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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 
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NOMENCLATURE 
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A Area mm2 or m2 

B Constant - 

b Breadth mm 

C Constant - 

 Constant - 

C 1 Model constant - 

C 2 Model constant - 

  - 

C  Model constant - 

Cmush Mushy zone constant - 

c or cp Specific heat at constant pressure J/kg K 

 Volumetric coefficient of thermal expansion K-1 

d Depth mm 

D Diameter mm 

E Total energy J/kg 

e Relative error - 

 Turbulent dissipation rate J/(kg·s 

 Error function - 

 Complementary error function - 

 Source term vector N 

 Kinematic viscosity m2/s 

 Gravitational vector m/s2 

gi                 Gravitational vector in the i-th direction m/s2 
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 Turbulence kinetic energy due to the buoyancy N/kg

 
Generation of turbulence kinetic energy due to the mean 

Velocity gradients 
N/kg 

gr Grid refinement ratio - 

GCI Grid convergence index - 

H  Height mm 

h Enthalpy J/kg 

h1 Sensible heat J/kg 

h2 Latent heat J/kg 

hc Convection heat transfer coefficient W/m2 K 

 Difference in temperature K 

 Integration variable - 

0 Constant - 

k Turbulent kinetic energy J/kg 

Km Mould constant - 

Lo Length of the outside wall surface mm or m 

L Latent heat of solidification J/kg  

 Length  mm 

 Theramal conductivity W/m K 

 Mass transfer rate kg/s 

 Viscosity kg/m s 

 Density kg/m3 

oc Order of convergence - 

p Pressure N/m2 

Pr Prandtl number - 

 Volume fraction  - 

Ra Rayleigh number - 
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Re Reynolds number -

R  Correction factor N/kg 

Rij Reynolds stress tensor N/m² 

s(t) Depth of solidification mm or m 

S Modulus of the mean rate-of-strain tensor  

Sij Mean rate of strain tensor  

 Stress tensor N/m² 

T Temperature K 

T0 
Mould initial temperature or mould temperature or mould 

preheat temperature 
K 

TS Wall surface temperature K 

Tf Freezing temperature  K 

TF Mean film temperature K 

Ti or Tp Initial liquid temperature or pouring temperature K 

T  Constant of integration - 

t Time s 

tp Pouring time s 

ts Solidification time s 

u Velocity mm/s or m/s 

ui Velocity component in the i-th direction - 

 Fluctuating component of velocity mm/s or m/s 

 Fluctuating velocity in the i-th direction mm/s or m/s 

 Mean component of velocity mm/s or m/s 

 Velocity vector mm/s or m/s 

vp Pouring velocity mm/s 

x Distance from mould-casting interface mm or m 



 

x 
 

xi Spatial coordinate in the i-th direction -

 Scalar quantity - 

 Constant - 

 Constant - 

 Thermal diffusivity m²/s 

 Inverse effective Prandtl number for k equation - 

  - 

V Volume mm3 

 

Suffixes/ Abbreviations: 

Terms Meaning 

a Air 

Al Aluminium 

c Casting 

eff Effective 

li Liquidus 

l Liquid phase 

r Riser 

s Solid phase 

so 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 
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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. 
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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 

-

-

-
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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.

-  
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 [49]

 

- -

-

 

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. 
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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]. Iqbal 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 

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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energy is proportional to the product of the turbulent kinetic energy and a characteristic length 

scale, as reported by Alvarez et al. [79].

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- -

realizable k- . [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-

the influence of molecular viscosity is insignificant [78]. As a result, the standard k-

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-

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- -

range of flow conditions compared to the standard k-  [86]. The RNG model is similar to 

the standard k-

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-

While the standard k-

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-

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-  
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1.2.5 Porosity Defects 
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1.2.6 Hot Spot 
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1.2.7 Thermal Analysis of Casting 
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1.3 Objectives 
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two-phase system (air and 

aluminium) and a mixture of liquid and solid phases of aluminium
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1.4 Scope of the Study 

-

 

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. 
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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 T0. At time t=0, the liquid metal is poured at temperature 

Tp 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 T0. The freezing 

temperature of the material is Tf, which is also considered as the pouring temperature. The 

temperature distribution at any moment is shown in figure 2.2.

