment Number, to predict the location-specific volumes of
entrained and oxide-induced defects in aluminium castings. This model can accurately

determine the number of gaseous pores in a selected position in the casting.

Since the porosity is an inevitable but preventable issue persistent with the casting process,
researchers have also explored the various ways to reduce it. They have established that with
proper care and attention, it is possible to reduce porosity defects and improve the quality of the

castings [104].

Hodbe and Shinde [105] suggested that proper mould design is one of the key steps in
minimizing porosity defects. The mould should be designed with adequate venting (riser) to
allow gases to escape from the mould cavity The gating system should also be designed to
promote even filling of the mould [106]. In addition, the use of high-quality refractory materials

can help to reduce gas permeability and improve the surface finish of the casting, as reported by
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Hardy et al. [107]. Another important factor to consider is metal chemistry. According to Sola
and Nouri [108], the composition of the metal plays a crucial role in the formation of porosity
defects. In particular, the presence of dissolved gases such as hydrogen and oxygen can lead to
the formation of gas pores in the casting [109]. To reduce the risk of porosity defects, it is
important to carefully control the metal chemistry, using degassing agents if necessary, and

minimizing exposure to air and moisture during the melting and pouring process [110].

The casting process parameters play a critical role in reducing porosity defects. For example, the
pouring temperature and filling rate should be carefully controlled to ensure that the metal flows
smoothly into the mould cavity [94]. The use of vacuum or pressure casting techniques can also
help to reduce the formation of porosity defects by removing trapped air and gases from the
mould cavity [111]. Pilani [112] claimed that Post-casting treatments can also help to reduce
porosity defects. Heat treatment, for example, can be used to refine the microstructure of the
casting and reduce the size and number of gas pores. Although, reducing porosity defects is an
important goal in casting, it is also important to understand the major types of porosity defects

that can occur in castings.

When the molten metal begins to solidify, it will naturally shrink as it cools. If this shrinkage is
not compensated for, it can create voids or pores within the casting [97]. Shrinkage can be
caused by a variety of factors, including the design of the casting itself, the temperature of the
mould material, and the rate at which the metal cools. The simulation of casting was first
focused on predicting solidification shrinkage as it was thought to be the most common issue in
casting. Nowadays, primary shrinkage is well comprehended and is possibly one of the most
precisely forecasted defects by considering the local temperature and cooling rate conditions.
The Niyama criterion is an example of such a function and is employed for alloys with a short
freezing range particularly steels. Taylor et al. [113] has conducted a review of several Niyama

criteria functions.

Porosity resulting from solidification shrinkage is a problematic defect that affects the

performance of all kinds of metal castings by reducing their strength, fatigue, and creep
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properties. Accurately predicting porosity in the casting process simulation can help minimize or
even eliminate this defect. Esser et al. [114] presented a new model for predicting porosity based
on recent research that has shown all shrinkage porosity grows in regions of a casting with the
lowest solid fraction. The model accounts for the liquid density variation during cooling and
solidification and calculates feeding flows and pressure distribution in the liquid. It predicts the
location, extent, and amount of all types of shrinkage porosity in a casting. Li et al. [115]
predicted the size of shrinkage porosities in an aluminium suspension part using quantitate

simulations.

Porosity during commonly caused by a mixture of shrinkage and trapped air, and various models
have been suggested for the prediction of the porosity [116, 117]. When the metal begins to
solidify, gases can become trapped in the solidifying material, creating voids or pores. The type
and amount of gases that are present in the molten metal will depend on a variety of factors,
including the type of metal being used, the temperature of the metal, and the presence of other
materials or impurities in the molten metal [118]. Li et al. [119] extended their research to
propose a simulation method for quantitatively predicting shrinkage porosity during molten

metal replenishment in squeeze casting process.

Gu and Luo [120] proposed a model that considers both shrinkage pressure and initial hydrogen
content to predict porosity evolution and the final percentage of porosity, which is then linked to
microstructure location in cast aluminium. Additionally, a multiphase-field model was created to
simulate the progression of the hydrogen pore and solid phase during the solidification of a
binary Al-Cu alloy [121]. The present thesis deals with permanent mould casting. In such a
process, molten metal is poured into a mould made of a reusable metal (typically steel). The
presence of air in the mould can lead to voids or holes in the final casting, reducing its quality
and strength. To prevent air porosity, the mould is often designed with vents or risers that allow
air to escape from the mould cavity as the molten metal fills it [122]. Additionally, the pouring

process must be carefully controlled to prevent air from being drawn into the mould.
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Homayonifar et al. [111] utilized a solution algorithm volume of fluid (SOLA-VOF) algorithm-
based 3D single-phase code to simulate mould filling. They employed a concentration transport
equation-based computational model to compute the distribution of air porosity, and created a
mixed VOF-Lagrange algorithm to model splashing in high-pressure die casting (HPDC).
Researcher [123] have classified the types of air porosity into multiple categories which include
air-entrapment, lubricant and/or die release agent entrapment porosity, hydrogen porosity,
vapour entrapment porosity, and superficial gas-related defects are commonly known as blisters

and pinholes.

Focusing on the gravity die casting, this type of permanent mould casting offers inferior surface
finishing compared to high pressure die casting and does not support the production of intricate
geometries, which can be readily achieved through pressure die casting. Gravity die casting
generally has a higher tendency for air porosity compared to high pressure die casting due to the
slower rate of metal flow and lower pressure involved in the process. Researcher [124]
established that during gravity castings of aluminium alloys, 45% of the defects are caused due
to air porosity. It was seen that the detection of shrinkage and oxide layers occurs due to surface

turbulence during the mould filling process [125].

Numerous studies and experiments have been undertaken to study air porosity. According to
research conducted by Nanda et al [126], specimens taken closer to the ingate exhibited higher
tensile strength and yield strength, and lower porosity percentage. In another study [127],
simulation was used to identify porosity zones at risk in both gravity and high-pressure die
castings. Thanabumrungkul et al. [128] observed that casting parts achieved complete filling at
low solid fractions. Dispinar et al. [129] concluded that metal quality has a greater impact on
mechanical properties than porosity content. Additionally, Anderson et al. [130] found that air

gaps are likely to form between the casting and die, which significantly affects heat removal.

Air porosity is detrimental to the quality of casting and can lead to increased production costs.
Fortunately, there are several methods available to reduce the formation of air porosity in gravity

die casting. Firstly, proper gating and riser design can help reduce the amount of air that enters
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the molten metal during casting [131]. Gating and riser design should aim to minimize
turbulence and promote a smooth flow of metal, which can help reduce the amount of entrapped
air. The use of tapered gating and risers can also help to reduce air entrainment. Secondly,
controlling the temperature reduce air porosity [132]. This can be achieved through proper
furnace and ladle design, as well as the use of insulating materials to minimize heat loss during
casting [110]. Thirdly, the use of effective degassing agents can help to reduce the amount of
dissolved gas in the molten metal [133]. This can help prevent the formation of gas porosity
during casting. Common degassing agents include nitrogen, argon, and chlorine, which are
added to the molten metal before casting to promote the removal of dissolved gas. Finally,
proper mould design and maintenance can also help reduce air porosity in gravity die casting.
The mould should be designed to promote a smooth flow of metal and minimize turbulence,
which can help reduce air entrapment [ 125]. Regular maintenance and cleaning of the mould can
also help prevent the accumulation of debris or other contaminants, which can lead to the

formation of air pockets during casting.

1.2.6 Hot Spot

Apart from porosity defects, there may be presence of hotspots too. Hotspots are localized
regions in the casting where the temperature is significantly higher than the surrounding areas.
These hotspots can cause defects such as shrinkage, air porosity, and other types of porosity
[134]. The formation of hotspots is due to various factors, including the design of the casting,

the metal flow rate, the temperature of the molten metal, and the cooling rate of the casting.

One of the main causes of hotspots in gravity die casting is the design of the casting. The design
of the casting can affect the flow of the molten metal and the cooling of the casting. The design
should be optimized to ensure that the molten metal flows evenly throughout the mould and that
the cooling rate of the casting is uniform. Kurtulus et al. [135] stated that the occurrence of
moulding defects such as hot spots and distortions in products can be attributed to non-
conformal cooling during the casting process. Their study explored the impact of cooling

channels on the casting process and the final properties of products produced using standard and
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conformal cooling gravity die casting moulds. It has been established [136] that feeding design
is also an important aspect of gravity die casting as it directly affects the formation of hot spots.
Grill et al. [137] discovered that hot spots can form on the slab's surface within a few

centimetres of the corners.

A method for identifying hot spots in complex sections was discussed by Ravi and Srinivasan
[138]. The study found that the results obtained from the method were in close agreement with
those obtained from actual experimentation and the finite-element method. The time gradient
method for calculating feed paths and hot spots was discussed in the research [139]. In the study
conducted by Warriner and Monroe [140], the effects of modifying geometric parameters on the
position of hot spots were investigated in idealized two-dimensional sections. The study also
used a watershed image segmentation technique to analyse a three-dimensional solid model.
Chakravarti and Sen [134] conducted a simulation study using Ansys to analyse the initiation of
hot spots by varying pouring parameters, such as pouring velocity and pouring temperature.
Their study enabled the prediction of hot spot positions and approximate sizes under different
pouring conditions. It was observed that hot spots are typically located below the riser. Li and
Cui [141] proposed a new method for quickly locating isolated hot spots in the numerical
simulation of the solidification process of castings. The predicted results were compared with
the measured ones, and good agreement was obtained. An improved geometric model for hot
spot prediction was proposed by Xu et al. [142], based on the idea that the heat dissipation
capacity of a location in a casting depends on its distance to the heat transfer surface. This model

is faster and more convenient than other procedures based on heat transfer equations.

1.2.7  Thermal Analysis of Casting

Thermal analysis is an essential part of casting design and production, enabling manufacturers to
understand and optimize the solidification process, which is critical to the final properties of the
casting. Thermal analysis involves predicting and monitoring the temperature changes that occur
during the casting process, providing valuable information about the solidification behaviour,

shrinkage, and potential defects [143].
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One of the most widely used techniques for thermal analysis is thermocouple measurements.
This method involves inserting a thermocouple into the mould or the casting, allowing for the
real-time monitoring of temperature changes during the casting process [144]. This information
can then be used to calculate the cooling rate, which is a critical factor in determining the
microstructure and properties of the casting. Thermocouple measurements can also be used to
detect the onset of solidification and to monitor the cooling curve to identify potential defects

such as porosity.

Another popular method for thermal analysis is computer simulation. Computational fluid
dynamics (CFD) is used to simulate the thermal behaviour of the casting process [32, 33]. CFD
models can predict temperature distributions, solidification rates, and the formation of defects
such as hot spots, porosity, and cracks. Advanced simulations using complex algorithms and

machine learning techniques can also be used to optimize the casting process and design.

In recent years, infrared thermography has gained popularity in thermal analysis. This technique
uses infrared cameras to capture the surface temperature of the casting, providing a non-invasive
method of monitoring the solidification process [145]. Infrared thermography is useful in
detecting the formation of hot spots and the onset of solidification, which can aid in optimizing

the casting process to minimize defects.

Thermal analysis has revolutionized the casting industry, enabling manufacturers to predict and
optimize the solidification process, leading to improvements in casting quality and production
efficiency. However, challenges still exist, such as accurately predicting the onset of
solidification and detecting potential defects in complex geometries. Nonetheless, advances in
technology and simulation methods are continuously improving the accuracy and capabilities of

thermal analysis in casting [ 104, 144].

Simulation of casting is better because it provides several advantages compared to traditional
methods [146]. One of the primary benefits is that it allows for the optimization of the casting

process by predicting the behaviour of molten metal during solidification. Simulation software
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can model the entire casting process, from mould filling to solidification and cooling, and can
provide insights into potential defects and how to avoid them. This allows for a more efficient

and cost-effective casting process, as it minimizes the need for physical trial-and-error testing.

The use of casting modelling software is rapidly increasing in the metal casting industry to
simulate the casting process in a virtual field, providing insight into the mould filling, cooling
and solidification, and defects in casting. Rajkumar and Rajini [147] presented a literature
review discussing modelling and simulation techniques for metal casting processes with
reference to several relevant case studies. The review includes a discussion of the most popular
casting simulation programs and the mathematical models used, as well as recent attempts to
incorporate casting simulations into mechanical simulations to predict the service life of cast
products. The review concluded that casting simulations are vital in the production of high-
quality cast products without defects, and further advancements in simulation techniques are
needed to accurately assess the durability of castings. Li et al. [148] utilized ANSYS to analyse
both the temperature distribution and stress distribution of a heat-exchange pipe. By examining
these distributions, the researchers aimed to determine the most reasonable and cost-effective
measures for the heat-exchange pipe. The analysis results provided a foundation for the design
and optimization of the heat-exchange pipe, and could be used to inform future improvements to
the pipe's performance. Overall, the study's use of ANSYS to model the heat-exchange pipe's
behaviour represented a valuable contribution to the field of thermal engineering, and could help
to improve the efficiency and effectiveness of heat-exchange systems in a range of industrial

applications. The use of ANSYS for casting has been a topic of interest in recent research.

Soni et al. [149] presented the design and analysis of a piston for a specific engine. The design
and modelling of the piston were carried out using Fusion 360, while the analysis was
performed using ANSYS software. The design file from Fusion 360 was imported into the
ANSYS software, and the results were discussed. Since the piston of an internal combustion

engine is subject to thermal and thrust loads, an Aluminium alloy was chosen as the material for
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analysis. The ANSYS software was used to perform both structural and thermal analysis,

eliminating the complexities of thermal load variations and analysing critical values.

In their study, Nisanci and Yurddas [150] compared the results of casting simulation with
experimental production to determine whether they are consistent. The study found that the
interface heat transfer coefficient of the casting-mould showed good agreement between the
simulation results and experimental findings. However, the calculated coefficient from the
simulation was found to be higher than the measured value from the experiment. The study
concludes that accurately estimating the interface heat transfer coefficient is crucial for
successful production of high-quality castings, and using a higher value of this coefficient in

simulations can improve the prediction of casting defects.

1.3 Objectives

Due to the complexity of the casting process, some researchers have assumed that solidification
begins only after the complete filling of the mould cavity. Some researchers assumed that the
mould cavity is already filled with molten metal at the beginning of the simulation and neglected
to analyse the casting process during the time when the cavity is filled with liquid metal. The
research gap identified in this thesis is the lack of practical ideas into the starting time of
solidification in the casting process. Further research is needed to address this gap and provide a
more accurate understanding of the solidification process in aluminium casting. There is also a
lack of well-documented research on porosity measurement in metal mould aluminium casting.
Furthermore, there is a need for comprehensive studies that consider the combined impact of
various parameters, such as pouring temperature, pouring velocity, and mould initial
temperature, on porosity formation in aluminium casting. Additionally, there is insufficient
information and data available regarding the solidification time and the length of solidified
metal for different casting parameters. Lastly, further research is required to optimize casting
parameters in order to minimize porosity defects in aluminium casting and improve the overall

quality of casting products.
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The objective of this thesis is to develop a computational model for solidification of aluminium
casting using Ansys Fluent. This includes studying the filling, solidification of casting and
analysing the characteristics of the solidification front using two-phase system (air and
aluminium) and a mixture of liquid and solid phases of aluminium. The aim is to enhance
casting quality by optimizing casting parameters, minimizing porosity, and predicting porosity
location and areas with high porosity. The analysis provides insights into the variation of solid

aluminium filling and solidification time under different casting parameters.

The objectives can be briefly summarised as,

e Develop a computational model for the solidification of aluminium casting and
study the filling and solidification processes in casting. That has been discussed in
chapter 2.

e Analyse the characteristics of the solidification front and solidification time in
aluminium casting using one dimensional model. That has been discussed in chapter
2.

e C(Create a three dimensional computational model with Ansys Fluent to understand
how casting solidifies, and explore the processes of filling and solidification in
casting. That has been discussed in chapter 3.

e Analyse the characteristics of the solidification front in a two-phase system (air and
aluminium) and a mixture of liquid and solid aluminium phases. That has been
discussed in chapter 3.

e Enhance casting quality by optimizing casting parameters. Minimize porosity in the
castings. Predict porosity locations and areas with high porosity. That has been
discussed in chapter 3.

e Provide insights into the variation of solid aluminium filling and solidification time

under different casting parameters. That has been discussed in chapter 3.
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1.4 Scope of the Study

This thesis involves the permanent mould casting of pure aluminium (99.9% pure aluminium)
with a mould made of steel (1.5% carbon steel). Two simple phase change models have been
developed to estimate the solidification time and solidification front. The first model allows for
the variation of pouring temperature, while the second model, an improvement on the first,
allows for the variation of both pouring temperature and mould temperature. A computational
fluid dynamics (CFD) model has then been created, which includes a two-phase system
consisting of air and aluminium in the mould cavity. The flow in the mould cavity is found to be
turbulent based on the pouring velocity. The pouring temperature, pouring velocity, and mould
temperature are varied in this CFD model. The model is used to determine the air porosity,
solidification time, solidification front, and length of aluminium metal solidified from the base
of the mould cavity with varying casting parameters. In addition, the riser design has been
performed as part of this thesis. The solidification behaviour has also been determined to

characterize the hotspot in the casting.

1.5 Organization of the Thesis

The thesis is divided into four chapters, each focusing on different aspects of casting. The
chapters are structured to provide a comprehensive understanding of the casting process,

solidification, porosity formation, and optimization techniques.

Chapter 1 introduces metal casting, emphasizing the importance of permanent mould casting
and its advantages. The significance of aluminium casting in permanent moulds is highlighted.
The chapter also discusses the solidification process in metal casting and addresses the issue of
porosity defects. Additionally, the use of simulation software like Ansys Fluent is introduced.
The chapter concludes by outlining the objectives and scope of the study, identifying research

gaps, and setting the stage for the subsequent chapters.

Chapter 2 provides an overview of one-dimensional casting solidification models. Two models

are presented, allowing for variations in mould temperature and pouring temperature. The first
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model utilizes an error function method to calculate the solidification front and time. The second
model incorporates an error function and complementary error function to simulate the
solidification process and calculate solidification times for different pouring temperatures and
mould initial temperatures. However, these models do not consider pouring velocity or porosity

calculation, which are addressed in later chapter.

