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Abstract 

Air porosity becomes an issue in casting that needs attention. To create superior-
quality castings, it is crucial to carefully consider the parameters of the casting for 
negligible air porosity. The manuscript presents a study of porosity with the filling and 
solidification process inside the mould cavity where flow is turbulent using a compu-
tational fluid dynamics (CFD) approach by Ansys Fluent. An Ansys Fluent simulation 
model has been created and validated using the existing experimental research. This 
model investigates the variation in solid aluminium (about 100% Al) filled from the 
base of the mould cavity as a function of pouring temperature and pouring velocity. 
The relationship between porosity and casting parameters has been investigated and it 
is used to forecast a better estimate for the casting parameters with minimum poros-
ity. It is observed that the top surface of the casting, which is linked to the bottom 
surface of the riser, has the maximum porosity and when the pouring velocity is close 
to 500 mm/s, the porosity value is extremely low.

Keywords: Aluminium Casting, Casting Filling, Solidification, Porosity, Ansys fluent, 
Casting parameters, Filling thickness, Turbulent flow

Introduction
Aluminium (Al) and its alloys have recently received a lot of attention because of their 
extensive industrial applications and great technological value. The reason for its desir-
ability is its advantageous properties, including low density, high thermal conductivity, 
exceptional corrosion resistance, high castability, and desirable tensile strength [1, 2]. It 
is therefore widely employed, particularly in the mechanical, automobile, and aerospace 
industries [1–3]. This article mainly concerns aluminium casting in a steel mould. While 
the casting solidifies, shrinkage porosity and gas or air porosity are the two main forms 
of porosity that arise.

Several works have explored the porosity arising during the solidification process in 
a variety of directions. Chudasama [4] used ProCAST software to analyse shrinkage 
porosity during metal filling and solidification for the gravity sand casting process. Ayar 
et al. [5] used the AutoCAST-X1 software to execute a casting simulation to examine the 
behaviour of molten filling and solidification and discovered a shrinkage porosity defect 
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in the centre feeder section. Naoya Hirata and Koichi Anzai [6] used the particle method 
of casting pure aluminium to examine the behaviour of shrinkage formation. Shrink-
age porosity is expected to happen due to an advanced solidification of the liquid metal 
inside the riser and can be avoided by proper design and placement of the riser [7, 8].

On the other hand, some researchers claimed that air porosity is a common problem 
in aluminium castings since pores are usual occurrences in aluminium castings [9, 10]. 
The defects due to air porosity hamper their usage in safety–critical applications [3]. 
Porosity is expected to account for around 35% of overall defects in die-cast components 
[11]. A one-dimensional model has also been used to study porosity and temperature 
distribution [12, 13]. To calculate the air porosity to produce high-quality castings, it is 
also important to study the process of casting filling and solidification [14]. To design the 
casting simulation, inlet velocity, pouring temperature, and pouring time are important 
parameters [15, 16]. Choudhari et al. [8] stated the process of solidification in casting is 
complex and studied defects such as shrinkage cavity and porosity. Jolly and Katgerman 
[17] discussed how different defects arise during the solidification of shape and direct 
chill casting processes. Namchanthra et al. [18] investigated the stages of filling, solidi-
fication, and cooling during the manufacture of a plumbing component using the com-
putational fluid dynamics (CFD) method. Nowadays, Ansys Fluent simulation software 
is versatile and is widely used for the simulation of casting [19–21]. Eqal and Yagoob [22] 
focused on the use of Ansys Fluent simulation software for numerical modelling of ZA 
alloy casting solidification.

Mozammil et al. [15] established that the pouring time is expected to play a signifi-
cant role in the casting and this direction of research should be further pursued in the 
future. It was suggested that the pouring time should be fixed in such a way the mould 
cavity is properly filled before the solidification process begins [15, 23]. Some research-
ers assumed that the mould cavity is filled with molten metal as the beginning condition 
and neglected to analyse the casting process at the time when the mould is filled with 
molten metal [24].