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], 

   (2.1) 

c is the thermal diffusivity of the casting, T is a constant of integration; T0 is the mould-

casting interface temperature; and  is called error function. The physical significance 

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], 

  

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

   (2.2) 

At , where Tf  is the freezing temperature of the casting material. 

Applying this condition, equation (2.1) becomes 

    (2.3) 

Let,     (2.4) 

We get, 

 (2.5) 

The energy balance equation at the solid-liquid interface  is  
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 (2.6)

c c, and L are the conductivity, density and latent heat of solidification of the casting 

material respectively.  

Using the relation of the error function  

From equation (2.1), 

  

 (2.7) 

Substituting equation (2.7) into equation (2.6), 

 (2.8) 

Substituting (T  - T0), (t) from equations (2.3), (2.4), and (2.5) into equation (2.8), 

  

 (2.9) 

c c ccc into equation (2.9), 

 
(2.10) 

The value of   from equation (2.10) can be solved by trial and error. 
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The solidification time (ts) can be determined by applying the following condition. 

At     

Where  is the length of the casting.  

From Eq. (2.4), 

 
(2.11) 

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

 
(2.12) 

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/m3) 7850 8960 

Thermal conductivity (W/m-K) 83 398 

Freezing temperature (0C) 1540 1085 
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2.2.3 Solution Methodology

The simulation begins by setting the mould initial temperature to 300C. 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 . 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.

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 

quation 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. 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 

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 0 s, 5 s, 10 

s, 15 s, 20 s, 25 s, 30 s, 35 s, 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. 

 

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 

is 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).

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

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 Ti

which is higher than the freezing temperature Tf of the material as shown in figure 2.6. At t=0, 

the boundary surface temperature at x=0 is lowered to T0 and maintained at that temperature for 

t>0. The boundary surface temperature at x=0 (T0) is less than freezing temperature (Tf) 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, 

 
(2.13) 

  

For the liquid (l) phase, 

 
(2.14) 

  

At interface, 

  

  

  

 Where Ts and Tl are temperature of solid and liquid phases respectively.  

Energy balance equation at interface: 

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

solidified over the time  = c . 

Heat rejected at the interface= c . 

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

material. 

Rate of heat rejection at the interface =      0) 

The energy balance equation is in the following form: 



41 
 

  

  

 (2.15) 

 

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

equation (2.15) can be written as, 

 
(2.16) 

The assumed solution for the solid phase, 

 
(2.17) 

Where B is a constant. 

 
(2.18) 

Let        (2.19) 

The error function is given by, 

 
(2.20) 

 
 

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

 
 

From equation (2.18),  
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(2.21) 

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

 

 

(2.22) 

Assume a solution for the liquid phase, 

 
(2.23) 

Where C is a constant. 

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

 
 

The complementary error function erfc  The 

complementary error function can be represented as, 

 
(2.24) 

At x=s(t), the equation (2.23) can be written as, 

 
(2.25) 

 
 

 
 

Substitute the value of C into equation 2.23, so the solution of the equation 2.23 is, 
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(2.26) 

Using the relation of the error function    , from equation (2.17), 

 
 

 
 

The relation between error function and complementary error function is, 

erfc(x)=1-erf(x)  

 Now, from equation (2.23), 

 
 

 
 

 

 

And, from equation (2.19), 

 (2.27) 

 
 

Substitute the value of  ,   and   into equation 2.16, 
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(2.28) 

 and  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 J/kg K 

Density 2690 kg/m3 

Freezing Temperature 933 K 

Latent heat 391 kJ/kg 

Steel Thermal conductivity 33 W/m K 

 Specific heat 486 J/kg K 

 Density 7753 kg/m3 

 

s l s l s l ), 

s l) 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, t

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. 