Chapter 3 introduces a comprehensive three-dimensional simulation model developed using
Ansys Fluent. The model captures the complexities of the casting solidification process,
including the two-phase system of air and aluminium, turbulent flow, and natural convection
effects. It allows for variations in pouring velocity, pouring temperature, and mould initial
temperature. The model provides insights into porosity formation and offers a comprehensive

analysis of the solidification process.

Chapter 4 concludes the study and discusses its overall contribution. The key findings and
achievements in developing computational fluid dynamics (CFD) models for permanent mould
casting of aluminium are summarized. The chapter acknowledges the limitations and challenges
encountered during the research and identifies areas for further investigation. The importance of
ongoing research to improve casting techniques, optimize parameters, and enhance production

processes in the field of aluminium casting is emphasized.
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CHAPTER 2: ONE DIMENSIONAL SOLIDIFICATION
MODEL OF CASTING

2.1 Introduction

When molten material is poured into a mould, it starts to cool down and reaches a temperature
below its freezing point, at which the material solidifies and changes its state from liquid to
solid. Solidification time is the time required for a material to change its state from liquid to
solid. The solidification time is an essential parameter in the casting industry, and it affects the
production rate [151]. By knowing the solidification time, the industry can estimate the
production rate per day and plan the production process accordingly. Based on solidification
time, the industry can estimate the time required to produce each casting and determine the total

number of castings that can be produced in a day.

This chapter focuses on the solidification process in casting using a one-dimensional casting
solidification model. Specifically, a one-dimensional casting model is used in thin sections
castings such as long thin metal plate. In the case of a long thin plate, the heat transfer occurs
primarily in the long axis direction, and the others dimension are much smaller than the length
of the plate. This means that the solidification process can be approximated as one-dimensional.
When thin sections are required for casting, the one-dimensional model can be employed to
simulate the process because they are relatively simple and computationally efficient [152] and

can be useful for the optimization of casting parameters [153].

In this chapter, two one-dimensional casting solidification models have been simulated. In the
first one-dimensional solidification model, only mould temperature can be varied. The pouring
temperature cannot vary because pouring temperature of the material is fixed as the freezing
temperature of the material. An error function has been used to simulate the model. The error
function method is a useful and widely used mathematical model in the field of casting

simulation [154]. In the second model, the mould temperature and pouring temperature both can
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be vary. An error function and complementary error function have been used to simulate the
model. As the molten metal cools and solidifies, the solidification front moves from the mould
wall towards the centreline of the casing. Both models can calculate the position of the
solidification front and the solidification time. However, the calculation of error function is
complex and time-consuming. The error function, complementary error function and all the

calculations are performed accurately using FORTRAN 95 programming software.

2.2 First Solidification Model

In this thesis aluminium metal casting of 60 mm length, 60 mm breadth, and 10 mm thickness
has been done by steel mould. In the first one-dimensional model, the mathematical formulation
using error function has been presented and a programming model has been developed using
FORTRAN 95 software to calculate the solidification time and solidification front. Then this
programming model is applied to the previously performed casting to validate this programming
model. It is seen that a same one-dimensional analysis was studied by reference [155]. In that
[155], they examined the solidification time of iron casting in a copper mould with a casting
length of 100 mm. The present model used the same material of casting, mould, and casting
length for only validation purposes of the model. They calculated the solidification time only.
After validation of solidification time, the solidification front has been studied by this model.
Therefore, in this section iron casing in a copper mould with a casting length of 100 mm is
employed to study solidification time and solidification front. It will help to understand the

behaviour of solidification front with time of metal casting.

2.2.1 Mathematical Modelling

Figure 2.1 shows a schematic representation of the model. The mould-casting model is one-

dimensional (1-D), with the dimension perpendicular to the mould-casting face.

30



Symmetry plane
—>

Mould face
Mould

100 mm

Figure 2.1: Schematic diagram of the model.

The heat flow in the other direction is ignored. Other assumptions in the model are that (a) the
casting has been made semi-infinite; (b) The properties of metal and mould material are uniform
and constant over a temperature range; (c¢) The freezing temperature of the molten material is
also used as the pouring temperature; (c¢) Initially the mould is completely filled up with molten
material at its freezing temperature; and (d) the temperature at the metal-mould interface

remains constant from the beginning to the end of solidification.

The mould is initially at a temperature Ty. At time t=0, the liquid metal is poured at temperature
T, into the mould cavity. The temperature of interface between mould and metal is assumed to
remain constant throughout the solidification process at its initial value of T,. The freezing
temperature of the material is Ty, which is also considered as the pouring temperature. The

temperature distribution at any moment is shown in figure 2.2.

T Interface at t
|
T, | Solid | Liqud
Ty .
<>
s(t) ! %

Figure 2.2: Temperature distribution in the casting.
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s(t) indicates the depth of solidification at any moment in time t. The distribution of

temperatures within the range 0<x< s(t) is given by [156],

T~ T f< z > 2.1

—0=er )

Too - TO 2 X t ( )
Where o, is the thermal diffusivity of the casting, T, is a constant of integration; T, is the mould-

casting interface temperature; and erf (L/Lx_t) is called error function. The physical significance
C

of the error function is to describe how heat spreads or diffuses over time in a material. It

quantifies how temperature at a specific location changes as time progresses

The error function erf(() is given by [156],

(D) = 2 SRS
erf(¢) —ﬁ<§—ﬁ+ﬁ—m+“'>

Up to (n+1) terms the error function is represented by

((2n+1)

oy 2 = 2 .
er (Z)—\/—E“‘;ﬁ(— ) Zn+ Dnl (2.2)

Atx = s(t), T = Tr, where T; is the freezing temperature of the casting material.

Applying this condition, equation (2.1) becomes

f< - ) Tt~ To _ constant 23
er = = Lonstan .
21/OCC t Too — TO ( )
2.4
Let. = (7c3) oY
We get,
s(t) = 20/ t. 2.5)

The energy balance equation at the solid-liquid interface [at x = s(t)] is,
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Where A, p., and L are the conductivity, density and latent heat of solidification of the casting
material respectively.

. . . 2
Using the relation of the error function % erf(z) = = e~ %"

From equation (2.1),
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Substituting equation (2.7) into equation (2.6),
A 1 s(t) >2 ds(t)
— (T, —Ty)exp |— = p.L 2.8
Substituting (T, - Tp), €, and s(t) from equations (2.3), (2.4), and (2.5) into equation (2.8),
Ae 1 (Tr=To) oo _ ) L(/occ
Tzt erf(®) O
ke 1 1 e
¥ erf()) = —=—(T; - Ty —— 2.9
\/a—c\/ﬁ(f O),DCL ’_occ (2.9)
Putting a.=A./p.c. into equation (2.9),

& =
Ge® erf(Q) = N2

The value of { from equation (2.10) can be solved by trial and error.
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The solidification time (t;) can be determined by applying the following condition.
At t=tgx=£/2

Where ¢ is the length of the casting.

From Eq. (2.4),

£? (2.11)

b= T6 o,

The temperature profile inside the casting at a time t is given in [2.12].

X >] (2.12)
2,/ t

T(t) = Ty + (Tf — Ty) [1 - erf(

2.2.2  Validation

The numerical equations have been solved using FORTRAN 95 software. The solidification
time was determined to be 42.1 s from the present model. The aforementioned procedure has
been studied by Ghosh and Mallik [155]. The solidification time determined by them [155] is
42.1 s. The calculated value of the solidification time, 42.1 s, is in excellent agreement with the
result of previous study [155]. This finding is consistent with the result obtained in another

study as well [156].

Table 2.1: Thermophysical properties of iron and copper.

Properties Iron Copper
Specific heat (KJ/Kg-K) 670 0.376
Density (Kg/m”) 7850 8960
Thermal conductivity (W/m-K) 83 398
Freezing temperature ("C) 1540 1085
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2.2.3  Solution Methodology

The simulation begins by setting the mould initial temperature to 30°C. The temperature at the
metal-mould interface is taken as the mould initial temperature. The thickness of casting has
been taken as 100 mm. The thermophysical properties of iron are represented in table 2.1 [155,
156]. The calculation was performed by selecting any small random value of {. The value of
has been entered into equation (2.2). The corresponding value of erf ({) is observed for this
specific chosen value of C. In equation (2.10), take the left hand side as LHS and the right hand
side as RHS. If the difference between the value of LHS and RHS is insignificant (€), then that

specific value of { is allowable.

C s D

Guess the value of { <

v

Calculate erf (0)

Modification
Determine LHS and RHS from equation 2.10 =C* AC

No

Yes

Determine t, and s(t) at various time interval

!

Calculation of C from equation (2.3) and
corresponding erf () at various t and x

h 4

Calculation of temperature

'

( End )

Figure 2.3: Flow chart of the calculation.
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The total solidification time of casting at each time interval is computed by using the equation
2.11. Subsequently, the length of the solidified metal has been determined for a specific time
interval. Equation 2.5 is used to calculate the length of metal solidified at a time. The
temperature distribution has been determined at various time points. This required calculating
the value of C (as per equation 2.4) at a specific time, which has been obtained using the length
of metal that has solidified at that moment. The length of the solidified metal has already been
determined for specific time intervals through equation 2.5. This value of { is used to determine
the temperature distribution (equation 2.12) of the metal's solidified portion. Figure 2.3 shows
the flowchart for the total process. All the calculations are performed in FORTRAN 95

programming language.

2.2.4  Results and Discussion

2.2.4.1 Solidification Time
Based on the calculations, the value of { was found to be 0.98, and it was determined that the

solidification time is 42.1 s.

2.2.4.2 Solidification Front

The solidification front is the boundary or interface that separates the molten (liquid) metal from
the solidified (solid) metal during the process of solidification. To investigate the effect on the
solidification profile, simulations with varying time have been performed. The temperature
distribution within the casting at different time has been calculated to discuss the solidification
front. The temperature distribution within the casting has been determined using the above
method and is depicted graphically in figure 2.4. Consider a point 10 mm from the face of the
mould-casting. After 10 s, 20 s, 30 s, and 42.1 s the temperature of the point is 673°C, 495.9°C,
413.4°C, and 355°C respectively. Consider a point 20 mm from the face of the mould-casting.
The temperature of the point after 10 s, 20 s, 30 s, and 42.1 s is 1146.8°C, 896.1°C, 760.4°C,

and 658.4°C, respectively. According to the temperature distribution (figure2.4), a big
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temperature drop happens initially because of the high heat content at initially. The temperature

drop is observed to decrease with increasing time.

The solidification front (length of casting metal solidified) from mould-metal interface has been
calculated. Figure 2.5 shows the length of casting metal solidified at various time intervals after
pouring. The lengths of casting metal solidified from the mould-metal interface after 0s, 5s, 10
s, 155,205, 25s,30s,35s,40 s and 42.1 s are 0 mm, 17.24 mm, 24.4 mm, 29.85 mm, 34.5
mm, 38.53 mm, 42.2 mm, 45.59 mm, 48.74 mm, and 50 mm. At 42.1 s, the entire casting

material has solidified.
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Figure 2.4: Temperature distribution in casting at different time intervals from pouring.

The length of solidified casting metal is 17.24 mm in the first 5 s, 7.16 mm in the next 5 s, and
decreases as time progresses. A rapid solidification occurs first, followed by a relatively slow
cooling because of the high heat content at initially. The solidification rate can be determined by
dividing the length of solidified metal by the solidification time [156]. The solidification rate
during the first 5 s of pouring is 3.448 mm/s, which decreases to 1.432 mm/s for the subsequent
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5 s. Following that, the solidification rate further decreases to 1.09 mm/s for the next 5 s, and so
on. The average casting solidification rate is defined as the ratio of total length of casting metal
solidified to total casting solidification time [156]. The average solidification rate for this study

1s 1.49 mm/s.

The metal is in a molten state after exiting the solidified zone, and its temperature remains
constant to pouring temperature, as displayed in figure 2.4. For instance, the length of solidified
casting metal from the mould-metal interface after 10 s is 24.4 mm, and the temperature of

molten metal after 24.4 mm to 50 mm is 1540°C (i.e. pouring temperature).
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Figure 2.5: Length of metal solidified at different intervals of time.

As time passes, the solidification front moves through the mould cavity, indicating the amount
of liquid that solidifies at a given time. When the casting cools, it forms two zones: the solid
zone and the liquid zone, with an interface present between them. The temperature in the liquid

zone remains constant throughout the liquid zone from interface.
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2.3 Modified One Dimensional Solidification Model of Casting

The previous model provided valuable information regarding the solidification time and the
location of the solidification front. It revealed that metal casting undergoes a rapid solidification
phase initially, followed by a slower cooling process. Although the pouring temperature could
not be varied in the previous model, in this new model, the pouring temperature can be varied to
investigate its impact on the solidification process. In this section, the mathematical formulation
using error function and complementary error function has been presented and a programming
model has been developed using FORTRAN 95 software. In this thesis aluminium metal casting
of 60 mm length, 60 mm breadth, and 10 mm thickness has been done by steel mould.
Therefore, this model has been performed specifically for an aluminium casting with a steel

mould for a length of 60 mm.

2.3.1 Mathematical Model

T Interface att

N
T;
Solid Liquid
T¢ 7\
I,
<—>
s(t) > %

Figure 2.6: Temperature distribution using the modified one-dimensional model.
A liquid (molten aluminium metal) is confined to a half shell (x>0) at uniform temperature T;
which is higher than the freezing temperature T¢ of the material as shown in figure 2.6. At t=0,
the boundary surface temperature at x=0 is lowered to T, and maintained at that temperature for

t>0. The boundary surface temperature at x=0 (Ty) is less than freezing temperature (Ty) of the
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material. As a result, the solidification begins at x=0, and the interface moves in the positive x-

direction with time. At time t, the solidified length is s(t) from x=0.

For the solid (s) phase,
0%T, 1 9T, (2.13)
— = t>0
ox? ag Ot for
To =Ty atx=0 fort>0
For the liquid (1) phase,
0°T, 10T, 50 (2.14)
oz aar 1"

;=T atx=o fort>0

At interface,

TS = Tl = Tf
T, = Tg(x, t)
Tl = Tl(x, t)

Where T and T, are temperature of solid and liquid phases respectively.
Energy balance equation at interface:

Let the interface is moved from x to x+Ax within the time A¢. Amount of material that has

solidified over the time A¢ =p A Ax.
Heat rejected at the interface= p.A4 AxL.

L= latent heat of the material, A = area of the interface, and p. is the density of the casting

material.
Rate of heat rejection at the interface = p AL % (taking At— 0)

The energy balance equation is in the following form:
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A aTl /1 aTs _ de

Uax T Mox Pt ar

aT, AT, dx

9, _,oh _ ~ ax 2.15
Aoy ~Mox TPl @.15)

Where q is the heat transfer rate and 4 is the thermal conductivity of molten metal. At x=s(z),the

equation (2.15) can be written as,
aT, ds(t) (2.16)

The assumed solution for the solid phase,

T=T,+ Berf(

x ) (2.17)
2,[s t

Where B is a constant.

s(t) (2.18)

2\ /g t

Atx=s@), T=Tf =Ty +Berf

Let (= (ﬂ) = constant (2.19)
2,[oxst
Erf () is called error function. The error function is given by,
(2.20)

erf(x) = i e‘”zdn
\/EO

x3 x5 X7

2
erf(x) _\/_E(X_ﬁ-i_ﬁ_ﬁ-l_m)

Up to (n+1) terms the error function is expressed by,

2 n 2 . Z(2n+1)
erf(x) = ﬁX + ;ﬁ(_l) m

From equation (2.18),
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_Tr=To (2.21)
—erf(Q

Substitute the value of B into equation 2.17, so the solution of the equation 2.17 is,

erf[ X ]
T—Ty YNEN

= (2.22)
Ty —To erf({)
Assume a solution for the liquid phase,
T=T +C f< X > (2.23)
=T erfc
' YNEIN:

Where C is a constant.

The error function has been represented in equation 2.20, which is given by,

erf(x) = 2 e " dn
\/Eo

Where 1) is the variable of integration. The complementary error function denoted by “erfc”. The

complementary error function can be represented as,

2 < . (2.24)
erfc(x) = — | e™7d
Feo = = | e
X
At x=s(t), the equation (2.23) can be written as,
s(t) (2.25)

T=Tf=Ti+Cerfc[

2\ t

T — T,
‘T
S ag
erre 5 Ja
T — T,
c=—0 "
Us
erfc(( a)

Substitute the value of C into equation 2.23, so the solution of the equation 2.23 is,
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X
T—T, erfc[ZJoclt
— = = (2.26)
e

. . . d
Using the relation of the error function —er f(x) =

2 - ~
=e , from equation (2.17),

oT, 2 < _L)
dx Vr 2, t

0T, B e=¢
X ly=sy  Jmogt

The relation between error function and complementary error function is,

erfe(x)=1-erf(x)

Now, from equation (2.23),

aTl_Ca 1 X
ox  dx erf 2./, ¢

oT, 2/ X\ 1
ox Vi 2/, t
2Qs
6Tl e ¢ ay
ax x= s(t) T Xt
And, from equation (2.19),
s(t) = 20/ t (2.27)
ds(t) oCg
dx 't
Substitute the value of a—TS, ? and % into equation 2.16,

_(J

ay
Lk B

]+/11

ol i
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2ds

Ty —Ty e et
As[f 0 ¥

T —T; a
erf(Q) + 4 ‘ : = chec\/?S (2.28)
T o erfL,((\/z:i),/n o )

The values of { and erf ({) can be found out by trial and error method from equation (2.28).

2.3.2 Solution Methodology

This simulation focused on an aluminium casting with a steel mould. The metal was poured at a
temperature higher than the freezing point of the material. The temperature of the metal-mould
interface was taken as the initial mould temperature. The thickness of the casting was set to be

60 mm. The thermophysical properties of aluminium and steel are represented in table 2.2 [157].

Table 2.2: Thermophysical properties of aluminium and steel.