Since the simulation of the casting process is complex, most of the researchers 
assumed that during the process, the solidification begins only after the total filling of 
molten metal in the mould cavity. In almost every state-of-the-art study, choosing the 
optimum pouring time is often regarded as a future direction of research. It is also 
observed that there is a research gap in the practical ideas about the solidification start-
ing time and the pouring time. This implies that there is a need of choosing the appropri-
ate parameters like pouring velocity, pouring temperature, and pouring time to ensure 
the highest percentage of aluminium filling in the mould cavity with negligible porosity.

This article aims to develop a more realistic simulation model in Ansys Fluent where 
it is expected that the solidification process may start from the beginning of the metal 
being poured; whereas the existing literatures [13, 15, 23, 24] invoked solidification after 
completion of the mould cavity filling process. The study is further extended to opti-
mise pouring temperature and pouring velocity such that there is a higher percentage 
of aluminium filling in the mould cavity with minimum porosity. This work studies the 
mould filling and solidification of aluminium in the mould by presenting a two-phase 
system (air and aluminium) and a mixture of two phases with different states (liquid and 
solid) of aluminium. The model also predicts the location of porosity, variations in the 
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percentage of Al present throughout the casting thickness with casting parameters, and 
the region of maximum porosity. The present analysis also points out a novel overview 
of the variation in solid aluminium (about 100%) filled from the base of the mould cavity 
at different pouring parameters.

Methods
To simulate the casting process, Ansys Fluent [22] was employed. The metal filling and 
solidification model of transient flow gravity casting were studied by the two-phase 
volume of fluid method (VOF model) [18]. During the filling of the mould cavity, the 
molten metal enters the cavity through the inlet boundary of the sprue. The mould was 
initially filled with air at atmospheric temperature. During the pouring operation, the 
air in the cavity is permitted to leave through the riser’s pressure outlet boundary. The 
process of filling a casting is a time-dependent flow of a viscous, incompressible liquid 
with a free surface. The RNG k-ε method has been used to model the turbulence inside 
the mould cavity [25, 26]. The RNG k-epsilon turbulence model is useful for predicting 
flow patterns in confined flow systems. Nzebuka et al. [21] and Waheed et al. [27] used 
the RNG k-epsilon turbulence model to investigate flow patterns and turbulent trans-
port quantities in a horizontal direct-chill casting system. To reduce the casting time and 
extra metal loss, 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. Solidification is considered simultaneously with the metal pouring process. In 
this work, the casting process is studied by taking conjugate heat transmission and fluid 
flow phenomena into consideration. The mould has six outside boundary surface walls 
which are exposed to the atmosphere where natural convection occurs.

Solidification model

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 [18–22, 28, 29]: volume fraction equation, continuity equation, momentum 
equations, and energy equation.

The volume fraction of each phase throughout the domain can be monitored using the 
VOF model, which solves momentum equations. The properties in any cell are calcu-
lated for one of the phases or a combination of the phases based on the volume fraction 
of the various phases. The ratio of the occupied volume of a phase in a cell  [m3] to the 
total volume of the cell  [m3] defines the volume fraction of that phase in the cell.

In a two-phase system, subscripts a and b stand for the primary (air) and secondary 
(Al) phases, respectively, and their volume fractions are indicated as αa and αb in a par-
ticular cell. Then the following three possibilities exist in a given cell: αb = 0: the bth phase 
is not present in the cell, αb = 1: the bth phase fills the entire cell, and 0 < αb < 1: both the 
phases are present and the interface between the bth phase and ath phase is present in the 
cell.