46 
 

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  (300C) 

Pouring 

Temperature 

  s l ) s l ) Solidification 

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 (1300C) 

Pouring 

Temperature 

  s l ) s l ) Solidification 

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 (2300C) 

Pouring 

Temperature 

  s l ) s l ) Solidification 

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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s l s l ) are shown in these tables, 

which are determined by solving numerical equations and are necessary for solidification time 

calculations. 

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, 2 s, 3 s, 4 s, 5 s, 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 



48 
 

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 

(s) 

Length of metal solidified  from mould-casting interface (mm) 

 

Mould initial temperature  

= 303 K (300C) 

 

Mould initial temperature 

= 403 K(1300C) 

 

Mould initial temperature 

= 503 K(2300C) 

 

TP 

= 983K 

TP 

=1003K 

TP 

=1033K 

TP 

=983K 

TP 

=1003K 

TP 

=1033K 

TP 

= 983K 

TP 

=1003K 

TP 

=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 

ts 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 
T0=303 K.

Figure 2.9: Length of metal solidified for different time intervals and pouring temperatures at 
T0=403 K.
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Figure 2.10: Length of metal solidified for different time intervals and pouring temperatures at 
T0=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- . 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. 
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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, 

 (3.1) 

Where   and  are mean (ensemble-averaged or time-averaged) and fluctuating components of 

velocity. 

Likewise, for pressure and other scalar quantities:   Where  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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(3.2) 

The momentum equation, 

 
(3.3) 

Where  represents velocity vector,  denotes the dynamic viscosity coefficient,  represents the 

gravitational acceleration vector, and  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], 

 
 

Here, Cmush is the mushy zone constant which is equal to 104 [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], 

 (3.4) 
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Where Rij is the Reynolds stress tensor,  is the fluctuating velocity in the i-th direction, and  

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, 

  

  

  

  

  

  

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

3.2.2 RNG k- Equations 

The RNG k- turbulence model used in computational fluid dynamics (CFD) 

simulations to predict turbulent flows [49, 89, 180]. The RNG model presents equations for 

stresses and other turbulence parameters. Turbulent kinetic energy (k) represents the energy 

associated with the turbulent fl

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

follows: 

Equation for turbulent kinetic energy (k), 

 
(3.5) 
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Eq  

 
(3.6) 

The effective viscosity is defined as, 

 (3.7) 

Where  is the molecular viscosity of the fluid and t is the turbulent viscosity. 

The turbulent viscosity is then computed using the following equation, 

 
(3.8) 

Where  is the density of the fluid, C  is a model constant and = 0.085 which has been derived 

using the Renormalization Group (RNG) theory. The term Gk 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. Gk depends on the Reynolds stress tensor [170, 181]. 

It can be expressed as, 

 
(3.9) 

Where uj is the velocity component in the j-th direction and xi is the spatial coordinate in the i-th 

direction. The term Gb represents the rate at which turbulence kinetic energy is generated due to 

the effects of buoyancy [182]. It can be expressed as, 

 
(3.10) 

Where Prt is the turbulent Prandtl number and gi 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- n the case of the RNG k-  [170, 183], 

  and   (3.11) 
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The eff is given by [183], 

 
(3.12) 

 is the density of the fluid, cp is the specific heat at constant pressure, eff is the effective 

thermal diffusivity, is the molecular thermal diffusivity. is the molecular viscosity or 

viscosity of the fluid and eff is the effective viscosity. 

impacted by the buoyancy is determined by the constant . The 

constant  in the RNG k- using the following equation 

[170, 184]: 

 (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  is zero. On the other hand, 

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

The main difference between the RNG and standard k- 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]. 