Name Property Value Unit
Aluminium Thermal conductivity (liquid) 100 W/m K
Thermal conductivity (solid) 200 W/m K

Specific heat (liquid) 1200 J/kg K

Specific heat (solid) 1060 Jkg K

Density 2690 kg/m’

Freezing Temperature 933 K

Latent heat 391 kJ/kg
Steel Thermal conductivity 33 W/mK
Specific heat 486 J/kg K

Density 7753 kg/m’

The calculations begin by selecting a small, random value for {. This value is used to determine
the corresponding values of erf(), C\/(as/al ), and erfc(C\/aS/al). The values of erf(), C\/(as/al ),
and erfc(C\/as/al) have been inserted into equation 2.28. The left-hand side (LHS) and right-hand
side (RHS) of equation (2.28) are being calculated. If the difference between the value of LHS
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and RHS is insignificant, then that specific value of { is allowable. Once the value of { is
obtained, the calculation of the total solidification time is performed. The total solidification
time of casting is computed by using the equation 2.19. In that equation t is the total
solidification time. Subsequently, the length of the solidified metal has been determined for a
specific time interval. Equation 2.27 is used to calculate the length of metal solidified at each
time. In that equation, the length of solidified metal at a given time is denoted by s(t). All the

calculations are performed using FORTRAN 95 programming software.

2.3.3 Validation

This model has been validated by comparing it to the casting process presented in existing work
[155]. They [155] utilized a copper mould for iron casting with a thickness of 100 mm. Their
model was one-dimensional (1-D), with the dimension perpendicular to the mould-casting face.
They calculated the solidification time to be 42.1 s. The solidification time was also determined
using the current model, resulting in a value of 42 s. The calculated value (42 s) shows good

agreement with the previous work [155].

2.3.4  Results and Discussion

In this simulation, three different initial temperatures of the mould were considered: 303 K
(30°C), 403 K (130°C) and 503 K (230°C). The model has then been applied to each of these
cases with three different pouring temperatures: 983 K (superheat = 50), 1003 K (superheat =
70), and 1033 K (superheat = 100). As a result, nine simulations have been carried out, where
each pouring temperature has been varied with different mould initial temperature. The aim of
this study is to investigate how the mould initial temperature and pouring temperature affect the
solidification process of the casting.

Table 2.3, table 2.4, and table 2.5 show the solidification times for different pouring
temperatures and mould initial temperatures, while figure 2.7 illustrates the variation of

solidification time with these parameters.
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2.3.4.1 Solidification Time

Table 2.3: Variation in solidification time with different pouring temperatures at a mould initial

temperature of 303 K.

Mould initial temperature= 303 K (30°C)

Pouring ¢ erf() V(o) erfe((Nay/oy ) | Solidification
Temperature Time (s)
983 K 0.7250 0.6949 1.0910 0.1226 6.10
1003 K 0.7129 0.6868 1.0727 0.1290 6.31
1033 K 0.6956 0.6749 1.0467 0.1386 6.63

Table 2.4: Variation in solidification time with different pouring temperatures at a mould initial

temperature of 403 K.

Mould initial temperature=403 K (130°C)

Pouring 4 erf() D) erfe(CNay/ay ) Solidification
Temperature Time (s)
983 K 0.6794 0.6635 1.0223 0.1480 6.95
1003 K 0.6674 0.6549 1.0042 0.1553 7.20
1033 K 0.6503 0.6424 0.9785 0.1662 7.59

Table 2.5: Variation in solidification time with different pouring temperatures at a mould initial

temperature of 503 K.

Mould initial temperature= 503 K (230°C)

Pouring 4 erf() EV(ag/oy ) erfe((Nay/oy ) | Solidification
Temperature Time (s)
983 K 0.6260 0.6241 0.9420 0.1826 8.19
1003 K 0.6142 0.6151 0.9241 0.1910 8.50
1033 K 0.5974 0.6019 0.8988 0.2035 8.99
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The corresponding values of ¢, erf (£), {N(ag/oy ), and erfe({Nog/ay ) are shown in these tables,
which are determined by solving numerical equations and are necessary for solidification time

calculations.
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Figure 2.7: Variation of solidification time with pouring and mould initial temperatures.

As the pouring temperature or mould initial temperature increases, the solidification time also
increases. This is because higher temperatures casting require more time to cool, resulting in
longer solidification times [156]. Furthermore, the solidification time is found to increase almost

linearly with pouring temperature.

2.3.4.2 Solidification Front
Table 2.6 illustrate the length of metal that solidified at various intervals of time, pouring
temperature, and initial mould temperature. The variation of solidified metal length from the

mould casting interface over time is shown in figure 2.8, figure 2.9, and figure 2.10.

For a pouring temperature of 983 K and mould initial temperature of 303 K, the solidified
lengths of casting metal after 1 s,2s,35s,4s,5s,and 6.10 s from the mould-metal interface are
12.14 mm, 17.17 mm, 21.03 mm, 24.29 mm, 27.16 mm, and 30 mm, respectively. The entire

casting material solidifies after 6.10 s. The solidification initially occurs rapidly and then
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gradually slows down due to a big temperature drop happens initially because of the high heat
content at initially [156]. The length of solidified casting metal is 12.14 mm in the first 1 s, 5.03
mm in the next 1 s, and decreases as time progresses. The average casting solidification rate is
calculated as the ratio of the total length of casting metal solidified to the total casting

solidification time, which is 6.25 mm/s for this case.

Table 2.6: Variations in metal solidification length at different time intervals, mould initial

temperatures, and pouring temperatures.

Time Length of metal solidified from mould-casting interface (mm)
(s)
Mould initial temperature Mould initial temperature Mould initial temperature
=303 K (30°C) =403 K(130°C) =503 K(230°C)
Ty Ty Ty Tp Tp Ty Ty Ty Tp
=983K | =1003K | =1033K | =983K | =1003K | =1033K | =983K | =1003K | =1033K

0 0 0 0 0 0 0 0 0 0
1 12.14 11.94 11.65 11.38 11.18 10.89 10.49 10.29 10.01
2 17.17 16.89 16.48 16.09 15.81 15.40 14.83 14.55 14.15
3 21.03 20.68 20.18 19.71 19.36 18.87 18.16 17.82 17.33
4 24.29 23.88 23.30 22.76 22.36 21.79 20.97 20.57 20.01
5 27.16 26.70 26.05 25.45 24.99 24.36 23.45 23 22.37
6 29.75 29.25 28.54 27.87 27.38 26.68 25.68 25.20 24.51

t 30 30 30 30 30 30 30 30 30

Similarly, for an initial mould temperature of 303 K and pouring temperature of 1003 K, the
average solidification rate is 6.1 mm/s, and for 1033 K, it is 5.9 mm/s. The average solidification
rate decreases with increasing pouring temperature at a constant mould initial temperature

because a higher temperature body takes longer to cool down.
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Figure 2.8: Length of metal solidified for different time intervals and pouring temperatures at
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Figure 2.9: Length of metal solidified for different time intervals and pouring temperatures at
Ty=403 K.
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Figure 2.10: Length of metal solidified for different time intervals and pouring temperatures at
Ty=503 K.

For an mould initial temperature of 403 K, the average solidification rates for pouring
temperatures of 983 K, 1003 K, and 1033 K are 5.71 mm/s, 5.36 mm/s, and 5.18 mm/s,
respectively. Similarly, for an initial mould temperature of 503 K, the average solidification
rates for pouring temperatures of 983 K, 1003 K, and 1033 K are 4.73 mm/s, 4.62 mm/s, and
4.46 mm/s, respectively. At a constant pouring temperature, the average solidification rate

decreases with increasing mould initial temperature.

Three different pouring temperatures were tested: 983 K, 1003 K, and 1033 K, resulting in
solidification times of 6.1 s, 6.31 s, and 6.63 s, respectively. Since the solidification time values
are close to each other, it can be observed that the average cooling rates (calculated as the
thickness of the solidified metal divided by the solidification time, mm/s) are approximately the
same for all three pouring temperatures. The length of metal solidified from the mould-casting
interface at a given time and with an initial mould temperature of remains relatively consistent

as shown in figure 2.8, figure 2.9, and figure 2.10.
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2.4 Conclusions

In this chapter, two one-dimensional casting solidification models have been simulated. The
FORTRAN 95 programming software was utilized to simulate the models. By using the first
model, it was possible to calculate the solidification front, which is the length of the casting
metal that has solidified from the interface with the mould. The simulation results indicated that
the solidification time was 42.1 s, with an average solidification rate of 1.88 mm/s. During the
first 10 seconds after pouring, the solidification rate was found to be 2.44 mm/s, followed by
1.01 mm/s during the subsequent 10 s, and finally 0.77 mm/s during the following 10 s. These

results indicate that rapid solidification occurred initially.

In the first model, the pouring temperature of the material was fixed as the freezing temperature
and could not be altered during the simulation. Pouring temperature is a crucial parameter in
casting as it impacts both the solidification time and the position of the solidification front.
Unfortunately, due to the limitations of the model, only the mould temperature can be varied to
observe its effect on the solidification process.

The pouring temperature and mould initial temperature both can vary in the second
solidification model. The second one-dimensional mathematical model used in this section is
based on the error function and complementary error function. The model is used to simulate the
solidification process of a casting and calculate the solidification times for different pouring
temperatures and different mould initial temperatures. The simulation results showed that the
solidification time increases with pouring temperature at constant mould initial temperature and
solidification time also increases with mould initial temperature at constant pouring temperature.
Furthermore, the solidification time is found to increase almost linearly with pouring
temperature. The solidification front has also been calculated using this model. The model
showed that rapid solidification occurs initially, followed by a relatively slow cooling process.
The average solidification rate decreases with increasing pouring temperature at a constant
mould initial temperature and it decreases with increasing mould initial temperature at a

constant pouring temperature.
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It is important to note that in both models, pouring velocity has not been varied. Therefore, the
effect of pouring velocity on solidification could not be investigated. The porosity cannot be
calculated using both models. Additional models would be needed to predict or measure

porosity formation in the casting.
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CHAPTER 3: CASTING BY THREE DIMENSIONAL MODEL

3.1 Introduction

The previous models were used to calculate the solidification time and length of solidified metal
at different times in chapter 2. These models were one-dimensional and simple, meaning they
only considered one direction and were easy to understand. The first model allowed for the
variation of pouring temperature, which is the temperature of the liquid metal being poured into
the mould cavity. The second model allowed for the variation of pouring temperature and the
mould initial temperature. However, these models were not able to vary the pouring velocity; an
important casting parameter that refers to the speed at which liquid metal is poured through the
sprue into the mould cavity. They also couldn't calculate the air porosity. The air porosity in
the solidified casting is measured by the ratio of the total volume of air present in the
solidified casting to the total volume of the casting. Since the pouring velocity was not
considered in these models, the solidification front, which is the boundary between the solid and

liquid metal, could not be accurately determined.

In this chapter a three dimensional model has been created where the model is more accurate in
practical idea. Because the casting process is complex, researchers made some assumptions to
simplify the casting process. Some researchers assumed that solidification only starts after the
mould cavity is completely filled with molten metal [158, 159, 160, 161]. Different researchers
have different assumptions about the flow inside the mould cavity. Some researchers assumed
that the flow is laminar, regardless of the pouring velocity [116, 162, 163, 164, 165].
Meanwhile, other researchers discussed casting without considering the presence of air in the

mould cavity [156, 166, 167].

The aim of this chapter is to create a more practical simulation model that can accurately
simulate the casting process. It is expect that solidification will begin at the beginning of the
metal being poured. In this study, a two-phase system consisting of air and aluminium has been

used to simulate the filling and solidification of aluminium in the mould cavity. The flow inside
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the mould cavity is either laminar or turbulent, and this is determined by the Renolds number,
which is calculated based on the pouring velocity. The natural convection that occurs between
the mould outside surface walls and atmosphere has also been taken into account. This model
allows for the variation of pouring velocity, pouring temperature, and mould initial temperature.

Furthermore, this model can determine the air porosity and clear solidification analysis.

3.2 Computational Model for Solidification

To simulate the casting process, Ansys Fluent [168] is employed. The process of filling a casting
is a time-dependent flow of a viscous, incompressible liquid with a free surface. The two phase
volume of fluid model (VOF) is used to track the position of interface of the two fluids [49]. The
mould was initially filled with air and molten aluminium is poured in the mould cavity.
Therefore, the primary phase or fluid is air and secondary phase or fluid is aluminium. The RNG
k-¢ method has been used to model the turbulence inside the mould cavity. The RNG k-epsilon
turbulence model is useful for predicting flow patterns in confined flow systems. Nzebuka et al.
[169] and Waheed et al. [89] used the RNG k-epsilon turbulence model to investigate flow
patterns and turbulent transport quantities in a horizontal direct-chill casting system.
Solidification model and energy model has been taken for a more comprehensive understanding
of the casting process. Solidification modelling involves simulating and predicting the
solidification behaviour of the molten metal as it cools and solidifies inside the mould. Energy
modelling focuses the heat transfer and thermal behaviour during the casting process. Conjugate
heat transmission happens in the casting process. The numerical analysis of the casting
solidification process taking into account the motions of the molten metal is dependent on the
solution of the system of the following equations [49, 168, 169, 89, 170, 171]: Reynolds-
averaged Navier-Stokes (RANS) equations, energy equation, volume fraction equation, and

turbulent k- equation.

54



3.2.1 Reynolds-averaged Navier-Stokes (RANS) Equations

The instantaneous continuity equation describes the conservation of mass in a fluid, while the
instantaneous momentum equations describe the conservation of momentum. However, these
equations are difficult to solve for turbulent flows because the turbulence introduces fluctuations
in the flow variables that are difficult to predict or model accurately [89, 170, 172]. Reynolds
averaging separates the flow variables into mean or time average component and fluctuating
component. In Reynolds averaging, the variables are divided into mean (ensemble or time-

averaged) and fluctuating components [170, 173]. For the velocity component ,

u=u-+u (3.1)
Where U and 0 are mean (ensemble-averaged or time-averaged) and fluctuating components of

velocity.

Likewise, for pressure and other scalar quantities: y = {y + ). Where y denotes a scalar such
as pressure or energy. In Reynolds averaging, the flow variables, such as velocity, pressure, and
density, are decomposed into their mean and fluctuating components. The mean component
represents the time-averaged behaviour of the flow, while the fluctuating component captures
the turbulent fluctuations around the mean. The Reynolds-averaged Navier-Stokes (RANS)
equations are obtained by substituting the decomposed variables into the instantaneous
continuity and momentum equations and then taking the time average component (and
neglecting the overbar on time average component, like velocity is written as u instead of )
[170]. The resulting equations provide a closure model for turbulent flows, where the effects of
turbulence are modelled using additional terms such as the Reynolds stresses, which represent

the effects of the fluctuating velocities on the mean flow.
The ensemble-averaged or time-averaged continuity and momentum equations can be written as:

The continuity equation,
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dp , (3.2)
—+ V. =0
5 T V-(P7)
The momentum equation,
a(pv . o(—pulu)) . (3.3)
() 4+ V. (pUV) = —Vp + pg + V. [uV¥] +M+F

ot 0x;

j

Where v represents velocity vector, i denotes the dynamic viscosity coefficient, g represents the
gravitational acceleration vector, and F is the source term used to modify the momentum
equations in the mushy region. The Carman-Koseny model, suggested a formulation for the
source term as follows [174],

_ Cmushv(1 - B)z
B3+e€

F=

Here, C,., is the mushy zone constant which is equal to 10* [170], and to prevent division by

zero, the constant € is assigned a value of 0.001.

Equations 3.2 and 3.3 are known as Reynolds-averaged Navier-Stokes (RANS) equations,
which have a similar structure to the instantaneous Navier-Stokes equations [170, 175].
However, in the RANS equations, the velocities and other solution variables represent
ensemble-averaged or time-averaged values [175, 176]. The process of substituting expressions
for the flow variables into the instantaneous momentum and continuity equations and taking a
time (or ensemble) average is known as Reynolds averaging [175, 177, 178]. This is a
mathematical technique used in fluid dynamics to separate the mean flow from the fluctuating or

turbulent flow.

The additional term in the Reynolds-averaged momentum equation is the Reynolds stress tensor,
which represents the effects of the fluctuating velocities on the mean flow. The Reynolds stress

tensor is a symmetric, second-order tensor. It is defined as [179],

R;j = —pujy (3.4)
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Where R;; is the Reynolds stress tensor, u; is the fluctuating velocity in the i-th direction, and uJ’-
is the fluctuating velocity in the j-th direction. The negative sign arises because the Reynolds
stress tensor represents the transfer of momentum from the fluctuating velocities to the mean
flow. The overbar indicates the product of the two fluctuating components. Since the Reynolds
stress tensor is a symmetric tensor, and its components can be expressed in terms of the

Reynolds stresses in the x, y, and z directions,

Ryx = _pu;cu;c

e
Ryy = —puyuy
R,, = —puzu;

— — ! !
Ryy = Ryx = —puyu,,
— — !

Ryz = Rzx = —pusity
— — !
Ryz - Rzy - _puyu;

Where the subscripts denote the directions in which the Reynolds stress is measured.

3.2.2 RNG k-¢ Equations

The RNG k-¢ model is a turbulence model used in computational fluid dynamics (CFD)
simulations to predict turbulent flows [49, 89, 180]. The RNG model presents equations for
turbulent kinetic energy (k) and dissipation rate (¢) that are used to calculate the Reynolds
stresses and other turbulence parameters. Turbulent kinetic energy (k) represents the energy
associated with the turbulent fluctuations in the velocity field. Dissipation rate (€) represents the

rate at which turbulent kinetic energy is dissipated due to viscous effects.

The equations for turbulent kinetic energy (k) and dissipation rate (¢) in the RNG model are as

follows:

Equation for turbulent kinetic energy (k),

d(pk)
ot

(3.5)

+ V. (pk¥) = V. (% persVk) + Gy + Gy — pe
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Equation for dissipation rate (g),

d(pe) , € g2 (3.6)
ot + V. (pev) =V (°<£ .ueffvg) + CelE(Gk + Ce3Gp) — Cszp? —Re

The effective viscosity is defined as,

Herr = M+ g (3.7

Where y is the molecular viscosity of the fluid and g, is the turbulent viscosity.
The turbulent viscosity is then computed using the following equation,

k? (3.8)
He = pr =

Where p is the density of the fluid, C, is a model constant and C,= 0.085 which has been derived
using the Renormalization Group (RNG) theory. The term Gj denotes the generation of
turbulence kinetic energy as a result of the mean velocity gradients. This term arises from the
fact that mean velocity gradients in the fluid can induce the formation of turbulent eddies, which
in turn generate turbulence kinetic energy. G; depends on the Reynolds stress tensor [170, 181].