The interface(s) in a cell is measured between the phases by solving the volume frac-
tion equation for the volume fraction of a single phase and the continuity equation. The 
volume fraction equation for the bth phase has the following form:
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where −→v  is the velocity vector and t is the time.
The continuity equation has the form:

where the density [kg  m−3] is denoted by ρ.
The total of the volume fractions of all phases in each cell (or control volume) equals 

one. Thus, the following formula is used to calculate the volume fraction values of the 
primary phase in a cell:

The volume fraction values of all phases govern the momentum equation through 
the properties of the mixture phase. Every mixture property is calculated in each cell 
using the volume fraction averaged approach, for instance, the density of a two-phase 
mixture in a cell is determined by

In a cell, the property like thermal conductivity of Al is given by

where β is the liquid fraction of Al. The thermal conductivities of Al in liquid (Kl) and 
solid (Ks) phases are listed in Table 2.

The momentum equation takes on the form:

This is called Reynolds-averaged momentum equations with the velocities and 
other solution variables representing ensemble-averaged or time-averaged values. For 
the velocity component u at node i: ui = ui + u

′

i . Here, ui  and u′

i are mean (ensemble-
averaged) and fluctuating components of velocity and the term −ρu

′

iu
′

j   denotes Reyn-
olds stress.
−→
v  is the velocity vector [m/s], μ is the dynamic viscosity coefficient [kg  m−1  s−1], g 

is the gravitational acceleration [m  s−2], and F is the source term used to modify the 
momentum equations in the mushy region. Carman-Koseny [28] suggested the fol-
lowing form for the source term.

The Cmush is the mushy zone constant and a value of 0.001 is assigned to the con-
stant ϵ to avoid division by zero.
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Each cell in the domain has a quantity called the liquid fraction which represents the 
fraction of the cell volume that is in liquid form. The solidification process is simulated 
in Ansys Fluent using the enthalpy-porosity approach. The 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. The liquid fraction value is determined by solving an 
enthalpy balance equation for every iteration. The material enthalpy is determined as the 
sum of the sensible heat (h1) and latent heat (h2), as shown below:

where h is the total enthalpy [J]. The specific heat at constant pressure [J  kg−1   K−1] is 
denoted by Cp, the reference temperature [K] is Tref, and href represents the reference 
enthalpy [J].

The latent heat component can be represented in terms of the latent heat of the mate-
rial, L [J], and liquid fraction, β.

The liquid fraction can be addressed as

Where TS and TL are the solidus and liquidus temperatures [K] of Al. The latent heat 
component (h2) may vary from zero (for solids) to L (for liquids).

The equation of energy is written as

The stress tensor τ = µeff

(

∂ui
∂xj

+
∂uj
∂xi

)

Where the total energy is denoted by E and the effective conductivity is denoted by 
keff. kt, prt, μt,, and μeff 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. Sh includes any volumetric heat sources. The 

(7)h = h1 + h2

(8)h1 = href + T

∫ T
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region where the liquid fraction is between 0 and 1 is known as the mushy zone. It is 
often modelled as a porous media, and when the material solidifies, the liquid fraction 
drops from 1 to 0. When a material is fully solid in a cell, the liquid fraction of the mate-
rial is zero and the velocity drops to zero.

The RNG model presents equations for turbulent kinetic energy (k) and dissipation 
rate (ε) as follows.

where, the turbulence kinetic energy generated by mean velocity gradients and buoy-
ancy are represented by Gk and Gb, respectively. Cɛ1 and Cɛ2 are constants that are 1.42 
and 1.68 respectively [28].

The Gk and Gb are written as follows:

The system of all equations is solved by taking proper initial and boundary conditions 
using the Ansys Fluent [28].

Validation of the methods
For validation, the proposed method/model is compared with the experimental result 
of Mozammil et al. [15]. 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 Fig. 1. For aluminium casting, the green sand mould was used. Dimensions of several 
components employed in the bottom gating casting are shown in Table 1. They carried 
out experiments as well as simulations to find out porosity at different temperatures. 
Laminar flow was assumed by Mozammil et al. [15] for their simulation.