 

    (3.14) 

Where 1 , 0 =4.38, =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) 

Where Sij is 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, 



60 
 

 
(3.16) 

Where ui and uj are the velocity components in the i and j directions, respectively, and xi and xj 

are the corresponding coordinate axes. The inverse effective Prandtl numbers ( k and ) are 

calculated using the equation 3.12 and default value in Ansys Fluent are [170], k=  

The default values in Ansys Fluent of the model constants C 1 and C 2 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 a and b. In this context, there are three possible scenarios within a given 

cell: b = 0: The secondary (bth) phase is absent in the cell. b = 1: the secondary (bth) phase 

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

between the secondary (bth) phase and the primary (ath) 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 (bth) phase. For secondary (bth) phase, the equation takes the 

following form, 

 
(3.17) 

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

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

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

 (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 (  in 

a cell is determined by, 

 (3.19) 

Where a b represents the density of the phase b. 

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

 (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 (h1) and latent heat (h2), as 

shown below: 

 (3.21) 

 
(3.22) 

Where h is the total enthalpy. The specific heat at constant pressure is denoted by Cp, the 

reference temperature is Tref, and href represents the reference enthalpy. 

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

liquid fraction, . 

 (3.23) 

The liquid fraction can be addressed as: 

 

(3.24) 

Where Tso and Tli are the solidus and liquidus temperatures of molten metal. The latent heat 

component (h2) may vary from zero (for solids) to L (for liquids). 
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The equation of energy is written as: 

 
(3.25) 

 
 

The Reynolds stress tensor  

The effective thermal conductivity ( eff) is obtained as: 

  

eff is obtained by utilizing equation 3.12. The total energy is denoted by E and the 

effective conductivity is denoted by eff. t, prt, t, and eff 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. Sh 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 Calderón-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 Galván 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 . Here, i+1 and i 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 10-5 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 10-4 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 × 13 mm ×13 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/m3, 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 Mozammil 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. 

 

 

Figure 3.1: Bottom gating casting used by Mozammil 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 of sprue 
Diameter 10 

Length 80 

Sprue well 
Diameter 15 

Height 20 

Runner 

Length 90 

Width 8 

Height 10 

In-gate 

Length 15 

Width 10 

Height 12 

Riser 
Diameter 25 

Height 25 

Riser neck 
Diameter 20 

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

Pouring 

Temperature (K) 

Experimental result 

of Porosity of 

Mozammil et al. [116] 

Simulation result of 

Porosity of 

Mozammil et al. 

[116] 

Porosity measured 

by our model 

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 × 60 mm × 10 mm pure aluminium casting with a steel mould has been selected for 

further analysis in this thesis. 

 

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.  

 

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

 

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.  

 

Figure 3.6: Mesh in the analysed system. 

 

 

Figure 3.7: Mesh in the casting, riser, and sprue. 

 

The mould is made of 1.5 percent carbon steel of dimension 84 mm × 84 mm × 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 

[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]. 

[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  

 
(3.26) 

Where ts is the solidification time, V is the volume, A is the surface area, and Km 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) 

 (3.27) 

Where Dr is the diameter of the riser and Hr is the height of the riser 

The volume of riser (Vr) is 

 (3.28) 

From the equation 3.28 

 
(3.29) 

Substitute the value of Hr into the equation 3.27 

 
(3.30) 

For  to be minimum        

Or,            

Or,   (3.31) 

Substitute the relation  in the equation 3.29 

 
(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 Vc=  mm3 (3.33) 

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

Therefore, volume of the riser, Vr= 3 x 0.065 x Vc  mm3 (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.  

 (3.35) 

Where Dsp is the diameter of sprue and Dr is the diameter of riser 

 (3.36) 

Assume  

The riser is designed to solidify last, we need   

Or, 
 

 

Or,   

Or,   

Or, 
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Or,  

Or, 
 

(3.37) 

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 VC (volume of the 

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

Volume of the casting Vc=  =60 x 60 x 10= 36000 mm3               

Volume of the riser, Vr= 3 x 0.065 x Vc =7020 mm3 

The diameter of the sprue (Dsp) 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 (Dr) is equal to 24 mm. 