It can be expressed as,

axi

Gk = —puy,
Where u; is the velocity component in the j-th direction and x; is the spatial coordinate in the i-th
direction. The term Gy, represents the rate at which turbulence kinetic energy is generated due to
the effects of buoyancy [182]. It can be expressed as,

pe 0p (3.10)
Gy = —gip==s
Tep 0X;
Where Pr, is the turbulent Prandtl number and g; is the component of the gravity

vector in the i-th direction. The default value of the turbulent Prandtl number for the standard

and realizable k- € models is 0.85. However, In the case of the RNG k-¢ model [170, 183],

Aeff Pr pcp
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The a.4is given by [183],

Aepr — 1.3929)%9%2Y 1@ pp +2.3929\%¢7° (3.12)
a— 13929 a + 2.3929 lerf

p is the density of the fluid, ¢, is the specific heat at constant pressure, o,; is the effective
thermal diffusivity, a is the molecular thermal diffusivity. g is the molecular viscosity or

viscosity of the fluid and x4 is the effective viscosity.

The degree to which € is impacted by the buoyancy is determined by the constant C.3. The
constant C.5 in the RNG k-¢ turbulence model can be determined using the following equation
[170, 184]:

C.s = tanh |§| (3.13)

The terms "v" and "u" refer to the components of the velocity vector that are parallel and
perpendicular to the direction of gravity, respectively. Therefore, when the flow direction is

perpendicular (normal) to the direction of gravity, the value of C,3 is zero. On the other hand,

when the flow direction is parallel to the direction of gravity, the value of C,5 is equal to 1.

The main difference between the RNG and standard k- models lies in the additional term R, in
the turbulence dissipation rate equation [185]. This term is a correction factor that accounts for

the curvature effects on the turbulence structure [186].

Cupni®(1 = Z—;) g2 (3.14)

R. =
€ 1 + CBT’]_?) k

Where #,=Sk/e, n,=4.38, (p=0.012

The modulus of the mean rate-of-strain tensor (S) is a scalar quantity used in turbulence

modelling to describe the deformation rate of a fluid flow [187]. It is defined as,

(3.15)

S= 1258

ijoij

Where S;;1s the mean rate-of-strain tensor, which describes the deformation of fluid particles due

to the velocity gradient. The mean rate-of-strain tensor is defined as,
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g 1 oy Oy (3.16)
b= 2 aXJ axl-

Where u; and u; are the velocity components in the i and j directions, respectively, and x; and x;
are the corresponding coordinate axes. The inverse effective Prandtl numbers (o and a,) are
calculated using the equation 3.12 and default value in Ansys Fluent are [170], a4= a, = 1.393.
The default values in Ansys Fluent of the model constants C,; and C,, are 1.42 and 1.68

respectively.

3.2.3 Volume Fraction Equation

The VOF (Volume of Fluid) model is used for tracking the interface between two or more
immiscible fluids. It is particularly useful when the position of the interface is of interest. In this
model, a single momentum equation is solved across the entire domain, and the resulting
velocity field is shared among the different phases [170]. The volume fraction of each fluid is
tracked in each computational cell throughout the domain. The VOF formulation is based on the
assumption that multiple fluids or phases do not mix each other. When modelling multiple
phases, a volume fraction variable is introduced for each phase in every computational cell. The
volume fraction represents the ratio of the volume occupied by a particular phase in a cell to the
total volume of the mixture or cell. In each control volume (cell), the sum of the volume
fractions of all phases is always equal to one. The properties are shared among the phases and
represent volume-averaged values. Thus, Depending on the volume fraction values, the
properties within a given cell can either purely represent one of the phases or represent a mixture
of the phases. In a two-phase system, considering the subscripts "a" and "b" represent the
primary and secondary phases, respectively. The volume fractions of these phases in a specific
cell are denoted as ¢, and ¢,. In this context, there are three possible scenarios within a given
cell: ¢, = 0: The secondary (b™) phase is absent in the cell. ¢, = 1: the secondary (b™) phase

completely fills the cell. 0 < @, < 1: both phases are present in the cell, and there is an interface

between the secondary (b™) phase and the primary (a™) phase.
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To keep track of the interface(s) between the phases, a continuity equation is solved for the
volume fraction of secondary (b™) phase. For secondary (b™) phase, the equation takes the

following form,

2(opPp)
dat

o (3.17)
+ V. (@pppV) = Mgy — Mpg

Where 1, represents the mass transfer rate from phase a to phase b, and my, represents the

mass transfer rate from phase b to phase a. U is the velocity vector and t is the time. The

primary-phase volume fraction is determined based on the following constraint in a cell,

gt op=1 (3.18)
The properties used in the transport equations are calculated by the presence of the component
phases in each control volume. The volume fraction averaged approach is utilized to calculate
every mixture property within each cell. For example, the density of a two-phase mixture (p) in

a cell is determined by,

P = PaPat+ Py = (1 —@p)pa + ©ppPp (3.19)

Where p, represents the density of the phase a, and p, represents the density of the phase b.

Similarly, the viscosity of a two-phase mixture in a cell is

=0 —=@pta+ Pty (3.20)

3.2.4 Liquid Fraction and Energy Equation

In ANSYS Fluent, the enthalpy-porosity technique is employed to model the solidification
process. This technique does not explicitly track the melt interface but instead utilizes a
parameter known as the liquid fraction. The liquid fraction represents the fraction of the cell
volume that is in the liquid state. During each iteration of the simulation, the liquid fraction is
calculated based on an enthalpy balance. By tracking the changes in enthalpy and using the
computed liquid fraction, this technique can determine the regions where phase change occurs
and the corresponding distribution of solid and liquid phases. The mushy zone refers to a region

within a material where both solid and liquid phases coexist and the liquid fraction ranges
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between 0 and 1. At the start of solidification, when the material is entirely liquid, the liquid
fraction is 1. As solidification proceeds, the liquid fraction gradually decreases as more of the
material transforms into a solid phase. When the solidification process is complete in a cell, the
liquid fraction in that cell reaches zero. This means that all the material in that cell has
solidified. In a fully solidified cell, where the liquid fraction is zero, the velocities within the
material also drop to zero. Voller and Prakash [188] employed the enthalpy-porosity method in

their research on solidification theory.

The material enthalpy is determined as the sum of the sensible heat (4;) and latent heat (4,), as

shown below:

T (3.22)
h; = hper + f CpdT
Trer

Where £ is the total enthalpy. The specific heat at constant pressure is denoted by C,, the

reference temperature is 7, and /., represents the reference enthalpy.

The latent heat component can be represented in terms of the latent heat of the material, L, and

liquid fraction, S.

h, = BL (3.23)

The liquid fraction can be addressed as:

0if T < Ty (3.24)
_T-Te
Tli - Tso
1ifT > Ty

i if Ty < T < Ty

Where T, and Tj; are the solidus and liquidus temperatures of molten metal. The latent heat

component (/,) may vary from zero (for solids) to L (for liquids).
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The equation of energy is written as:

o v TV 3.25
(gt ) +V.(V(PE + p)) = V. Qe VT) + V. (TV) + Spy (3.25)
2
—h-240
PEhTot

= ou; |, 0yj
The Reynolds stress tensor T = g (ﬁ + —')
oxj 0%y

The effective thermal conductivity (A.p) is obtained as:

Aeff = GeffCpllery
The value of o.is obtained by utilizing equation 3.12. The total energy is denoted by E and the
effective conductivity is denoted by Az A;, pri, u1, and u.5 are the turbulent thermal conductivity,
turbulent Prandtl number, turbulent viscosity, and effective viscosity respectively. Energy
transfer resulting from conduction and turbulence energy diffusion are represented by the first
two terms on the right-hand side of the energy equation. The first term of left hand side is the
rate of change of the total energy density and second term is the convective heat transfer due to

the bulk fluid motion. S, includes any volumetric heat sources and it is zero in this study.

3.2.5 Implementing the Model for Analysis

The system of all equations is solved by taking proper initial and boundary conditions using the
Ansys Fluent [170]. The momentum equation was discretized using the implicit approach as
suggested by Calderon-Ramos et al. [189]. The PRESTO [189] scheme was employed for
pressure interpolation. The QUICK and compressive schemes were used to solve the energy
and VOF (Volume of Fluid) equations respectively. The solution method currently utilizes a
segregated algorithm based on pressure, such as the SIMPLEC algorithm, to solve the flow
equations and determine the velocity field [189]. The evaluation of the turbulence equation
coefficients is carried out using a first-order upwind scheme as suggested by Galvan et al. [190].

The transient formulation is solved using a first-order implicit scheme [191].
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To achieve a stable iterative process, under-relaxation factors are being employed as stated by
Xu et al. [192]. The under-relaxation factor is a number used to update the solution variable
during each iteration of a numerical process [193]. It helps control the rate of convergence and
stability. The under-relaxation factors typically range between 0 and 1. The typical values of
under-relaxation factors employed are 0.3 for pressure, 0.8 for density and body force, 0.7 for
momentum, 0.5 for volume fraction, 0.9 for liquid fraction, 0.7 for turbulent kinematic energy

and turbulent dissipation rate, 0.9 for turbulent viscosity, and 0.8 for liquid fraction and energy.

The iterative solution method is employed to solve the nonlinear equations that govern fluid
flow. Convergence is reached when additional iterations become unnecessary, signifying that
the solution has attained a stable state and satisfies the equations adequately [194]. In Ansys, the
convergence of the solution is determined using a criterion based on the relative error [171],
which is calculated as e = [|6;51 — 6;1|/116;||. Here, 0;; and 6; are the solutions obtained from
consecutive iterations, and ||@|| represents the Euclidean norm of . To determine convergence
in Ansys, the relative error e is compared to the default residual target. Once the error e falls
below this target, the solution is considered to have converged, indicating that further iterations
are no longer necessary. The default residuals in Ansys for each time step are 0.001, 0.001,
0.000001, and 0.001 for the mass, momentum, energy, and turbulence equations, respectively.
For each case, an iterative convergence solution is obtained by performing 4000 iterations at

every time step.

Nzebuka et al. [169] also mentioned in their study that a long-time solution was computed until
convergence was achieved at each time step. A time step of 10” s is used to initialise the
calculation for the temporal convergence of all equations in the simulation. It is later (after 2 s of
running the simulation) updated to 10 s to reduce the overall simulation completion time while
maintaining equation convergence. This is being done in accordance with Wu et al [195]. The
simulations were conducted on a machine with a Core-i7 processor and 32 GB RAM. Each

simulation takes an average of 300-400 hours to complete.
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3.3 Validation of the Model

For validation, the proposed model/method is compared with the experimental result of
Mozammil et al. [116]. They have considered a bottom gated mould cavity for a plate measuring
100 mm % 50 mm % 25 mm and a bar 40 mm X 13 mm x13 mm, as shown in figure 3.1. They
used the green sand mould for pure aluminium casting. Dimensions of several components
employed in the bottom gating casting are shown in table 3.1. They carried out experiments as
well as simulations to find out porosity at different temperatures. The casting process involved a
pouring time of about 12.5 s and a pouring velocity of about 250 mm/s.

The same mould geometry has been considered for the validation of our model. The casting
process has been simulated by our proposed methods/model for various pouring temperatures. A
total of 153101 quadrilateral elements were taken in the aluminium casting with sand mould.
The mesh view is shown in figure 3.2. The thermophysical properties of aluminium and air are
shown in table 3.3. The density, specific heat, and thermal conductivity of sand have been
obtained from existing literature sources [196, 197], and their values are 1600 kg/m’, 1170 J/kg-
K, and 0.8655 W/m-K. Molten aluminium metal is poured from sprue inlet. At the inlet,
velocity is the same as the pouring velocity of molten metal, and temperature is equal to the
pouring temperature of molten metal. During the pouring process, the air is allowed to leave
through the riser (outlet). A pressure outlet boundary condition (ambient air pressure) is
imposed at the outlet. Six outside boundary surface walls of the mould are exposed to the
atmosphere. The porosity in the solidified casting is measured by the ratio of the volume of air
present in the solidified casting to the total volume of the casting.

Figure 3.3 and table 3.2 shows the porosity value obtained from the simulation and experimental
results of Mozammiil et al. [116] at various pouring temperatures. All the results were obtained
by maintaining a constant pouring velocity of 250 mm/s and varying the pouring temperatures.
According to the experimental results of Mozammil et al. [116], the porosity values at pouring
temperatures of about 970 K, 1000 K, 1050 K, and 1075 K were found to be 0.0078, 0.0087,

0.0091, and 0.0095, respectively. On the other hand, their simulation results for porosity yielded
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values of about 0.0073, 0.0076, 0.0082, and 0.0085, respectively, for the same pouring

temperatures.

Sprue well Bt

Figure 3.1: Bottom gating casting used by Mozammiil et al. [116].

Figure 3.2: Mesh view of bottom gating casting.
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In the present study, using our simulation model, the porosity values obtained were 0.0077,
0.0086, 0.0090, and 0.0094 at pouring temperatures of 970 K, 1000 K, 1050 K, and 1075 K,
respectively. Based on the porosity values obtained from the present simulation results and the
experimental results of Mozammil et al. [116], it can be observed that there is a better agreement
between the two. The simulation results show a close similarity to the experimental data,
suggesting a strong correlation between the model utilized in the present study and the results
obtained by Mozammil et al. [116].

Table 3.1: Dimensions used in bottom gating casting [116].

Name of the Components Name of the Parameters Value (in mm)
Diameter 10
Diameter of sprue

Length 80
Diameter 15

Sprue well
Height 20
Length 90
Runner Width 8
Height 10
Length 15
In-gate Width 10
Height 12
Diameter 25

Riser

Height 25
Diameter 20

Riser neck
Height 10
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Table 3.2: Comparison of porosity results with pouring temperature using the current model.

Pouring Experimental result | Simulation result of | Porosity measured
Temperature (K) of Porosity of Porosity of by our model
Mozammil et al. [116] Mozammil et al.
[116]
970 K 0.0078 0.0073 0.0077
1000 K 0.0087 0.0076 0.0086
1050 K 0.0091 0.0082 0.0090
1075 K 0.0095 0.0085 0.0094

The present methods/model have been validated to closely resemble the practical scenario, thus
a 60 mm x 60 mm X 10 mm pure aluminium casting with a steel mould has been selected for

further analysis in this thesis.

0.0095 + Experimental result of Mozammil et al.[116]
—— Simulation result of Mozammil et al.[116]
{ [~ Our simulation result
0.0090
Py
8 0.0085
—
e}
o
0.0080 —
0.0075
0.0070

' I ' I ' | ! 1 ' I N 1
960 980 1000 1020 1040 1060 1080
Pouring Temperature (K)

Figure 3.3: Comparative analysis of porosity vs pouring temperature with results of the current
model.
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3.4 Analysis of the Present Work

The total system of the casting-mould is shown in figure 3.4. Sprue, riser, mould, casting, and
mould wall are illustrated in figure 3.4. A mould cavity or chamber that has been made for the

casting where molten metal is poured and solidified.

Casting Casting front face

Figure 3.4: Three-dimensional representation of the mould and casting.

Casting front face

\v* X

Base of the mould cavity or
casting bottom surface

Figure 3.5: Dimensions of mould cavity or casting.
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Figure 3.5 shows the mould cavity for the casting, with dimensions of 60 mm length, 60 mm

breadth, and 10 mm depth. The different faces or surfaces and walls are shown in figure 3.4 and

figure 3.5. Figures 3.6 and 3.7 depict the mesh view of the entire analysed system and the mesh

view of the casting, riser, and sprue respectively.

Mesh in the analysed system.

Figure 3.6
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Mesh in the casting, riser, and sprue.

Figure 3.7

The mould is made of 1.5 percent carbon steel of dimension 84 mm x 84 mm X 34 mm. The

thermophysical properties of aluminium, steel, and air are shown in table 3.3 [157, 197]. The
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riser is placed in the middle of the casting so that it can feed equally in all directions of the
casting. Riser design is important in casting processes as it serves as a reservoir of molten metal

to compensate for the solidification shrinkage of the casting
3.4.1 Optimizing Riser Configuration and Mould Cavity Design

The shape and size of the riser are determined by Caine’s method [155]. According to Caine's
method, the time it takes for solidification to occur is directly proportional to the square of the
ratio of volume to the surface area. To neglect shrinkage porosity it was taken into account that

aluminium experiences a volumetric shrinkage of about 6.5% during solidification [155].

According to Caine’s method [155, 198], the solidification time of casting or riser is related to

the square of the ratio of its volume to surface area. This relationship can be expressed as

£, = Km(%)z (3.26)
Where t; is the solidification time, V is the volume, A is the surface area, and K, is the mould
constant. In the context of riser design, the molten metal inside the riser serves to compensate for
the volume reduction caused by shrinkage during solidification. As a result, the molten metal in
the riser must solidify at a later stage than the molten metal in the casting cavity. However, using
a large riser to achieve a longer solidification time is not practical due to the varying shrinkage
characteristics of different metals. Therefore, it is important to choose the dimensions of the riser
in a way that minimizes the A/V ratio while ensuring an adequate volume based on shrinkage
considerations. It is important to note that the liquid metal flows from the riser into the mould
only during the early part of the solidification process. As a result, the minimum volume of the
riser should be approximately three times that dictated by shrinkage considerations alone, which
can be calculated as Volume of riser [155] = 3 x shrinkage x volume of casting. To ensure that
the solidification time in the riser is large, it is necessary to choose the dimensions of the riser
carefully. The diameter/height ratio of the riser should be chosen in a way that minimizes the

surface area for a given volume. The sphere might seem like a good option because it has a low
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surface area-to-volume ratio, but it is challenging to feed because the hottest metal is located in

its centre. Therefore, a cylindrical form is the second-best option and is mostly used.

The surface area of top riser (one surface is open to the atmosphere)
s
Ag = tD.H, + ZDTZ (3.27)

Where D, is the diameter of the riser and H, is the height of the riser

The volume of riser (V,) is

I
V. = ZDrZHr (3.28)
From the equation 3.28
. 4V, (3.29)
" nD,?

Substitute the value of H, into the equation 3.27

4V, m (3.30)
A, =—+-D,?
T Dr + 4 T
For Ap to be minimum o4y _ 0
aD,
-4V | 7D,
Ol‘, D_r2+ TEZ =0
or, 0,3 =& (3.31)
i

Substitute the relation D,.> = % in the equation 3.29

D
H, - é (3.32)

As a result, the surface area of the riser would be minimized when the height-to-diameter ratio
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of the riser was set to 1/2.

The dimensions of the cavity are £ mm in length, b mm in breadth, and d mm in depth.