The same mould geometry has been considered for the validation work. The casting 
process has been simulated by our proposed methods/model for various pouring tem-
peratures. A total of 153,101 quadrilateral elements were taken in the aluminium casting 
with sand mould. The mesh view is shown in Fig. 2. The thermophysical properties of 
aluminium and sand are taken from existing literature [30, 31]. The boundary conditions 
are imposed depending on the mould geometry.

Figure  3 shows the porosity value obtained from the simulation and experimental 
results of Mozammil et al. [15] at various pouring temperatures. At about 970 K, 1000 K, 
1050 K, and 1075 K pouring temperatures the porosity from the experimental result of 
Mozammil et al. [15] are 0.0078, 0.0087, 0.0091, and 0.0095 while their simulation result 
of porosity yields values of 0.0073, 0.0076, 0.0082, and 0.0085 respectively. The poros-
ity obtained by the present study’s simulation result following the use of our model is 
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0.0077, 0.0086, 0.0090, and 0.0094 at pouring temperatures 970 K, 1000 K, 1050 K, and 
1075 K respectively. Figure 3 shows a better agreement of the present simulation results 
with the experimental results compared to their simulation results.

Simulation of present work
It is validated that the present methods/model closely resembles the practical sce-
nario. Hence, for further investigation, a 60 mm × 60 mm × 10 mm pure aluminium 
(99.9% pure Al) casting with steel mould was taken as our study for analysis. The 

Fig. 1 Bottom gating casting used by Mozammil et al. [15]

Table 1 Dimensions used in bottom gating casting [15]

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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total system of the casting-mould is shown in Fig. 4. This work examines the top gat-
ing system because it reduces pouring time as molten metal enters the mould cavity 
direct from the top. Sprue, riser, mould, casting, and mould wall are illustrated in 
Fig. 4. A mould cavity or chamber that has been made for the casting where molten 
metal is poured and solidified. Figure 5 represents the mould cavity for casting and 

Fig. 2 Mesh view of bottom gating casting

Fig. 3 Comparative analysis of porosity vs pouring temperature
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the cavity’s dimensions, which are 60 mm in length, 60 mm in breadth, and 10 mm 
in depth or thickness. After solidification of the molten aluminium metal, the 
60 mm × 60 mm × 10 mm aluminium casting is produced in the mould cavity with 

Fig. 4 The mould for present work

Fig. 5 Dimensions of mould cavity or casting
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or without pores depending on various parameters. The different faces or surfaces 
and walls are shown in Figs. 4 and 5.

Figures 6 and 7 depict the mesh view of the entire analysed system and the mesh view 
of the casting, riser, and sprue respectively.

The mould is made of 1.5% carbon steel of dimension 84 mm × 84 mm × 34 mm. The 
thermophysical properties of aluminium, steel, and air are shown in Table  2 [31, 32]. 
The riser is placed in the middle of the casting so that it can feed equally in all direc-
tions of the casting. The shape and size of the riser are determined by Caine’s method 
[33]. According to Caine’s method, the time it takes for solidification to occur is directly 

Fig. 6 Mesh in analysed system

Fig. 7 Mesh in casting, riser, and sprue
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proportional to the square of the ratio of volume to the surface area. To neglect shrink-
age porosity it was taken into account that aluminium experiences a volumetric shrink-
age of about 6% during solidification [33].

The analysed system has air filled inside the casting at atmospheric temperature ini-
tially. During the filling process, the molten metal enters the mould cavity through the 
sprue (inflow zone). At the inflow zone, velocity is the same as the pouring velocity of 
molten metal, and temperature is equal to the pouring temperature of molten metal. In 
this two-phase system, the primary and secondary phases are air and aluminium respec-
tively. During the pouring process, the air is allowed to leave through the riser (outflow 
zone). A pressure outlet boundary condition is imposed at the outflow zone (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 [31] (thermal conductivity, kinematic viscosity, 
and Prandtl number) at mean film temperature to determine the natural convection 
between the mould surface wall and atmospheric air. For different Rayleigh number (Ra) 
ranges, the convection heat transfer coefficient calculation formula has been applied 
[31].