According to equation 3.32, the height of the riser (Hr) 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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 =   

 =   

 =1356.48+5425.92+36000  

 =42782.4 mm3  

At inlet of the sprue, 

 (3.38) 

Where, pouring velocity= vp, and tp =pouring time. 

Therefore, pouring time (tp) is given by, 

 
(3.38) 

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], 

 
 

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 



76

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. 

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 

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 J/kg K 

Density 2690 kg/m3 

Viscosity 0.001 kg/m s 

Freezing Temperature 933 K 

Latent heat of solidification 391 kJ/kg 

 Thermal conductivity 0.0336 W/m K 

Air Specific heat 1014 J/kg K 

 Density 0.8826 kg/m3 

 Viscosity 2.286e-05 kg/m s 

 Thermal conductivity 33 W/m K 

Steel Specific heat 486 J/kg K 

 Density 7753 kg/m3 

 

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, 

 
 

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

is the kinematic viscosity of air [m2/s], Lo is the length of the outside wall surface of the mould 
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[m], a is the volumetric coefficient of thermal expansion of air [K-1], and Pra is the Prandtl 

number of air.  

The convection heat transfer coefficient (denoted by hc) [W/m2 K] for different types of surface 

geometry is calculated by the equations given below. 

For vertical surfaces,  

 

 

For upper-heated horizontal surfaces,  

 

 

For lower-heated horizontal surfaces, 

 
 

 The process of calculating the average heat transfer coefficients involves the following steps: 

(i) Set the atmospheric temperature, =30 °C. 

(ii) 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 TF = (TS + )/2, 

where TS 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  . 
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The average heat transfer coefficient for the upper horizontal mould wall (where riser and sprue 

open) is 10.05 W/m2 K, for the lower horizontal mould wall (opposite to upper horizontal mould 

wall) is 4.49 W/m² K, and for the vertical walls is 13.55 W/m² 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 f1, f2, and 

f3 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: 

 
 

Where gr 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 
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The calculated value of relative error for grids 1 and 2 (e1, 2) is 0.0598 and for grids 2 and 3 (e2, 

3) is 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 (GCI1, 2) is 0.0101and for grids 2 and 3 (GCI2, 3) 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: 

 
 

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. 

(ii) 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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rate of heat transfer between the liquid aluminium and the air through advection is 

relatively slow. 

(iii) 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 

3.9c). Liquid aluminium metal continues to flow smoothly into the mould cavity (figure 

3.9c). As molten metal travels, the liquid-solid aluminium mixture layer and liquid 

aluminium -air layer shift to the right of the cavity. 

(iv) 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. 

(v) 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. 

(vi) 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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continuous pouring of high-temperature molten metal, which continues until the 1s 

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.

(vii) 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.

(viii) 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.

Figure 3.9a: Time 0.1 s

Figure 3.9b: Time 0.25 s
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Figure 3.9c: Time 0.5 s

Figure 3.9d: Time 0.75 s

Figure 3.9e: Time 1 s

Figure 3.9f: Time 1.5 s

Figure 3.9g: Time 2 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 vp=380 
mm/s, Tp=983 K, and T0=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 3.11a: Time=0.1 s

Figure 3.11b: Time=0.5 s

Figure 3.11c: Time=0.75 s

Figure 3.11d: Time=1 s

Figure 3.11e: Time=1.5 s
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Figure3.11f: Time=2.2 s

Figure3.11g: Time=10 s

Figure 3.11: Simulation of the solidification and mould filling process with parameters vp=380 
mm/s, Tp=983 K, and T0=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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Pouring temperature
0.1 s 0.5 s 1 s 1.5 s End of solidification

450 mm/s,

1033 K

520 mm/s,

983 K

520 mm/s,

1003 K

520 mm/s,

1033 K

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 3.13a: 0.1 s

Figure3.13b: 0.4 s

Figure 3.13c:0.5 s

Figure 3.13d: 0.8 s

Figure 3.13e: 1 s
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Figure 3.13f: 1.5 s

Figure 3.13g: 2.2 s

Figure 3.13h: 3.2 s

Figure 3.13i: 10 s

Figure 3.13: Simulation of the solidification and mould filling process with parameters vp=380 
mm/s, Tp=983 K, and T0=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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Pouring velocity, 

Pouring temperature
0.1 s 0.5 s 1 s 1.5 s End of solidification

450 mm/s,

1033 K

520 mm/s,

983 K

520 mm/s,

1003 K
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Figure 3.14: Solidification analysis for various pouring velocities and temperatures at a mould temperature of 503K.
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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. 