Volume of the casting V= ¢bd mm’ (3.33)

Aluminium experiences a volumetric shrinkage of about 6.5% during solidification [155].
Therefore, volume of the riser, V,=3x0.065x V. mm’ (3.34)

The surface area of the casting can be calculated by excluding the area bottom surfaces of riser
and sprue because of purpose of heat dissipation.

T T
A. = 2¢b + 2bd + 2d¥ — ZDSPZ — ZDTZ (3.35)

Where Dy, is the diameter of sprue and D; is the diameter of riser

T

s
_Tp2 (3.36)
4 r

Ds,’ 7

A.=a, —

Assume a, = 2¢b + 2bd + 2d¥¢

The riser is designed to solidify last, we need (5), < (),

T T
Or, 6 < ac — ZDsp2 - ZDrz
D, ~ Ve
O T T
= a.D, — ZDrDspz - ZDﬁ <6V,
Or,

T 3 n 2
207" —acD, + 7DDy = —6V,

Or, T 3 T
20 —Dr (ZDSPZ —a;)+ 6V, 20
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Or, 4 24
D,?+ D, (Dspz —;ac) +— V20
D, — Ve

Equation (3.37) can be used to compute the diameter of the riser.

The dimensions of the cavity are 60 mm in length (£), 60 mm in breadth (b), and 10 mm in depth
(d). Therefore, by applying equation 3.33 and equation 3.34, the values of V¢ (volume of the

casting) and Vg (volume of the riser) can be determined.

Volume of the casting V.= £bd =60 x 60 x 10= 36000 mm®

Volume of the riser, V=3 x 0.065 x V,=7020 mm’

The diameter of the sprue (Dy,) is taken to be 12 mm.

By using the trial and error method to calculate equation 3.37, it is determined that the diameter

of the riser (D,) is equal to 24 mm.

According to equation 3.32, the height of the riser (H,) is determined to be 12 mm.

Figure 3.8 provides a representation of the dimensions of the mould cavity for casting, as well
as the dimensions and position of the sprue and riser. The riser is positioned at the centre of the
cavity to allow for equal feeding in every direction [53, 62]. This ensures that the molten

material can distribute evenly throughout the casting.

3.4.2 Pouring Time

Pouring time is measured as the ratio between the total volume (mould cavity, sprue, and riser)

and the volume of molten metal entering per unit time through the inlet [53, 199].

Total Cavity volume (V) = volume of the sprue+ volume of the riser+ casting

volume
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= Dgp Hgp + 3 Dr*Hy + £bd
=§ 122x12 + 2242x12 + 60x60x10

=1356.48+5425.92+36000
=42782.4 mm’

At inlet of the sprue,

o 2 _ 3.38
209 Vot =V (3.38)
Where, pouring velocity= v,, and t, =pouring time.
Therefore, pouring time (t,) is given by,
4V (3.38)

t, = ———
P T[Dspzvp

Five different pouring velocities of 380 mm/s, 415 mm/s, 450 mm/s, 485 mm/s, and 520 mm/s
were used, resulting in calculated pouring times of 1 s, 1's, 0.9 s, 0.8 s, and 0.8 s respectively.

Some pouring times are the same due to rounding to the nearest number.
The Reynolds number at inlet of the sprue [200],

i

Re

The Reynolds number is greater than 2000 for all pouring velocities at inlet of the sprue,

indicating that the flow inside the mould cavity is turbulent.

3.4.3 Initial and Boundary Conditions

Initially, the mould cavity, riser, and sprue are filled with air at atmospheric temperature. The
temperature of the analysed system at the beginning is equal to the atmospheric temperature,
which is 30°C. When mould is preheated, initially this temperature will be preheating
temperature. During the filling process, the molten metal enters the mould cavity through
the sprue inlet. At the inlet zone, velocity is the same as the pouring velocity of molten

metal, and temperature is equal to the pouring temperature of molten metal. The primary and
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secondary phases in this two-phase system are air and aluminium, respectively. During the
pouring process, the air is allowed to leave through the riser outlet. A pressure outlet
boundary condition is imposed at the outlet zone where ambient air pressure is specified.
Six outside boundary surface walls of the mould are exposed to the atmosphere, where natural
convection occurs. The convection heat transfer coefficients are calculated by taking air
properties [197] (thermal conductivity, kinematic viscosity, and Prandtl number) at mean film
temperature to determine the natural convection between the mould surface wall and
atmospheric air.

Front View(X-Z Plane): Side View(Y-Z Plane):

Mould
Sprue

Riser

1
Mould cavity 1
pE———— 1

|<—'-I*I<—> g — = L 8

% ] Ll I ! >
|

Top View(X-Y Plane):

Figure 3.8: Casting dimension with sprue and riser in mm.
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Table 3.3: Thermo-physical properties of the aluminium, air, and steel used in the simulations.

Name Property Value Unit
Thermal conductivity (liquid) 100 W/mK
Thermal conductivity (solid) 200 W/m K
Specific heat (liquid) 1200 JkgK
Specific heat (solid) 1060 JkgK
Aluminium
Density 2690 kg/m’
Viscosity 0.001 kg/m s
Freezing Temperature 933 K
Latent heat of solidification 391 kJ/kg
Thermal conductivity 0.0336 W/mK
Air Specific heat 1014 J/kg K
Density 0.8826 kg/m’
Viscosity 2.286e-05 kg/m s
Thermal conductivity 33 W/m K
Steel Specific heat 486 Jkg K
Density 7753 kg/m’

3.4.3.1 Calculation of Heat Transfer Coefficient
For different Rayleigh number (Ra) ranges, the convection heat transfer coefficient calculation

formula has been applied [197].

The Rayleigh number is given by,

_ 984L,°pg*ATPT,
a= 2
Ya

Where AT denotes the difference in temperature between the casting surface and atmosphere, ¥,

is the kinematic viscosity of air [m?/s], L, is the length of the outside wall surface of the mould
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[m], d, is the volumetric coefficient of thermal expansion of air [K™'], and Pr, is the Prandtl
number of air.

The convection heat transfer coefficient (denoted by /.) [W/m® K] for different types of surface
geometry is calculated by the equations given below.

For vertical surfaces,

AT /4
142 (—) ,where 10* < Ra < 10°
h, = L,
1.31(AT)"/3, where 10° < Ra < 1013

For upper-heated horizontal surfaces,

AT 1/4
1.32 (L—) ,where 105 < Ra < 2x107

o

1.52(AT)"/3,where 2x107 < Ra < 3x101°

he =

For lower-heated horizontal surfaces,

AT /4
h. = 0.59 (L—) ,where 3x10° < Ra < 3x101°

0
The process of calculating the average heat transfer coefficients involves the following steps:
(i)  Set the atmospheric temperature, T,=30 °C.
(i1) Select different wall surface temperatures, such as 50, 100, 200, 300, 400, 500,
600, and 700°C.
(iii))  Calculate the mean film temperature (Tf) using the formula Tr = (Ts +T,)/2,
where Tg is the wall surface temperature.
(iv)  Determine the Rayleigh Number at the mean film temperature by considering
the properties of air at the same temperature.
(v)  Use the corresponding formula to calculate the heat transfer coefficient.
(vi)  Repeat the above steps for each wall surface temperature and calculate average
heat transfer coefficient between mould outside wall and atmospheric air.
To facilitate the calculations, a computer program written in FORTRAN 95 has been developed.
This program allows for the calculation of the average heat transfer coefficient for various wall

surface temperatures starting from T,.
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The average heat transfer coefficient for the upper horizontal mould wall (where riser and sprue
open) is 10.05 W/m* K, for the lower horizontal mould wall (opposite to upper horizontal mould

wall) is 4.49 W/m? K, and for the vertical walls is 13.55 W/m? K.

3.4.4  Mesh and Mesh Sensitivity Analysis

The mesh quality influences the convergence and accuracy of the CFD solution. The
mesh has been constructed using Ansys-Fluent simulation software. The fine mesh was used in
this study to get high accuracy and convergence of the CFD solution

The mesh sensitivity analysis has been studied. Three types of mesh or grid were chosen: coarse,
medium, and fine of their mesh number 19764, 50956, and 130276 for the analysis of mesh
sensitivity. The coarse, medium, and fine grids are identified by the notations 1, 2, and 3
respectively. The aluminium volume fraction was measured after 0.4 s for coarse, medium, and
fine mesh structures at 983 K pouring temperature and 380 mm/s poring velocity. The values
obtained are 0.3163, 0.3364, and 0.3388, respectively. These values are represented as f;, f>, and
f; respectively. The grid convergence index (GCI) has been calculated using Richardson
extrapolation methods and is an excellent indicator of discretization uncertainty [169]. The steps
for investigating grid convergence are as follows [201].

The order of convergence, oc, is determined by the following equation:

G f)
oc = I =gy

Where g, is the grid refinement ratio which is the ratio of the numbers of mesh between two

grids. The calculated value of the grid refinement ratio is 2.56.

The relative error (e) between two grids is calculated as

- h
f2
fs—f

f3

€12 =

€23 =
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The calculated value of relative error for grids 1 and 2 (e;, ,) is 0.0598 and for grids 2 and 3 (e;,
3)1s 0.0071. The relative error is very small for grids 2 and 3. It is evident that a mesh value
of 50956 cells or higher will provide a solution that is independent of the mesh size. All of the

predicted results in this thesis have been obtained using a fine mesh.

The following equation is used to calculate the grid convergence index:

The grid convergence index for grids 1 and 2 (GCI; ») is 0.0101and for grids 2 and 3 (GCI, ;) is

0.0012. The error is 0.0012 or 0.12% for the discretization solution.

It is also important to check whether the solutions are within the asymptotic range of

convergence. This can be checked using the following relationship:

GCl,;

—=1
9r€GCl 3

The value of the left-hand side of the relationship is 1.0071, which is close to one and implies

that the solutions are well in the asymptotic range of convergence.

3.5 Results and Discussion

In this analysis, the pouring velocity, pouring temperature, and mould initial temperature are
varied. At first, the mould temperature is set at 30°C (303 K). Then the analysis is extended to
include mould initial or preheated temperatures of 130°C (403 K) and 230°C (503 K).

In order to simulate the process, five pouring velocities (in mm/s) have been used: 380, 415,
450, 485, and 520. The aluminium metal is poured into the mould at three different
temperatures: 983 K, 1003 K, and 1033 K. These temperatures are above the melting point of
aluminium metal, which is 933 K. The first pouring temperature has a superheat of 50, the

second has a superheat of 70, and the third has a superheat of 100. Therefore, simulations are
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carried out for fifteen cases by varying each pouring velocity with different pouring
temperatures. These fifteen cases are analysed for each mould temperature. So, a total of forty-

five cases have been studied.

3.5.1 Solidification and Mould Filling Process

The middle plane in the casting is taken to represent the filling and solidification process. The
middle plane is located on the z-x axis, 30 mm away from the casting's front face along the y-

axis as shown in figures 3.4 and 3.5.

3.5.1.1 Casting with Mould Initial Temperature 30°C (303 K)
Initially, the solidification and mould filling process is explained for a pouring temperature of
983 K and a pouring velocity of 380 mm/s, as depicted in figure 3.9. After that, the solidification

and mould filling process is described for various pouring velocities and temperatures.

Solidification and Mould Filling Process at Pouring Velocity of 380 mm/s and a Pouring

Temperature of 983 K:

Figure 3.9 shows the solidification and filling process at various times.

(i) At 0 s the mould cavity is filled by air at ambient temperature. Liquid aluminium enters
the mould cavity from the sprue outlet boundary at 0.1 s as shown in figure 3.9a. The
air mixes with liquid aluminium metal and forms a liquid aluminium -air layer due to
the high solubility of air in molten liquid at a higher temperature. The liquid aluminium
is surrounded by a liquid aluminium-air mixture layer. At first, the liquid aluminium-air
layer comes in contact with the bottom of the mould cavity as shown in figure 3.9a.

(i)  After 0.1 s, the molten aluminium makes contact with the cavity's bottom and left side
wall as indicated in figure 3.9b. Some liquid aluminium solidifies at the left side wall of
the cavity, producing a liquid-solid aluminium mixture. Simultaneously liquid
aluminium moves to the cavity's right side. The air is displaced as liquid aluminium
filled the area. Instead of quick solidification of liquid aluminium in air, liquid

aluminium -air layer is formed around the flow of liquid aluminium. It is because the
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(iii)

(iv)

™)

(vi)

rate of heat transfer between the liquid aluminium and the air through advection is
relatively slow.

Around 0.25 s, the liquid aluminium starts to solidify. Before complete solidification,
an intermediate phase liquid-solid aluminium mixture forms (figure 3.9b and figure
3.9¢). Liquid aluminium metal continues to flow smoothly into the mould cavity (figure
3.9¢). As molten metal travels, the liquid-solid aluminium mixture layer and liquid
aluminium -air layer shift to the right of the cavity.

Liquid metal commences flowing back from the right wall of the mould cavity. The
bottom of the cavity is filled with aluminium metal at around 0.75 s as shown in figure
3.9d. Some liquid metal solidifies from the liquid-solid aluminium mixture near the
bottom right corner, where liquid metal begins to flow back.

Pouring is done up to 1 s. Most of the aluminium metal is present in liquid form at this
moment, particularly below the sprue as shown in figure 3.9e. Solidification of
aluminium gradually increases with time. When liquid metal reaches the right side of
the cavity after traveling some distance it loses flowing velocity due to the resistance
offered by the mould material. Therefore, initially solidification mainly occurs at this
right side of the cavity. A porous solidified area (solid aluminium-air mixture) is
formed upon the solidified aluminium metal. All phases such as liquid aluminium,
liquid-solid aluminium mixture, solid aluminium, liquid aluminium-air mixture, solid
aluminium-air mixture, and air are present at this time as shown in figure 3.9e.

As seen in figure 3.9f, the depth of aluminium solidified metal is higher at the right and
left walls and low in the middle. The riser is placed at the centre of the cavity. Some
molten aluminium is present in liquid form in the middle of the cavity below the riser.
A liquid aluminium-air mixture layer is also formed below the riser. The porous
solidified area (solid aluminium-air mixture) is mainly formed at the upper right portion
of the cavity. All phases are present at this time as shown in figure 3.9f.

While pouring, there is a formation of a mixture of liquid and solid aluminium at the

left wall due to heat exchange with the wall. This mixture is then disrupted by the
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(vii)

(viii)

continuous pouring of high-temperature molten metal, which continues until the 1Is
time. Subsequently, at 1.5 s into the process, it is seen that a solid layer of aluminium
has been developed at this wall. This solidification is a result of heat exchange between
the material and the wall.

All aluminium liquid metal solidifies about 2 s (figure 3.9g). The temperature is below
933 K everywhere in the casting. Solid aluminium is formed on the lower side of the
cavity. The upper side of the cavity has a solid aluminium-air mixture layer.

Thus, two layers form in the cavity, one of solid aluminium and the other of the solid
aluminium-air mixture. Upon cooling, the layers get small displaced due to volume
contraction in the solid metal as shown in figure 3.9h. The cooling is shown up to 10.84
s. After about 2 s, no effective change happens in the solidified casting as shown in

figures 3.9g, 3.9h, and 3.9i.

Sprue outlet Riser inlet
B Liquid Al

[[] Liquid and solid Al mixture

W Solid Al
B Liquid Al and air mixture

[ Solid Al and air mixture
W Air

Figure 3.9a: Time 0.1 s

B Liquid Al
[[] Liquid and solid Al mixture

M Solid Al
B Liquid Al and air mixture

B Solid Al and air mixture
W Air

Figure 3.9b: Time 0.25 s
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Figure 3.9h: Time 10.84 s

Figure 3.9: Simulation of the solidification and mould filling process with parameters v,=380
mm/s, T,=983 K, and T;=303 K.

Comparative Analysis of Solidification Process for Various Pouring Velocities and

Temperatures:

The solidification and free surface of the filling process for all pouring velocities and pouring
temperatures are represented at different times which are shown in figure 3.10. The
solidification front has been represented for 0.1 s, 0.5 s, 1 s, 1.5 s, and at the end of solidification
for all pouring velocities and pouring temperatures. The solidification front moves in a specific
direction, rather than uniformly across the entire casting. This occurs because of temperature
gradients that develop within the casting during solidification, and the direction of solidification
is typically determined by the shape of the mould and the position of the riser.

Liquid aluminium enters the mould cavity from the sprue outlet boundary at 0.1 s. After 0.1 s,
the molten aluminium makes contact with the cavity's bottom and left side wall as indicated.
Some liquid aluminium solidifies at the left side wall of the cavity, producing a liquid-solid
aluminium mixture. Simultaneously liquid aluminium moves to the cavity's right side. The air is
displaced as liquid aluminium filled the area. Initially, a liquid aluminium-air layer is formed
around the flow of liquid aluminium instead of quick solidification of liquid aluminium in air. It
is because the rate of heat transfer between the liquid aluminium and the air through advection is
significantly low. Around 0.5 s, the liquid aluminium starts to solidify. Before complete
solidification, an intermediate phase liquid-solid aluminium mixture forms. Liquid aluminium
metal continues to flow smoothly into the mould cavity. As molten metal travels, the liquid-
solid aluminium mixture layer and liquid aluminium-air layer shift to the right of the cavity. At

450 mm/s and 520 mm/s velocity some metal has been solidified and create solid aluminium and
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air mixture, and solid aluminium at different pouring temperatures. This is because, when the
pouring velocity is high, the molten metal enters the mould cavity more quickly, causing the
metal to come into contact with the mould surface at a higher velocity. This increased velocity
can result in increased turbulence and movement of the metal, which in turn can increase the
rate of heat transfer between the metal and the mould surface.

At 1 s, most of the aluminium metal is present in liquid form at this moment, particularly below
the sprue as shown in figure 3.10. Solidification of aluminium gradually increases with time.
When liquid metal reaches the right side of the cavity after traveling some distance it loses
flowing velocity due to the resistance offered by the mould material. Therefore, initially
solidification mainly occurs at this right side of the cavity. A porous solidified area (solid
aluminium-air mixture) is formed upon the solidified aluminium metal. Almost all phases such
as liquid aluminium, liquid-solid aluminium mixture, solid aluminium, liquid aluminium-air
mixture, solid aluminium-air mixture, and air are present at different pouring parameters at this
time.