The Rayleigh number is given by

where ΔT denotes the difference in temperature between the casting surface and atmos-
phere, γ is the kinematic viscosity of air  [m2/s], L is the length of the outside surface of 
the casting [m], c is the volumetric coefficient of thermal expansion of air  [K−1], and Pr 
is the Prandtl number of air. The convection heat transfer coefficient (denoted by h) [W/
m2 K] for different types of surface geometry is calculated by the equations given below.

For vertical surfaces,

Ra =
gcL3ρ2�TPr

γ 2

Table 2 Thermo-physical properties of the aluminium, air, and steel used in the simulations

Name Property Symbol Value Unit

Aluminium Thermal conductivity (liquid) kl 100 W/m K

Thermal conductivity (solid) Ks 200 W/m K

Specific heat (liquid) Cl 1200 J/kg K

Specific heat (solid) Cs 1060 J/kg K

Density ρAl 2690 kg/m3

Viscosity μAl 0.001 kg/m s

Freezing temperature Tf 933 K

Pure solvent melting heat L 391 kJ/kg

Air Thermal conductivity ka 0.0336 W/m K

Specific heat Ca 1014 J/kg K

Density ρa 0.8826 kg/m3

Viscosity μa 2.286e-05 kg/m s

Steel Thermal conductivity kst 33 W/m K

Specific heat Cst 486 J/kg K

Density ρst 7753 kg/m3
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For upper-heated horizontal surfaces,

For lower-heated horizontal surfaces,

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 has a min-
imum and maximum face area of 1.330285e − 08  m2 and 1.084870e − 06  m2 respectively. 
The mesh density is higher in the central region of the cylinders (Figs. 6 and 7) because all 
meshes intersect here.

The mesh sensitivity analysis has been studied. Three types of mesh or grid were chosen: 
coarse, medium, and fine of their mesh number 19764, 50,956, and 130,276 for the analysis 
of mesh sensitivity. The coarse, medium, and fine grids are identified by the notations 1, 2, 
and 3 respectively. The Al 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 Rich-
ardson extrapolation methods and is an excellent indicator of discretization uncertainty 
[21]. The steps for investigating grid convergence are as follows [34].

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

where r 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

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 

h =
1.42

(

�T

L

)1/4
,where104 < Ra ≤ 109

1.31(�T )
1/3 ,where109 < Ra ≤ 1013

h =
1.32

(

�T

L

)1/4
,where105 < Ra ≤ 2x107

1.52(�T )
1/3 ,where2x107 < Ra ≤ 3x1010

h = 0.59

(

�T

L

)1/4
,where3x105 < Ra ≤ 3x1010

oc = ln
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∣

∣

∣
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∣

∣

∣
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∣

∣
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that a mesh value of 50,956 cells or higher will provide a solution that is independent 
of the mesh size. All of the predicted results in this study 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.

Results and discussion
The methods/model have been applied to the present simulation. In this work, 
cooling has been done till the maximum temperature of the mould-casting system 
reaches approximately 430 K (157 °C). Simulations have been carried out using five 
pouring velocities [in mm/s]: 380, 415, 450, 485, and 520. The liquid metal is poured 
at temperatures of 983  K (superheat = 50), 1003  K (superheat = 70), and 1033  K 
(superheat = 100). Thus, simulations for fifteen cases were carried out by varying 
each pouring temperature with different pouring velocities.