Figure 3.15: Variation of porosity with pouring velocities and temperatures at T0=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. 

Pouring 

temperature (K) 

Pouring 

velocity (mm/s) 

Porosity for 

mould initial 

temperature 

303 K 

 

Porosity for 

mould initial 

temperature 

403 K 

 

Porosity for 

mould initial 

temperature 

503 K 

 

983 

 

380 0.1706 0.0108 0.0088 

415 0.0914 0.0095 0.0052 

450 0.0481 0.0068 0.0029 

485 0.0044 0.0029 0.0020 

520 0.0023 0.0017 0.0012 

1003 

380 0.1706 0.0119 0.0091 

415 0.1007 0.0110 0.0063 

450 0.0858 0.0100 0.0058 

485 0.0044 0.0033 0.0021 

520 0.0024 0.0018 0.0013 

1033 

380 0.1854 0.0191 0.0099 

415 0.1038 0.0142 0.0086 

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 

Temperature (K) 

The percentage of porosity decreased from a velocity 380 to 520 

mm/s 

 

For mould initial 

temperature 303 K 

 

For mould initial 

temperature 403 K 

 

For mould initial 

temperature 503 K 

 

983 98.6 84.26 86.4 

1003 98.6 84.87 85.7 

1033 98.7 89 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. 

Figure 3.16: Variation of porosity with pouring velocities and temperatures at T0=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.  
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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.

Figure 3.17: Variation of porosity with pouring velocities and temperatures at T0=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. 

 

Figure 3.18a: At first plane. 

 

Figure 3.18b: At second plane. 
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Figure 3.18c: At third plane 

Figure 3.18: Contours of aluminium volume fraction at 380 mm/s (vp) and 983 K (Tp), 
illustrated after completion of solidification at T0=303 K. 

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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(i): 380 mm/s, 983 K (ii): 380 mm/s, 1003 K

(iii): 380 mm/s, 1033 K (iv): 415 mm/s, 983 K

(v): 415 mm/s, 1003 K (vi): 415 mm/s, 1033 K

(vii): 450 mm/s, 983 K (viii): 450 mm/s, 1003 K
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(ix): 450 mm/s, 1033 K 

 

(x): 485 mm/s, 983 K 

 

(xi): 485 mm/s, 1003 K 

 

(xii): 485 mm/s, 1033 K 

 

(xiii): 520 mm/s, 983 K 

 

(xiv): 520 mm/s, 1003 K 

 

(xv): 520 mm/s, 1033 K 

Figure 3.19: Contours of aluminium volume fraction for different pouring velocities and 
temperatures after the completion of solidification at T0=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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(i): 380 mm/s, 983 K 

 

(ii): 380 mm/s, 1003 K 

 

(iii): 380 mm/s, 1033 K 

 

(iv): 415 mm/s, 983 K 

 

(v): 415 mm/s, 1003 K 

 

(vi): 415 mm/s, 1033 K 

 

(vii): 450 mm/s, 983 K 

 

(viii): 450 mm/s, 1003 K 
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(ix): 450 mm/s, 1033 K 

 

(x): 485 mm/s, 983 K 

 

(xi): 485 mm/s, 1003 K 

 

(xii): 485 mm/s, 1033 K 

 

(xiii): 520 mm/s, 983 K 

 

(xiv): 520 mm/s, 1003 K 

 

(xv): 520 mm/s, 1033 K 

Figure 3.20: Contours of aluminium volume fraction for different pouring velocities and 
temperatures after the completion of solidification at T0=403 K. 
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(i): 380 mm/s, 983 K 