At 1.5 s the solidification process continue in the mould cavity. The depth of aluminium
solidified metal is higher at the right and left walls and low in the middle below the riser. Some
molten aluminium is present in liquid form in the middle of the cavity below the riser. This is
because the walls of the mould act as a heat sink and draw heat away from the molten metal
more quickly than the centre, causing the solidification more rapidly at the walls. The riser also
acts as a heat source, which can cause the metal in that area to solidify more slowly.

A liquid aluminium-air mixture layer is also formed below the riser from 380-450 mm/s
velocity. When the entrained air reaches the bottom of the riser, it can become trapped and form
a layer of liquid aluminium-air mixture. At 520 mm/s velocity, the liquid aluminium-air mixture
layer below the riser is not formed. This is because all metal is filled in the mould cavity at 520
mm/s at this time.

At the end of solidification, the whole liquid metal is solidified. At 520 mm/s velocity the mould
cavity is fully filled by the solidified metal. The porous solidified area (solid aluminium-air

mixture) is formed at 380-450 mm/s velocity at the upper right portion of the cavity.
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Figure 3.10: Solidification analysis for various pouring velocities and temperatures at a mould temperature of 303 K.
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3.5.1.2. Casting with Mould Initial Temperature 130°C (403 K)
Solidification and Mould Filling Process at Pouring Velocity of 380 mm/s and a Pouring

Temperature of 983 K:

Figure 3.11 shows the solidification and filling process at various times. At 0.1 s, liquid
aluminium enters the mould cavity through the sprue outlet boundary and makes contact with
the bottom wall. The preheated mould at 403 K enhances the fluidity of the molten metal,
allowing it to travel a greater distance compared to a non-preheated mould. Instead of immediate
solidification in air, a liquid aluminium-air layer forms around the flow of liquid aluminium. At
0.5 s, a mixture of liquid and solid aluminium starts forming on the bottom wall, and the flow of
liquid aluminium continues smoothly into the cavity. Between 0.5 s and 0.75 s, some air is
trapped within the solid aluminium at the right side of the wall and air leaves from solid
aluminium as mould filling progresses (figure 3.11d). The liquid-solid aluminium mixture layer
and liquid aluminium-air layer shift towards the right side of the cavity as the molten metal
travels. With a mould initial temperature of 403 K, the bottom of the cavity is filled with liquid
aluminium around 0.5 s, while it takes until around 0.75 s for a mould with a 303 K initial
temperature. Some solidification occurs near the bottom right corner where the liquid metal
starts to flow back. As the liquid metal reaches the right side of the cavity and loses velocity,
solidification primarily occurs there initially. Pouring is completed by 1 s, and most of the
aluminium remains in liquid form. After 1 s, solidification gradually increases, resulting in
deeper solidified metal at the right and left walls and less in the middle. Some molten aluminium
remains in liquid form below the riser in the middle of the cavity. The amount of molten
aluminium in liquid form is more for high preheating temperature and decreases with decreasing
mould preheating temperature at a time. At 2.2 s, air is present with the liquid aluminium below
the riser. After solidification, a solid aluminium-air mixture layer forms below the riser (figure

3.11g).
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Figure 3.11: Simulation of the solidification and mould filling process with parameters v,=380
mn/s, T,=983 K, and T;=403 K.

Comparative analysis of Solidification Process for Various Pouring Velocities and

Temperature:

Figure 3.12 illustrates the solidification and free surface of the filling process at various times
for different pouring velocities and temperatures. The solidification front is depicted at 0.1 s, 0.5
s, 1 s, 1.5 s, and at the end of solidification for all pouring conditions. After 0.1 s, the molten
aluminium makes contact with the cavity's bottom and left side wall as indicated.
Simultaneously liquid aluminium moves to the cavity's right side. The air is displaced as liquid
aluminium filled the area. A liquid aluminium-air layer is formed initially around the flow of
liquid aluminium. Around 0.5 s, the liquid aluminium reached the left side of mould cavity and
starts to solidify. As molten metal travels, the liquid-solid aluminium mixture layer and liquid
aluminium -air layer shift to the right of the cavity. Higher pouring velocity results in faster
metal entry into the mould cavity, increasing the metal solidification rate due to enhanced heat

transfer resulting from increased turbulence.
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After 1 s, most of the aluminium metal is present in liquid form at this moment, particularly
below the sprue as shown in figure 3.12. Initially, solidification mainly occurs at this right side
of the cavity. Solidification of aluminium gradually increases with time. When the molten metal
enters the mould cavity and travels towards the right side, its flowing velocity decreases due to
the resistance offered by the mould material. A porous solidified area (solid aluminium-air
mixture) is formed upon the solidified aluminium metal. Almost all phases such as liquid
aluminium, liquid-solid aluminium mixture, solid aluminium, liquid aluminium-air mixture,
solid aluminium-air mixture, and air are present at different cases at this time. When pouring
velocity increases, the metal filling also increases. Thus a more amount of liquid reaches to the
right side of the cavity than low pouring velocity.

At 1.5 s the solidification process continue in the mould cavity. The depth of aluminium
solidified metal is higher at the right and left walls and low in the middle below the riser. Some
molten aluminium is present in liquid form in the middle of the cavity below the riser. A liquid
aluminium-air mixture layer is also formed below the riser at all pouring velocities. At the end
of solidification, the liquid aluminium-air mixture layer is not found as the air escapes from the

metal through riser.
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Figure 3.12: Solidification analysis for various pouring velocities and temperatures at a mould temperature of 403 K.
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3.5.1.3. Casting with Mould Initial Temperature 230°C (503 K)
Solidification and Mould Filling Process at Pouring Velocity of 380 mm/s and a Pouring

Temperature of 983 K.

Figure 3.13 shows the solidification and filling process at various times. At 0.1 s, liquid
aluminium enters the mould cavity from the sprue outlet boundary and makes contact with the
cavity's bottom and left side wall. Because molten metal removes energy to the wall, liquid
aluminium solidifies at the wall of the cavity. The fluidity of molten metal has been increased as
the mould is preheated to 503 K, so molten metal travel more path at any time than no preheat
mould temperature and 303 K preheated mould temperature. At around 0.4s, liquid aluminium
moves to the cavity's right side. Liquid aluminium -air layer is formed around the flow of liquid
aluminium. A liquid-solid aluminium mixture phase is formed on the right side wall of the
cavity. Liquid aluminium metal continues to flow smoothly into the cavity. As molten metal
travels, the liquid-solid aluminium mixture layer and liquid aluminium -air layer shift to the
right of the cavity. The bottom of the cavity is filled with aluminium metal before 0.4 s for
mould initial temperature 503 K. However, for a mould with an initial temperature of 303 K, the
bottom of the cavity is filled with liquid aluminium at around 0.75 s. In the case of a mould with
a preheating temperature of 403 K, the bottom of the cavity is filled with liquid aluminium at
around 0.4 s. At 0.4 s to 0.5 s, some air is trapped at the right side of the wall within the solid
aluminium. Some metal solidifies near the bottom right corner, where liquid metal begins to
flow back. When liquid metal reaches the right side of the cavity after traveling some distance it
loses flowing velocity. Initially, solidification mainly occurs at this right side of the cavity.
Pouring is done up to 1 s. After 1.5 s, the depth of aluminium solidified metal is higher at the
right and left walls and low in the middle. Solidification of aluminium gradually increases with
time. At 2.2 s, a small amount of molten aluminium is present in liquid form in the middle of the
cavity below the riser. A liquid-solid aluminium mixture layer is formed below the riser at 3.2 s.

All the liquid metal has solidified after 3.2 s as shown in figure 3.13i.
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Figure 3.13: Simulation of the solidification and mould filling process with parameters v,=380
mm/s, T,=983 K, and T;=503 K.

Comparative analysis of solidification process for Various Pouring Velocities and

Temperatures:

The solidification and free surface of the filling process for all pouring velocities and pouring
temperatures are represented at different times which are shown in figure 3.14. The
solidification front has been represented for 0.1 s, 0.5 s, 1 s, 1.5 s, and at the end of solidification

for all pouring velocities and pouring temperatures.
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After 0.1 s, the molten aluminium makes contact with the cavity's bottom and left side wall as
indicated. Simultaneously liquid aluminium moves to the cavity's right side. The air is displaced
as liquid aluminium filled the area. A liquid aluminium-air layer is formed initially around the

flow of liquid aluminium.

Around 0.5 s, the liquid aluminium reached the left side of mould cavity and starts to solidify.
When the pouring velocity is high, the metal enters the mould cavity at a faster rate, leading to
an increased metal solidification rate. This is due to the fact that the molten metal comes into
contact with the mould surface at a higher velocity, which can cause turbulence and movement
of the metal. As a result, the heat transfer rate between the metal and the mould surface
increases. Liquid aluminium metal continues to flow smoothly into the cavity. At 0.5 s, some
air is trapped at the right side of the wall within the solid aluminium. However, it is not visible

at 1 s as the air escapes during solidification process.

After 1 s, most of the aluminium metal is present in liquid form at this moment, particularly
below the sprue as shown in figure 3.14. Initially, solidification mainly occurs at this right side
of the cavity. Solidification of aluminium gradually increases with time. When liquid metal
reaches the right side of the cavity after traveling some distance it loses flowing velocity
because when the molten metal enters the mould cavity, its velocity will decrease due to the
resistance offered by the mould material. A liquid aluminium-air mixture is formed upon the
solidified aluminium metal at the right upper side of the cavity. Between 0.5 s and 1 s, a variety
of phases are present, including liquid aluminium, liquid-solid aluminium mixture, solid
aluminium, liquid aluminium-air mixture, solid aluminium-air mixture, and air. When pouring
velocity increases, the metal filling also increases. Thus a more amount of liquid reaches to the
right side of the cavity than low pouring velocity. At 1.5 s the solidification process continue in
the mould cavity. The depth of aluminium solidified metal is higher at the right wall and low in
the middle below the riser. Some molten aluminium is present in liquid form in the middle of

the cavity below the riser.
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Figure 3.14: Solidification analysis for various pouring velocities and temperatures at a mould temperature of S03K.
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A liquid aluminium-air mixture layer is also formed at right upper side of the cavity at all
pouring velocities. At the end of solidification, the liquid aluminium-air mixture layer is not

found as the air escapes from the metal through riser.

3.5.2 Hot Spot

In Figure 3.10, Figure 3.12, and Figure 3.14, the solidification processes are depicted at 1.5 s
before complete solidification. This thesis primarily focuses on investigating the hot spot zones
during casting at 1.5 s. It should be noted that at 1.5 s, there is still some liquid aluminium
present below the riser. As liquid aluminium exhibit higher temperature compared to the
surrounding areas, Hence, the hot spots are averagely located below the riser. However, as the
solidification progresses and reaches completion, all the liquid aluminium solidifies, and almost
no uneven solidification zones are observed. It is important to note that, prior to solidification,
hot spots or areas of uneven solidification/cooling are observed below the riser. The same

observation regarding the location of the hot spot was recognized by Zhou et al. [139].

3.5.2.1. Mould Initial Temperature 30°C (303 K)

The hot spot zones are mostly found at pouring velocities ranging from 380-450 mm/s, as liquid
aluminium exists below the riser. When compared to other pouring temperatures, the size of the
hot spot zone below the riser at 983 K is relatively small. Moreover, at a pouring velocity of 520
mm/s, this zone is not detected at 983 K. These observations suggest that high pouring velocities
and low pouring temperatures have relatively small or negligible hot spot zones. Higher pouring
velocities and lower pouring temperatures which can help to minimize the formation of hot
spots by promote more uniform solidification. Increasing pouring velocities and lowering
pouring temperatures ensures more uniform mould filling and maintain a more controlled and
uniform temperature throughout the casting at the end stage of solidification. The use of risers
can also help to reduce the formation of hot spots by providing additional metal to compensate
for shrinkage during solidification [202]. This can help to promote more uniform cooling and

minimize the formation of hot spots.
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3.5.2.2. Mould Initial Temperature 130°C (403 K)
The observations in Figure 3.12 indicate that when the mould is preheated to 403 K, the location
of the hot spot and the impact of pouring velocity and temperature on the hot spot closely

resemble the observations made at the mould's initial temperature of 303 K.

3.5.2.3. Mould Initial Temperature 230°C (503 K)

Based on the observations presented in Figure 3.14, it has been noted that when the mould is
preheated to 503 K, the location of the hot spot and the impact of pouring velocity and
temperature on the hot spot are closely similar to those observed at the mould's initial

temperatures of 303 K and 403 K.

Therefore, the location of the hot spot and the influence of pouring velocity and pouring
temperature on the hot spot are almost independent of the mould initial temperature. The present
thesis focuses on identifying the average hot spot location, but their impact has not been
thoroughly investigated. Hot spots may result the defects like porosity, shrinkage, and cracking
[64]. While porosity has been examined in this study, the analysis of other defects will be

pursued in future research.

3.5.3 Measurement of Porosity and its Characteristics

3.5.3.1 Mould Initial Temperature 30°C (303 K)

Porosity of the casting is determined at each simulation variant and the relationship between
porosity with pouring temperature and pouring velocity is illustrated in figure 3.15 and table 3.4.
The summary of results is depicted in table 3.5 where the percentage of decrease of porosity is
presented. At 983 K (figure 3.15), porosity decreases gradually with increasing pouring velocity,
with values of 0.1706, 0.0914, 0.0481, 0.0044, and 0.0023 for pouring velocities of 380, 415,
450, 485, and 520 mm/s, respectively. Porosity decreases significantly by around 98.6%, from
0.1706 to 0.0023, when pouring velocity increases from 380 mm/s to 520 mm/s (table 3.5). This
trend is consistent at 1003 K where porosity decreases gradually with increasing pouring
velocity, with values of 0.1706, 0.1007, 0.0858, 0.0044, and 0.0024 for pouring velocities of
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380, 415, 450, 485, and 520 mm/s, respectively. Here, porosity decreases considerably from
0.1706 to 0.0024, a reduction rate of around 98.6%, when pouring velocity rises from 380 mm/s
to 520 mm/s (table 3.5). Similarly, at 1033 K pouring temperature, the values of porosity are
0.1854, 0.1038, 0.0906, 0.0045, and 0.0024 for pouring velocities of 380, 415, 450, 485, and
520 mm/s, respectively. At 1033 K, porosity decreases gradually with increasing pouring
velocity, with a similar trend as seen in the other pouring temperatures. Porosity decreases
considerably from 0.1854 to 0.0024 when pouring velocity increases from 380 mm/s to 520
mm/s at 1033 K, with a reduction rate of around 98.7%, as shown in table 3.5. It can be
observed that porosity reduces gradually with the increase in pouring velocity for a constant
pouring temperature. Similar findings were reported by Xu et al. [203] in their research, where
they showed that porosity could be minimized to 0.9% by increasing injection velocity, with the
minimum porosity being attained at 0.7 m/s of aluminium alloy.

Porosity decreases with pouring velocity because the increase in the velocity of the molten metal
results in increased turbulence in the cavity, which helps to escape the trapped air from the metal
through the riser. A riser can act as a venting system, allowing air to escape from the metal.
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Figure 3.15: Variation of porosity with pouring velocities and temperatures at To=303 K.
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It is observed that (figure 3.15 and table 3.4) at a velocity of 380 mm/s, the porosity remains
almost unchanged over the temperature range of 983 K to 1003 K, but then increases with
temperature beyond that range, from 0.1706 to 0.1854. At a pouring velocity of 415 mm/s, the
porosity increases with temperature, with values of 0.0914, 0.1007, and 0.1038 observed at
pouring temperatures of 983 K, 1003 K, and 1033 K, respectively.

Table 3.4: Porosity variations across different combinations of pouring temperatures, pouring

velocities, and mould initial temperatures.

Porosity for Porosity for Porosity for
mould initial mould initial mould initial
Pouring Pouring
temperature temperature temperature
temperature (K) | velocity (mm/s)
303K 403 K 503 K
380 0.1706 0.0108 0.0088
415 0.0914 0.0095 0.0052
983
450 0.0481 0.0068 0.0029
485 0.0044 0.0029 0.0020
520 0.0023 0.0017 0.0012
380 0.1706 0.0119 0.0091
415 0.1007 0.0110 0.0063
1003 450 0.0858 0.0100 0.0058
485 0.0044 0.0033 0.0021
520 0.0024 0.0018 0.0013
380 0.1854 0.0191 0.0099
415 0.1038 0.0142 0.0086
1033 450 0.0906 0.0141 0.0077
485 0.0045 0.0037 0.0023
520 0.0024 0.0021 0.0019
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The simulation results depicted in figure 3.15 indicate that, at 415 mm/s, the porosity slowly
increases from around 9 to 10% as the pouring temperature rises from 983 K to 1033 K.
Similarly, at a pouring velocity of 450 mm/s, the porosity increases with pouring temperature,
with values of 0.0481, 0.0858, and 0.0906 observed for pouring temperatures of 983 K, 1003 K,
and 1033 K, respectively. At 983 K and a pouring velocity of 450 mm/s, the porosity is only
4.8%, compared to about 8.6% and 9% at 1003 K and 1033 K, respectively. For velocities of
485 mm/s and 520 mm/s, the porosity is found to be very small. At 485 mm/s, the porosity
remains almost constant over the temperature range of 983 K to 1003 K, but then increases as
the pouring temperature reaches 1033 K. At a velocity of 485 mm/s, the porosity is low (about
0.4 %) and remains nearly constant as the pouring temperature rises.

Similarly, at a velocity of 520 mm/s, the porosity is 0.0023 for pouring at 983 K, 0.0024 for
pouring at 1003 K, and 0.0024 for pouring at 1033 K. The porosity increases with pouring
temperature from 983 K to 1003 K, then remains almost constant up to 1033 K. At 520 mm/s,
the porosity is very small, just around 0.2%, throughout the range of 983 K to 1033 K. Overall,
the results demonstrate that the porosity value is found to be extremely low for velocities of 485

mm/s and 520 mm/s, and the porosity is nearly constant whatever the pouring temperature.

Table 3.5: Effects of different pouring and mould initial temperatures on the percentage of

porosity reduction from 380 to 520 mm/s velocity.