The momentum equation was discretized using the implicit approach as suggested 
by Calderón-Ramos et al. [35]. The PRESTO [35] scheme was employed for pressure 
interpolation. The QUICK and compressive schemes were used to solve the energy 
and VOF equations. The pressure solver SIMPLEC was employed to couple the pres-
sure–velocity variables [35]. To achieve a stable iterative process, under-relaxation 
factors were employed as stated by Xu et al. [36]. The typical values of under-relaxa-
tion factors employed in the study are 0.3 for pressure, 1 for density and body force, 
0.7 for momentum, 0.5 for volume fraction, 0.9 for liquid fraction, 0.8 for turbulence 
quantities, and 1 for energy. At each time step, a lengthy solution has been solved in 
this study until convergence was obtained as suggested by Nzebuka et al. [21]. 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 equa-
tion convergence. This was done in accordance with Wu et al. [37]. The simulations 
were conducted on a machine with a Core-i7 processor and 16 GB RAM. Each simu-
lation takes an average of 130 to 150 h to complete.

GCI =
1.25|e|

roc − 1

GCI1,2

rocGCI2,3
∼= 1
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Solidification and free surface of mould filling process

The solidification and free surface of the filling process are obtained by the 3D simula-
tion model at different times. 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 Figs. 4 and 5. The cool-
ing process and flow of liquid metal in the whole simulation of the casting-filling pro-
cess are described as shown in Fig. 8. These are presented for a pouring velocity of 
380 mm/s and a pouring temperature of 983 K. The two-phase system (air and alu-
minium) and the mixture of two phases with different states (liquid and solid) of alu-
minium are presented in this study.

 (i) At 0 s the mould cavity is filled by air at ambient temperature. Liquid Al enters the 
mould cavity from the sprue outlet boundary at 0.1 s as shown in Fig. 8a. The air 
mixes with liquid Al metal and forms a liquid Al-air layer due to the high solubil-
ity of air in molten liquid at a higher temperature. The liquid Al is surrounded by a 
liquid Al-air mixture layer. At first, the liquid Al-air layer comes in contact with the 
bottom of the mould cavity as shown in Fig. 8a.

 (ii) After 0.1 s, the molten Al makes contact with the cavity’s bottom and left side wall 
as indicated in Fig. 8b. Some liquid Al solidifies at the left side wall of the cavity, 
producing a liquid–solid Al mixture. Simultaneously, liquid Al moves to the cav-
ity’s right side. The air is displaced as liquid Al filled the area. A liquid Al-air layer 
is formed around the flow of liquid Al due to the significantly low advective heat 
transfer coefficient between liquid Al and the air.

 (iii) Around 0.25 s, the liquid aluminium starts to solidify. Before complete solidifica-
tion, an intermediate phase liquid–solid aluminium mixture forms (Fig. 8b, c). Liq-
uid Al metal continues to flow smoothly into the mould cavity (Fig. 8c). As molten 
metal travels, the liquid–solid Al mixture layer and liquid Al-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 Al metal at around 0.75 s as shown in Fig. 8d. 
Some liquid metal solidifies from the liquid–solid Al mixture near the bottom right 
corner, where liquid metal begins to flow back.

 (v) Pouring is done up to 1  s. Most of the Al metal is present in liquid form at this 
moment, particularly below the sprue as shown in Fig. 8e. Solidification of Al grad-
ually increases with time. When liquid metal reaches the right side of the cavity 
after travelling some distance it loses flowing velocity. Initially, solidification mainly 
occurs at this right side of the cavity. A porous solidified area (solid aluminium-
air mixture) is formed upon the solidified Al metal. All phases such as liquid alu-
minium, liquid–solid aluminium mixture, solid aluminium, liquid aluminium-air 
mixture, solid aluminium-air mixture, and air are present at this time as shown in 
Fig. 8e.

 (vi) As seen in Fig.  8f, the depth of Al solidified metal is higher at the right and left 
walls and low in the middle. The riser is placed at the center 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 
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Fig. 8 Simulation of solidification and free surface of mould filling process. a Time 0.1 s. b Time 0.25 s. c Time 
0.5 s. d Time 0.75 s. e Time 1 s. f Time 1.5 s. g Time 2 s. h Time 10.84 s. i Time 28.84 s
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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 Fig. 8f.