 

(ii): 380 mm/s, 1003 K 

 

(iii): 380 mm/s, 1033 K 

 

(iv): 415 mm/s, 983 K 

 

(v): 415 mm/s, 1003 K 

 

(vi): 415 mm/s, 1033 K 
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(vii): 450 mm/s, 983 K 

 

(viii): 450 mm/s, 1003 K 

 

(ix): 450 mm/s, 1033 K 

 

(x): 485 mm/s, 983 K 

 

(xi): 485 mm/s, 1003 K 

 

(xii): 485 mm/s, 1033 K 
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(xiii): 520 mm/s, 983 K 

 

(xiv): 520 mm/s, 1003 K 

 

(xv): 520 mm/s, 1033 K 

Figure 3.21: Contours of aluminium volume fraction for different pouring velocities and 
temperatures after the completion of solidification at T0=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. 

Pouring 

Temperature 

(K) 

Pouring 

Velocity (mm/s) 

Length of  fully-

filled solidified 

aluminium 

from the base of 

the mould 

cavity 

for mould 

temperature 

303 K (mm) 

 

Length of  fully-

filled solidified 

aluminium 

from the base of 

the mould 

cavity 

for mould 

temperature 

403 K (mm) 

 

Length of  fully-

filled solidified 

aluminium 

from the base of 

the mould 

cavity 

for mould 

temperature 

503 K (mm) 

 

983 

 

380 6.5 8.5 10 

415 6.7 10 10 

450 7.7 10 10 

485 10.0 10 10 

520 10.0 10 10 

1003 

380 6.3 8.4 10 

415 6.5 10 10 

450 6.9 10 10 

485 10.0 10 10 

520 10.0 10 10 

1033 

380 6.1 8.3 10 

415 6.4 10 10 

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 T0=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, 2 s, 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, 2.05 s, 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. 

Pouring 

temperature 

(K) 

Pouring 

velocity 

(mm/s) 

Solidification 

time (s) for 

mould initial 

temperature 

303 K 

 

Solidification 

time (s) for 

mould initial 

temperature 

403 K 

 

Solidification 

time (s) for 

mould initial 

temperature 

503 K 

 

983 

 

380 2 2.5 3.3 

415 1.98 2.45 3.25 

450 1.96 2.4 3.2 

485 1.91 2.3 3.1 

520 1.9 2.2 2.8 

1003 

380 2.15 2.6 3.5 

415 2.05 2.5 3.4 

450 2 2.45 3.3 

485 1.97 2.4 3.15 

520 1.92 2.3 3 

1033 

380 2.2 2.8 3.6 

415 2.1 2.7 3.5 

450 2.05 2.6 3.4 

485 1.98 2.5 3.3 

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.

Figure 3.23: Variation of solidification time for different pouring velocities and temperatures at  
T0=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, 2.45 s, 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, 

2.45 s, 2.4 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.

Figure 3. 24: Variation of solidification time for different pouring velocities and temperatures at 
T0=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.

Figure 3.25: Variation of solidification time for different pouring velocities and temperatures at  
T0=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.

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

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



130 
 

 

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. 

Pouring 

temperature (K) 

Pouring Velocity 

(mm/s) 

Percentage of 

porosity decrease 

from 303 K to 403 K 

mould temperature 

Percentage of 

porosity decrease 

from 303 K to 503 K 

mould temperature 

983 

380 93.67 94.84 

415 89.61 94.31 

450 85.86 93.97 

485 34.09 54.55 

520 26.09 47.83 

1003 

380 93.02 94.67 

415 89.08 93.74 

450 88.34 93.24 

485 25.00 52.27 

520 25.00 45.83 

1033 

380 89.70 94.66 

415 86.32 91.71 

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: 
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Where vp is the pouring velocity [mm/s], Tp is the pouring temperature [K], and T0 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: 

 

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 mm/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, 

2.42 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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