Pouring The percentage of porosity decreased from a velocity 380 to 520
Temperature (K) mm/s
For mould initial For mould initial For mould initial
temperature 303 K | temperature 403 K | temperature 503 K
983 98.6 84.26 86.4
1003 98.6 84.87 85.7
1033 98.7 &9 80.8
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As a findings, porosity is almost constant within a certain temperature range and increases in
another temperature range for pouring velocities of 380 mm/s, 485 mm/s, and 520 mm/s.
Mozammil et al. [116] and Jahangiri et al. [17] have previously reported that porosity tends to
increase with pouring temperature. In the current investigation, it is observed that porosity does
not always increase with temperature and may remain constant or nearly constant in certain
temperature ranges. However, the data revealed that porosity increases with pouring temperature
for the velocities of 380 mm/s, 485 mm/s, and 520 mm/s when the temperature range is large,
but the rate of increase is slow. Air porosity typically arises in the metal casting due to the high
solubility of air in aluminium metal at higher temperatures. This air solubility tends to increase
as the pouring temperature rises, leading to a corresponding increase in porosity.

The decrease in porosity is observed when the pouring temperature is reduced and the pouring
velocity is increased. While the rate of porosity reduction with decreasing temperature is
relatively slow, the rate of porosity reduction with increasing velocity is significantly high.
These observations lead to the conclusion that porosity is less dependent on pouring temperature

compared to pouring velocity.

3.5.3.2 Mould Initial Temperature 130°C (403 K)

The relationship between porosity, pouring temperature, and pouring velocity is illustrated in
figure 3.16 and table 3.4 at mould Temperature 130°C. At a pouring temperature of 983 K
(figure 3.16), there is a gradual decrease in porosity with increasing pouring velocity. The values
of porosity are 0.0108, 0.0095, 0.0068, 0.0029, and 0.0017 for pouring velocities of 380, 415,
450, 485, and 520 mm/s, respectively. Porosity decreases significantly by approximately

84.26% when the pouring velocity increases from 380 mm/s to 520 mm/s (table 3.5).

This trend is also observed at a pouring temperature of 1003 K, where porosity gradually
decreases with increasing pouring velocity. The values of porosity are 0.0119, 0.0110, 0.0100,
0.0033, and 0.0018 for pouring velocities of 380, 415, 450, 485, and 520 mm/s, respectively.
Here, porosity decreases considerably from 0.0327 to 0.0038, with a reduction rate of around

84.87%, when pouring velocity increases from 380 mm/s to 520 mm/s (table 3.5).
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Similarly, at a pouring temperature of 1033 K, the values of porosity are 0.0191, 0.0142, 0.0141,
0.0037, and 0.0021 for pouring velocities of 380, 415, 450, 485, and 520 mm/s, respectively.
Porosity decreases gradually with increasing pouring velocity, following a similar trend as
observed at the other pouring temperatures. The porosity decreases significantly from 0.0381 to
0.0021 when the pouring velocity increases from 380 mm/s to 520 mm/s at 1033 K, with a
reduction rate of around 89%, as presented in table 3.5.

At a velocity of 380 mm/s, it is observed (figure 3.16 and table 3.4) that porosity increases with
pouring temperature, with values of 0.0108, 0.0119, and 0.0191at pouring temperatures of 983
K, 1003 K, and 1033 K, respectively. Similarly, at a pouring velocity of 415 mm/s, porosity also
increases with temperature, with values of 0.0095, 0.0110, and 0.0142 for pouring temperatures

of 983 K, 1003 K, and 1033 K, respectively.

0.0153 A ——083 K
-=-1003 K
1033 K

Porosity

370 390 410 430 450 470 490 510 530
Pouring velocity (mm/s)

Figure 3.16: Variation of porosity with pouring velocities and temperatures at T(=403 K.

Figure 3.16 shows that at 415 mm/s, porosity gradually increase from around 0.95% to 1.42% as
pouring temperature rises from 983 K to 1033 K. In addition, at a pouring velocity of 450 mm/s,
porosity increases with pouring temperature, with values of 0.0068, 0.0100, and 0.0141 for

pouring temperatures of 983 K, 1003 K, and 1033 K, respectively. Furthermore, at a pouring
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velocity of 485 mm/s, porosity increases with pouring temperature, with values of 0.0029,
0.0033, and 0.0037 for pouring temperatures of 983 K, 1003 K, and 1033 K, respectively. At a
pouring velocity of 520 mm/s, porosity also increases with pouring temperature, with values of

0.0017, 0.0018, and 0.0021 for pouring temperatures of 983 K, 1003 K, and 1033 K,

respectively.

The results show that increasing the pouring velocity while maintaining a constant pouring
temperature results in a gradual decrease in porosity. Furthermore, increasing the pouring
temperature causes an increase in porosity, but at a slow rate. Notably, the same patterns were

observed at 303 K mould temperature.

3.5.3.3 Mould Initial Temperature 230°C (503 K)

Figure 3.17 and table 3.4 shows the variation in porosity with pouring temperature and pouring
velocity at 230°C mould temperature. At a pouring temperature of 983 K, there is a gradual
decrease in porosity with increasing pouring velocity. The values of porosity are 0.0088, 0.0052,
0.0029, 0.0020, and 0.0012 for pouring velocities of 380, 415, 450, 485, and 520 mm/s,
respectively. The porosity decreases significantly by approximately 86.4% when the pouring
velocity increases from 380 mm/s to 520 mm/s (table 3.5). This trend is also observed at a
pouring temperature of 1003 K, where porosity gradually decreases with increasing pouring
velocity. The values of porosity are 0.0091, 0.0063, 0.0058, 0.0021, and 0.0013 for pouring
velocities of 380, 415, 450, 485, and 520 mm/s, respectively. Here, porosity decreases
considerably from 0.0091 to 0.0013, with a reduction rate of around 85.7%, when pouring
velocity increases from 380 mm/s to 520 mm/s (table 3.5). Similarly, at a pouring temperature
of 1033 K, the values of porosity are 0.0099, 0.0086, 0.0077, 0.0023, and 0.0019 for pouring
velocities of 380, 415, 450, 485, and 520 mm/s, respectively. Porosity decreases gradually with
increasing pouring velocity, following a similar trend as observed at the other pouring
temperatures. The porosity decreases significantly from 0.0099 to 0.0019 when the pouring
velocity increases from 380 mm/s to 520 mm/s at 1033 K, with a reduction rate of around

80.8%, as presented in table 3.5.
108



At a velocity of 380 mm/s, it is observed (figure 3.17 and table 3.4that porosity increases with
pouring temperature, with values of 0.0088, 0.0091, and 0.0099 at pouring temperatures of 983
K, 1003 K, and 1033 K, respectively. Similarly, at a pouring velocity of 415 mm/s, porosity also
increases with temperature, with values of 0.0052, 0.0063, and 0.0086 for pouring temperatures
of 983 K, 1003 K, and 1033 K, respectively. In addition, at a pouring velocity of 450 mm/s,
porosity increases with pouring temperature, with values of 0.0029, 0.0058, and 0.0077 for
pouring temperatures of 983 K, 1003 K, and 1033 K, respectively. Furthermore, at a pouring
velocity of 485 mm/s, porosity increases with pouring temperature, with values of 0.0020,
0.0021, and 0.0023 for pouring temperatures of 983 K, 1003 K, and 1033 K, respectively. At a
pouring velocity of 520 mm/s, porosity also increases with pouring temperature, with values of
0.0012, 0.0013, and 0.0019 for pouring temperatures of 983 K, 1003 K, and 1033 K,
respectively.

The findings indicate that by increasing the pouring velocity while keeping the pouring
temperature constant, porosity gradually decreases. Moreover, raising the pouring temperature
leads to an increase in porosity, but at a slower rate. Importantly, the same trends were observed
at mould temperatures of 303 K and 403 K. In general, lowering the pouring temperature and
increasing the pouring velocity lead to a reduction in porosity. While the decrease in porosity is
relatively slow with decreasing temperature, it is significantly higher with increasing velocity.
From these observations, it can be concluded that porosity is more dependent on pouring
velocity than on pouring temperature. In general, for many castings including aluminium, a
porosity range of 2- 4% is considered acceptable [204]. In this thesis, all porosity values are
shown for different pouring parameters. A porosity below 0.0099 (0.99%) is assumed to be
negligible in the aluminium volume fraction contour diagram due to its extremely small valued

impact on the visual representation using color coding.

3.5.4 Location of Porosity

Once the porosity is measured, it is important to identify the location of porosity and location of

maximum porosity over the thickness of the casting. This information can help determine the
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thickness of the casting with no or negligible pores (i.e. filled by about 100% aluminium metal)
for different casting parameters.
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Figure 3.17: Variation of porosity with pouring velocities and temperatures at T(=503 K.

To accomplish this, the contours of the aluminium volume fraction are generated for different
planes in the casting domain. The volume fractions of aluminium are drawn on three cross-
sectional planes on the z-x plane. The front face of the casting, located in the z-x plane as shown
in figures 3.4 and 3.5, is the first plane. The second plane is situated 15 mm away from the front
face along the y-axis, and the third plane is in the middle of the casting, 30 mm away from the
front face along the y-axis. The contour diagram displays dark red fill color to represent
approximately 100% aluminium volume fraction, while dark blue fill color represents around
0% aluminium volume fraction (i.e. indicating 100% air volume fraction). Other colors
represent a mixture of air and aluminium volume fraction, where the percentage of aluminium
volume fraction is indicated by the corresponding color. Thomas et al. [205] also observed the
contour of the volume fraction in centrifugal casting and measured the concentration of particles

using it.

3.5.4.1 Mould Initial Temperature 30°C (303 K)
The contours of the aluminium volume fraction at pouring velocity 380 mm/s and pouring

temperature 983 K are shown in figure 3.18 after the solidification time.
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Figures 3.18(a), (b), and (c) indicate that the aluminium volume fraction decreases as it
approaches the top of the cavity due to air moving towards the top and escaping through the
riser. The contours of the aluminium volume fraction is found to be the same on any z-x plane
for various values of y for a specific set of casting conditions.

Figure 3.18 shows that the contours of the aluminium volume fraction were uniform on the three
planes.

The study also analysed the contours of the aluminium volume fraction for other pouring
parameter combinations on the same three planes. After careful observation, it is determined that
the contours of the aluminium volume fraction are identical on any z-x plane for different y

values under specific casting parameter conditions.
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Figure 3.18a: At first plane.
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Figure 3.18b: At second plane.
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Figure 3.18: Contours of aluminium volume fraction at 380 mm/s (v,) and 983 K (T,),
illustrated after completion of solidification at T(=303 K.

Figure 3.18c: At third plane

Therefore, figure 3.19 represents the contours of the aluminium volume fraction for other
pouring parameter combinations at the middle plane. All the contours have been drawn after the
completion of solidification time.

Based on the generalized observations shown in Figure 3.19, it can be concluded that the
percentage of porosity increases gradually from almost zero value (near the 100% aluminium
region) to its maximum value along the thickness of the casting, reaching its highest value at the
top surface of the casting. The presence of porosity is observed to be most prominent on the top
surface of the casting, as shown in Figure 3.19.

This observation is same with the findings of Cao et al. [206]. At 380 mm/s pouring velocity and
983 K pouring temperature, the top surface of the casting contains 70% of the total porosity. A
pouring velocity of 485 mm/s or 520 mm/s appears to result in a negligible amount of porosity
(less than 0.45%), indicating that the aluminium volume fraction is almost 100%. As shown in
figure 3.9 and figure 3.11, two layers are formed in the solidified casting after solidification, one
of pure solid aluminium and the other of a solid aluminium-air mixture. It has been observed

that the layer of solid aluminium-air mixture is primarily responsible for the creation of porosity.
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Figure 3.19: Contours of aluminium volume fraction for different pouring velocities and
temperatures after the completion of solidification at T(=303 K.
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3.5.4.2 Mould Initial Temperature 130°C (403 K)

Figure 3.20 depicts the contours of the aluminium volume fraction at the middle plane, drawn
after the completion of solidification time. Based on the generalized observations shown in
figure 3.20, it can be concluded that the porosity is primarily located on the top surface of the
casting. The presence of porosity is observed only at a pouring velocity of 380 mm/s, while
other pouring velocities result in negligible amounts of porosity, indicating that the aluminium

volume fraction is almost 100%

3.5.4.3 Mould Initial Temperature 230°C (503 K)

Figure 3.21 illustrates the contours of the aluminium volume fraction at the middle plane, and all
the contours are drawn after the completion of the solidification time. Based on the generalized
observations shown in figure 3.21, negligible amounts of porosity is present at all pouring
velocities and pouring temperatures, indicating that the aluminium volume fraction is almost

100%.

In general, the air porosity is concentrated on the upper surface of the casting. The solidified
casting typically consists of two layers: one layer comprising pure solid aluminium and the other
consisting of a mixture of solid aluminium and air. Notably, the layer composed of solid

aluminium-air mixture is primarily responsible for the formation of air porosity.
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Figure 3.20: Contours of aluminium volume fraction for different pouring velocities and
temperatures after the completion of solidification at T(=403 K.
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Figure 3.21: Contours of aluminium volume fraction for different pouring velocities and
temperatures after the completion of solidification at T(=503 K.

3.5.5 Metal Solidified Length

Table 3.6 illustrate the changes in the length of solidified aluminium (approximately 100%

aluminium) filled from the base of the mould cavity (mm) under various pouring conditions.

3.5.5.1 Mould Initial Temperature 30°C (303 K)

Figure 3.22 and table 3.6 depict the variation of the length of solidified aluminium
(approximately 100% aluminium) with pouring velocity and temperature at a mould temperature
of 303 K. At 983 K, the length of solidified aluminium (approximately 100% aluminium)
gradually increases from the base of the cavity with an increase in pouring velocity. The
corresponding values are 6.5 mm, 6.7 mm, 7.7 mm, 10 mm, and 10 mm at pouring velocities [in

mm/s] of 380, 415, 450, 485, and 520, respectively. A similar trend is observed at 1003 K, with
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the length increasing progressively with pouring velocity, with values of 6.3 mm, 6.5 mm, 6.9
mm, 10 mm, and 10 mm for pouring velocities [in mm/s] of 380, 415, 450, 485, and 520.
Likewise, at 1033 K, the length also gradually increases with pouring velocity, with values of
6.1 mm, 6.4 mm, 6.8 mm, 10 mm, and 10 mm at pouring velocities [in mm/s] of 380, 415, 450,
485, and 520. Based on the general observations, the length of solidified aluminium
(approximately 100% aluminium) from the base of the mould cavity gradually increases with an
increase in pouring velocity at a constant pouring temperature. Conversely, it increases with a
decrease in pouring temperature for a constant pouring velocity. This is due to the fact that as
the porosity decreases with increasing pouring velocity, the length of approximately 100% solid
aluminium filled from the base of the mould cavity also increases. Similarly, due to the decrease
in porosity with a decrease in pouring temperature for a constant pouring velocity, this length
increases.

Figures 3.15, 3.19, and 3.22 illustrate that pouring velocities of 485 mm/s and 520 mm/s result
in almost no porosity and lead to approximately 100% aluminium filling in the entire mould
cavity. The results indicate that casting with negligible porosity is achieved at pouring velocities
of 485 mm/s and 520 mm/s. Based on these observations, it is likely that the filling of the mould
cavity with 100% aluminium (negligible porosity) occurs at a pouring velocity near 500 mm/s.
At a pouring velocity of 380 mm/s, it can be observed that the upper surface of the mould cavity
fills with less than 50% aluminium. If the pouring velocity is too low, the metal will solidify
before it can fill the entire mould cavity, and lower pouring velocity result in a decrease in the
percentage of aluminium in the casting. Conversely, pouring at a high velocity is not advisable
as it can cause turbulence, leading to defects such as gas bubbles [116].The determination of
pouring velocity is based on the height of the pouring basin [155]. The higher pouring velocity
would require a higher pouring basin height, which in turn would increase the initial cost. An
optimal pouring velocity should be maintained to achieve the best casting quality without

incurring additional costs.
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Table 3.6: Variation of solid aluminium filled from the base of cavity for different combinations

of pouring velocities, pouring temperatures, and mould temperatures.

Length of fully-

Length of fully-

Length of fully-

filled solidified filled solidified filled solidified
aluminium aluminium aluminium
from the base of | from the base of | from the base of
Pouring
Pouring the mould the mould the mould
Temperature
) Velocity (mm/s) cavity cavity cavity
for mould for mould for mould
temperature temperature temperature
303 K (mm) 403 K (mm) 503 K (mm)
380 6.5 8.5 10
415 6.7 10 10
983
450 7.7 10 10
485 10.0 10 10
520 10.0 10 10
380 6.3 8.4 10
415 6.5 10 10
1003 450 6.9 10 10
485 10.0 10 10
520 10.0 10 10
380 6.1 8.3 10
415 6.4 10 10
1033 450 6.8 10 10
485 10.0 10 10
520 10.0 10 10
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Figure 3.22: Variation of solidified aluminium length from the base of the mould cavity for
different pouring velocities and temperatures at T(=303 K.

Therefore, it is important to maintain an optimal pouring velocity. Based on the findings of the
study, it can be concluded that the optimum pouring velocity is around 500 mm/s, as it resulted
in casting with minimal porosity. Additionally, a nearly porous-free casting was observed at this
pouring velocity. When the pouring temperature is high (as indicated in table 3.4), the casting
tends to have high porosity, which leads to a decrease in strength. On the other hand, decreasing
the  pouring  temperature  reduces the  fluidity of the molten  metal.
In the simulation, pouring temperatures of 983 K, 1003 K, and 1033 K are being used, and it is

observed that the porosity is low at 983 K.

3.5.5.2 Mould Initial Temperature 130°C (403 K)

Table 3.6 presents the changes in solid aluminium filling from the base of the cavity under
various pouring parameters at 403 K mould temperature. The length of solidified aluminium
from the base of the mould cavity is 10 mm at pouring velocities ranging from 415-520 mm/s.
Negligible porosity is observed for pouring velocities between 415-520 mm/s when the mould

temperature is maintained at 403 K. This is due to the fact that an increase in mould temperature
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leads to an increase in the fluidity of the metal, which results in a decrease in porosity. At 380
mm/s pouring velocity, the length of solidified aluminium from the base of the mould cavity is
8.5 mm, 8.4 mm, and 8.3 mm for pouring temperature of 983 K, 1003 K, and 103 K
respectively. The length of solidified aluminium from the base of the mould cavity decreases

with pouring temperature. This is due to the porosity increases with pouring temperature.