 (vii) All aluminium liquid metal solidifies about 2 s (Fig. 8g). 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 Fig. 8h. The cooling is done up 
to 28.8 s. After about 2 s, no effective change happens in the solidified casting as 
shown in Fig. 8g, h, and i.

Measurement of porosity and its characteristics

The porosity of the casting was noted at each simulation variant. The variation of 
porosity with pouring temperature is shown in Fig. 9 and Table 3. At 983 K, the poros-
ity gradually decreases with pouring velocity (Fig. 9). It is seen that at 983 K poros-
ity decreases with a high rate from 0.1706 to 0.0023 when velocity increases from 
315 mm/s to 520 mm/s. The decrease rate is around 98.7%. Similarly, at 1003 K, the 
porosity gradually decreases with pouring velocity, and the decrease rate is around 
98.6%. Likewise, to the other pouring temperatures, at 1033 K, the porosity gradually 
decreases with pouring velocity. When the velocity rises from 315 mm/s to 520 mm/s 
at 1033 K, porosity decreases considerably with a decrease rate is around 98.7%. Thus, 
as a result, porosity gradually decreases with pouring velocity for a constant pouring 
temperature. A similar result was also observed from the work of Xu et al. [38]. Their 
research [38] showed that porosity could be minimised to 0.9% by increasing injec-
tion velocity, with the minimum porosity being achieved at 0.7 m/s of Al alloy. The 

Fig. 9 Variation of porosity with pouring velocity at different pouring temperatures
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porosity decreases due to the increase in the turbulence of flow in the cavity as the 
pouring velocity increases. As turbulence increases, the trapped air escapes from the 
metal which reduces the porosity.

The turbulence eddy viscosity ratio has been drawn with pouring velocity in Fig. 10 
at 983 K pouring temperature. It is seen from Fig. 10 that the level of turbulence (tur-
bulence eddy viscosity ratio) increases with pouring velocity. This study of the eddy 
viscosity ratio was observed in the work of Nzebuka et al. [21] and Waheed et al. [27]. 
However, in their work [21, 27], they studied the variation of turbulence eddy viscos-
ity ratio with distance from the inlet.

Table 3 Solid aluminium filled from the base of the mould cavity at different pouring parameters

Pouring 
temperature 
(K)

Pouring 
velocity 
(mm/s)

Length of fully filled solidified 
Al from the base of the mould 
cavity
(mm)

Percentage of the length of 
fully filled solidified Al from the 
base of the mould cavity

Porosity

983 380 6.5 65 0.1706

415 6.7 67 0.0914

450 7.7 77 0.0481

485 10.0 100 0.0044

520 10.0 100 0.0023

1003 380 6.3 63 0.1706

415 6.5 65 0.1007

450 6.9 69 0.0858

485 10.0 100 0.0044

520 10.0 100 0.0024

1033 380 6.1 61 0.1854

415 6.4 64 0.1038

450 6.8 68 0.0906

485 10.0 100 0.0045

520 10.0 100 0.0024

Fig. 10 Eddy viscosity ratio variation with pouring velocity



Page 18 of 24Chakravarti and Sen  Journal of Engineering and Applied Science           (2023) 70:21 

At 380 mm/s velocity (Fig. 9 and Table 3), porosity is almost constant over the tem-
perature range of 983  K to 1003  K and beyond that, it increases with temperature. 
The porosity also increases with temperature at a pouring velocity of 415 mm/s. The 
porosity increases at a slow rate from about 9 to 10% when the pouring tempera-
ture reaches 983  K to 1033  K at a pouring rate of 415  mm/s (Fig. 9). The summary 
of results is depicted in Table  4 where the percentage of increase of fully solidified 
aluminium filled from the base of the mould cavity and the percentage of decrease of 
porosity with superheat are presented.