3.5.5.3 Mould Initial Temperature 230°C (503 K)

Table 3.6 presents the variation in solid aluminium filling from the base of the cavity under
various pouring parameters at 503 K mould temperature. The length of solidified aluminium
from the base of the mould cavity is 10 mm at pouring velocities ranging from 380-520 mm/s.
Negligible porosity is observed for pouring velocities between 380-520 mm/s when the mould
temperature is maintained at 403 K. This is due to the fact that an increase in mould temperature

leads to an increase in the fluidity of the metal, which results in a decrease in porosity

Overall, for all mould temperatures, it is observed that the porosity is low at approximately 500
mm/s pouring velocity. This suggests that the optimum pouring velocity remains the same for all
mould temperatures. Additionally, it is notable that for all mould temperatures, the porosity is

low when the pouring temperature is 983 K.

3.5.6 Solidification Time

Table 3.7 presents the variation of solidification time at different pouring velocities and pouring

temperatures for various mould temperatures.

3.5.6.1 Mould Initial Temperature 30°C (303 K)

Figure 3.23 and table 3.7 depict the variation of the solidification time with pouring velocity and
temperature at a mould temperature of 303 K. At a pouring temperature of 983 K, the
solidification times are 2's, 1.98 s, 1.96 s, 1.91 s, and 1.9 s for 380, 415, 450, 485, and 520 mm
/s pouring velocity respectively. As the pouring velocity increases, the solidification time
decreases gradually. At a pouring temperature of 1003 K, the solidification times are 2.15 s,

2.05 s, 25, 1.97 s, and 1.92 s for 380, 415, 450, 485, and 520 mm /s pouring velocity
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respectively. Similarly, for a pouring temperature of 1033 K, the solidification times are 2.2 s,

2.1 s, 2.05s, 1.98 s, and 1.95 s for 380, 415, 450, 485, and 520 mm /s pouring velocity

respectively.

Table 3.7: Variation of solidification time for different combinations of pouring velocities,

pouring temperatures, and mould temperatures.

Solidification Solidification Solidification
. . time (s) for time (s) for time (s) for
Pouring Pouring
mould initial mould initial mould initial
temperature velocity
temperature temperature temperature
(K) (mm/s) 303K 403 K 503 K
380 2 2.5 33
415 1.98 2.45 3.25
983
450 1.96 2.4 3.2
485 1.91 23 3.1
520 1.9 2.2 2.8
380 2.15 2.6 3.5
415 2.05 2.5 34
1003 450 2 2.45 33
485 1.97 2.4 3.15
520 1.92 23 3
380 2.2 2.8 3.6
415 2.1 2.7 3.5
1033 450 2.05 2.6 34
485 1.98 2.5 33
520 1.95 2.35 3.1
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As observed, the solidification time decreases gradually as the pouring velocity increases, while
it increases gradually with increasing pouring temperature. The solidification time during
casting depends on a combination of factors, including the specific metal being cast, the mould
material and design, and the casting parameters [138]. Increasing the pouring velocity during
casting can decrease the solidification time. This is because the faster flow of the molten metal
through the mould can result in a more efficient heat transfer process, which can lead to faster
cooling and solidification of the metal. However, the solidification time depend all the
parameters combined. The pouring temperature can affect the solidification time during casting.
When the pouring temperature is increased, the molten metal has a higher thermal energy which

increases the solidification time.

The average solidification time is determined by calculating the mean of all solidification times
obtained across different pouring velocities and temperatures at a given mould temperature. At

303 K of mould temperature, the average solidification time is approximately 2.008 s or 2 s.
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Figure 3.23: Variation of solidification time for different pouring velocities and temperatures at
Ty=303 K.
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3.5.6.2 Mould Initial Temperature 130°C (403 K)

The table 3.7 and figure 3.24 shows the solidification time for different pouring velocities and
pouring temperatures at mould temperature of 403 K. At a pouring temperature of 983 K, the
solidification times are 2.5 s, 2.45s,2.4 s, 2.3 s, and 2.2 s for 380, 415, 450, 485, and 520 mm /s
pouring velocity respectively. As the pouring velocity increases, the solidification time
decreases gradually. At a pouring temperature of 1003 K, the solidification times are 2.6 s, 2.5 s,
2.45s,24 s, and 2.3 s for 380, 415, 450, 485, and 520 mm /s pouring velocity respectively.
Similarly, for a pouring temperature of 1033 K, the solidification times are 2.8 s, 2.7 s, 2.6 s, 2.5

s, and 2.35 s for 380, 415, 450, 485, and 520 mm /s pouring velocity respectively.

As observed, the solidification time decreases gradually as the pouring velocity increases, while
it increases gradually with increasing pouring temperature. At 403 K of mould temperature, the

average solidification time is 2.47 s.
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Figure 3. 24: Variation of solidification time for different pouring velocities and temperatures at
Ty=403 K.
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3.5.6.3 Mould Initial Temperature 230°C (503 K)

Table 3.7 and figure 3.25 present the solidification time for various pouring velocities and
pouring temperatures at a mould temperature of 503 K. At a pouring temperature of 983 K, the
solidification times are 3.3 s, 3.25 s, 3.2 s, 3.1 s, and 2.8 s for 380, 415, 450, 485, and 520 mm /s
pouring velocity respectively. As the pouring velocity increases, the solidification time
decreases gradually. At a pouring temperature of 1003 K, the solidification times are 3.5 s, 3.4 s,
3.3 s, 3.15 s, and 3 s for 380, 415, 450, 485, and 520 mm /s pouring velocity respectively.
Similarly, for a pouring temperature of 1033 K, the solidification times are 3.6 s, 3.5 s, 3.4 s, 3.3

s, and 3.1 s for 380, 415, 450, 485, and 520 mm /s pouring velocity respectively.

As observed, the solidification time decreases gradually as the pouring velocity increases, while
it increases gradually with increasing pouring temperature. At 503 K of mould temperature, the
average solidification time is approximately 3.26 s. As the mould initial temperature increases,
the solidification time also increases, because higher mould temperature contains more thermal

energy.
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Figure 3.25: Variation of solidification time for different pouring velocities and temperatures at
Ty=503 K.
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3.5.7 Comparative Analysis

3.5.7.1 Comparative Analysis of Porosity for Different Mould Temperatures
Figures 3.26, 3.27, and 3.28 depict the relationship between porosity and pouring velocity and

mould temperature at different pouring temperatures: 983 K, 1003 K, and 1033 K, respectively.

—4—Mould temperature= 303K
——Mould temperature= 403 K

=~ Mould temperature= 503K

B —
0 T "_I
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Pouring velocity (mm/s)

+

Figure 3.26: Variation of porosity with different pouring velocities and mould initial
temperatures at 983 K pouring temperature.
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Figure 3.27: Variation of porosity with different pouring velocities and mould initial
temperatures at 1003 K pouring temperature.
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Figure 3.28: Variation of porosity with different pouring velocities and mould initial
temperatures at 1033 K pouring temperature.

The comparative analysis is summarized in table 3.8. Porosity is found to decrease with an
increase in mould temperature. It is due to the fluidity of the metal increases with mould
temperature. When the mould is preheated to 403 K or 503 K, the porosity is relatively low. The
rate of porosity decrease is high at pouring velocities of 385 mm/s and 415 mm/s, with the
percentage of porosity decreasing by about 90% at all pouring temperatures. As the mould
temperature increases from 303 K to 403 K, the rate of decrease in porosity decreases with
increasing pouring velocity at a specific pouring temperature. For instance, at a pouring
temperature of 983 K, the rate of porosity reduction is 93.67, 89.61, 85.86, 34.09, and 26.09 for
385, 415, 450, 485, and 520 mm/s pouring velocity respectively. The rate of porosity reduction
decreases with increasing pouring velocity when the mould temperature is raised from 303 K to
403 K. This trend is observed for other pouring temperatures as well. Similarly as the mould
temperature increases from 303 K to 503 K, the rate of decrease in porosity decreases with
increasing pouring velocity at a specific pouring temperature. At pouring velocities of 485 mm/s

and 520 mm/s, the porosity remains almost constant, regardless of the mould temperature.
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Table 3.8: Effect of increase of mould temperature on porosity reduction with varying pouring

velocity and temperature.

Percentage of

Percentage of

Pouring Pouring Velocity porosity decrease porosity decrease
temperature (K) (mm/s) from 303 K to 403 K | from 303 K to 503 K
mould temperature | mould temperature
380 93.67 94.84
415 89.61 94.31
983 450 85.86 93.97
485 34.09 54.55
520 26.09 47.83
380 93.02 94.67
415 89.08 93.74
1003 450 88.34 93.24
485 25.00 52.27
520 25.00 45.83
380 89.70 94.66
415 86.32 91.71
1033 450 84.44 91.50
485 17.78 48.89
520 12.50 20.83

A general relationship between porosity and pouring temperature, pouring velocity, and mould

initial temperature has been approximated using multiple linear regression analysis [207].

Regression analysis is a statistical technique for modelling the relationship between one or more

independent variables and a dependent variable. The porosity can be approximated as:

Porosity = 0.2393 — 0.0005v,, + 0.00017, — 0.0003T7,
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Where v, is the pouring velocity [mm/s], T, is the pouring temperature [K], and T, is the mould

initial temperature [K].

3.5.7.2 Comparative Analysis of Solidification Time for Different Mould Temperatures

The average solidification times at mould temperatures of 303 K, 403 K, and 503 K are
approximately 2 s, 2.47 s, and 3.26 s, respectively. A general relationship between solidification
time and pouring temperature, pouring velocity, and mould temperature has been approximated
using multiple linear regression analysis. The general solidification time (s) can be

approximated as using multiple linear regression analysis:

ts = —2.6741 —0.0024 v, + 0.00387T, + 0.0063 T

3.6 Conclusions

The parameters relating to the porosity defect that impacts casting quality were investigated.
The optimal pouring velocity is near 500 mm/s. When the velocity is close to 500 mm/s, it is
seen that the porosity value is extremely low, and the porosity is almost constant regardless of
the pouring temperature. The length of fully-filled solid aluminium from the base of the mould
cavity rises with pouring velocity and reaches its maximum value close to 500 mmV/s.
Additionally, this length gradually increases with decreasing pouring temperature for a constant

pouring velocity.

After solidification two layers are formed in the solidified casting, one of pure solid aluminium
and the other of the solid aluminium-air mixture. This solid aluminium-air combination layer is
responsible for porosity formation. The porosity gradually decreases with increasing pouring
velocity for a fixed pouring temperature. The porosity is almost constant to a certain extent of
temperature or gradually increases with increasing pouring temperature for a fixed pouring
velocity at mould temperature 30°C. At others mould temperature (130°C and 230°C) the
porosity increases with increasing pouring temperature for a fixed pouring velocity. A pouring
temperature of 983 K showed the best results for getting low porous casting. Porosity has little

dependence on pouring temperature rather than pouring velocity. The percentage of porosity
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increases from zero value (adjacent to the 100% aluminium existing) to maximum value along
the thickness of the casting. It achieves its highest value at the casting's top surface. Porosity is
found to decrease with an increase in mould temperature. At pouring velocities of 485 mm/s and
520 mm/s, the porosity remains almost constant, regardless of the mould temperature. As the
mould temperature increases, it is observed that the rate of decrease in porosity decreases with

an increase in pouring velocity at a specific pouring temperature.

The aluminium mould filling and solidification have been studied, involving a two-phase system
consisting of air and aluminium. This system has included a mixture of liquid and solid phases
of aluminium. Throughout the study, the solidification front has been carefully observed and
extensively analysed. The current observations indicate that increasing the preheating
temperature of the mould leads to a greater quantity of molten aluminium in its liquid form.
Conversely, reducing the preheating temperature of the mould decreases the amount of liquid
aluminium present. Initially, solidification mainly occurs on the right side of the cavity. The
behaviour of solidification plays a crucial role in determining the characteristics of hotspots.
Hotspot zones are primarily found below the riser. High pouring velocities and low pouring
temperatures have relatively small or negligible hotspot zones. The location of the hotspot and
the impact of pouring velocity and temperature on the hotspot are largely independent of the

initial temperature of the mould.

Furthermore, the solidification time exhibits a gradual decrease with increasing pouring
velocity, whereas it increases gradually with higher pouring temperatures. On average, the
solidification times are approximately 2 s, 2.47 s, and 3.26 s at mould temperatures of 303 K,

403 K, and 503 K, respectively.
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CHAPTER 4: CONCLUSIONS AND FUTURE SCOPES

4.1 Conclusions

The research findings in the present thesis emphasize the importance of considering multiple
parameters, such as pouring temperature, pouring velocity, and mould initial temperature, in
order to accurately predict and control the solidification process and porosity formation in metal
casting. It highlighted the need for a more practical model to specifically focus on porosity
calculation and prediction. Overall, this study contributes to the understanding of solidification
phenomena in metal casting and provides insights for optimizing the casting process to achieve
high-quality castings with minimal porosity. It serves as a foundation for further research in
developing more advanced models and techniques to address the complex nature of the casting

process and improve the overall quality and efficiency of casting operations.

In Chapter 2, two one-dimensional casting solidification models have been simulated using the
FORTRAN 95 programming software. The first model allowed for the calculation of the
solidification front and solidification time, revealing an average solidification rate of 1.88 mm/s.
The results indicate that rapid solidification occurs initially. However, the pouring temperature
could not be altered during the simulation in the first model, which is a crucial parameter
impacting both the solidification time and the position of the solidification front. The second
model addressed this limitation by allowing variations in both pouring temperature and mould
initial temperature. This model utilizes the error function and complementary error function to
simulate the solidification process and calculate solidification times for different pouring
temperatures and mould initial temperatures. The simulation results demonstrate that the
solidification time increases with pouring temperature at a constant mould initial temperature,
and it also increases with mould initial temperature at a constant pouring temperature. The
solidification front is also calculated using this model, revealing initial rapid solidification

followed by a relatively slow cooling process. The average solidification rate decreases with
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increasing pouring temperature at a constant mould initial temperature and with increasing

mould initial temperature at a constant pouring temperature.

However, it is important to note that in both models, pouring velocity is not varied, and the
calculation of porosity is not included. Additional models would be required to predict or
measure porosity formation in the casting. In Chapter 3, the investigation focuses on the
parameters related to the porosity defect that impacts casting quality. The study reveals that the
optimal pouring velocity is near 500 mm/s. At this velocity, the porosity value is extremely low
and remains almost constant regardless of the pouring temperature. The length of fully-filled
solid aluminium from the base of the mould cavity increases with pouring velocity, reaching its
maximum value close to 500 mm/s. Additionally, this length gradually increases with

decreasing pouring temperature for a constant pouring velocity.

The solidified casting consists of two layers, one of pure solid aluminium and the other of a
solid aluminium-air mixture. The solid aluminium-air combination layer is responsible for
porosity formation. The porosity gradually decreases with increasing pouring velocity at a fixed
pouring temperature. It remains almost constant up to a certain temperature range and then
gradually increases with further increases in pouring temperature for a fixed pouring velocity,
except at a mould temperature of 30°C. At other mould temperatures (130°C and 230°C), the
porosity increases with increasing pouring temperature for a fixed pouring velocity. A pouring
temperature of 983 K shows the best results for obtaining a low-porosity casting, indicating that
porosity has little dependence on pouring temperature compared to pouring velocity. The
percentage of porosity increases from a zero value (adjacent to the 100% aluminium) to a
maximum value along the thickness of the casting, with the highest value observed at the
casting's top surface. Moreover, porosity is found to decrease with an increase in mould
temperature. At pouring velocities of 485 mm/s and 520 mm/s, the porosity remains almost
constant, regardless of the mould temperature. Additionally, it is observed that as the mould
temperature increases, the rate of decrease in porosity decreases with increasing pouring

velocity at a specific pouring temperature.
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The study also examines the aluminium mould filling and solidification using a two-phase
system comprising air and aluminium, as well as a mixture of liquid and solid phases of
aluminium. The solidification front and the behaviour of hot spots are investigated. It is
observed that initially, solidification mainly occurs on the right side of the cavity. The
characteristics of the hot spot zones, which are primarily present below the riser, are determined
by the solidification behaviour. Higher pouring velocities and lower pouring temperatures result
in relatively small or negligible hot spot zones. Interestingly, the location of the hot spot and the
influence of pouring velocity and pouring temperature on the hot spot are found to be almost
independent of the initial temperature of the mould. This suggests that the hot spot behaviour is
primarily influenced by the pouring parameters rather than the mould initial temperature or

mould preheating temperature.

Furthermore, the study calculates the solidification time for different pouring parameters. It is
observed that the solidification time gradually decreases as the pouring velocity increases,
indicating a faster solidification process. Conversely, the solidification time increases gradually
with increasing pouring temperature, suggesting a slower solidification process. The average
solidification times at mould temperatures of 303 K, 403 K, and 503 K are approximately 2 s,
242 s, and 3.26 s, respectively. These findings highlight the significant impact of pouring

velocity and temperature on the solidification time.

This research examines into the process of aluminium mould filling and solidification using
two-phase systems and a mixture of liquid and solid phases of aluminium. The study utilizes
simulation models to analyse the solidification process, solidification time, and porosity. The
results provide insights into the effects of parameters, such as pouring velocity, pouring
temperature, and mould temperature, on porosity formation, solidification time, and hot spot
behaviour. These findings emphasize the significance of optimizing these parameters to

minimize porosity defects and achieve efficient solidification processes.
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4.2 Future Scopes

This thesis focuses on the permanent mould casting of pure aluminium (99.9% pure aluminium)
using a steel mould, utilizing a computational fluid dynamics (CFD) model to analyse various
casting parameters. While this study provides valuable insights into porosity, solidification time,
solidification front, and the length of aluminium metal, there are several possibilities for future

research and expansion in this field.

Firstly, future studies may explore the casting of other metals using similar computational
models. The extension of this research to different metal alloys can provide a comparative
analysis of their solidification behaviours, porosity formation, and casting quality. In addition to
exploring different metals, future research can also investigate alternative gating systems. This
thesis focuses on the top gating system, but other gating designs such as bottom gating or side
gating offer potential for optimization of casting parameters and reduction of porosity defects.
By comparing and analysing the effects of different gating systems on porosity formation and
casting quality, researchers can identify the most efficient and effective gating design for

specific applications.

Furthermore, future studies can delve into the optimization of casting parameters for other
defects beyond porosity. While this thesis primarily addresses porosity defects, there are various
other defects that can affect casting quality, such as shrinkage, misruns, and cold shuts. By
expanding the scope of analysis to include these defects, researchers can develop comprehensive
models and optimize casting parameters to minimize or eliminate these defects. Additionally,

exploration of other mould materials may also be a possibility for future research.
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