Similarly, the porosity rises with pouring temperature at a pouring velocity of 
450 mm/s (Fig. 9 and Table 3). The result demonstrates that, at 485 mm/s velocity, the 
porosity is almost constant over the temperature range 983 K to 1003 K, and beyond 
that, it increases when pouring temperature up to it reaches 1033 K. At a pouring rate 
of 485 mm/s, the porosity is very low (about 0.4%) and nearly constant as the pouring 
temperature rises. At 520 mm/s velocity, porosity increases with pouring temperature 
from 983 to 1003 K, then remain almost constant up to 1033 K. The porosity is very 
small at 520 mm/s of pouring rate and it is just around 0.2% throughout the range of 
983 K to 1033 K. It is observed 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.

Thus, as a result, porosity is almost constant in a certain range of temperature or 
increases with increasing temperature for a constant velocity (380 mm/s, 485 mm/s, 
and 520 mm/s). Where Mozammil et al. [15] and Jahangiri et al. [39] established that 
porosity increases with increasing pouring temperature. The present study observed 
that it is not always true and there might be certain ranges of temperatures where the 
porosity remains constant or nearly constant with increasing pouring temperature. 
It is observed that for the pouring velocities 380  mm/s, 485  mm/s, and 520  mm/s, 
porosity increases with pouring temperature when the range of temperature is large. 
Thus it can be concluded that porosity increases with pouring temperature, but the 
rate of increase is quite slow. Porosity usually appears in the cast metal area due to 
the high solubility of air in Al at higher temperatures. Air solubility increases with 
increasing pouring temperature and results in increased porosity.

Porosity decreases when the pouring temperature decreases and the pouring veloc-
ity increases. The rate of decrease in porosity is low with decreasing pouring tempera-
ture but is quite high with increasing pouring velocity. Hence, it can be concluded 
that porosity has little dependence on pouring temperature rather than pouring 
velocity.

Table 4 Variation of solid aluminium filled from the base of cavity and porosity

Pouring 
temperature 
(K)

Percentage of 
superheat increase

Percentage increase of fully filled 
solidified Al length from the base of 
mould cavity from velocity 380–
520 mm/s

The percentage of porosity 
decreased from a velocity 
380–520 mm/s

983 5.4 53.85 98.6

1003 7.5 58.73 98.6

1033 10.7 63.93 98.7
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After measuring the porosity, its nature has been observed in this study. It is also nec-
essary to have an idea of how much thickness of casting with no pores or a negligible 
pore (i.e., filled by about 100% Al metal) is produced in a finished casting for various 
casting parameters. To compute the aforementioned measurement the contours of the 
Al volume fraction are generated for different planes in the casting domain. Three cross-
sectional planes are chosen on the z-x plane to draw the volume fractions of aluminium. 
The first plane is the front face of the casting. The front face of the casting is located in 
the z-x plane as shown in Figs. 4 and 5. The second plane lies on the z-x plane, 15 mm 
away from the casting’s front face along the y-axis. The third plane is in the middle of 
the casting, i.e., is located on the z-x plane, 30 mm away from the casting’s front face 
along the y-axis. Since simulation has been performed up to a maximum temperature 
of roughly 430 K (157 °C) of the whole cast-mould system and the corresponding time 
to reach this temperature is shown in the contours obtained for every simulation. The 
contours of the aluminium volume fraction at pouring velocity 380 mm/s and pouring 
temperature 983 K are given in Fig. 11.

Figure 11a–c shows that the aluminium volume fraction is reducing while approach-
ing the top of the cavity. This is expected as air is moving towards the top and escaping 
through the riser. The figures also show almost similar distribution over the whole cavity. 
The contour of volume fraction was also noticed in the centrifugal casting as revealed 
in the work of Thomas et  al. [40]. They [40] measured the concentration of particles 
through the contour of volume fraction.

It has been verified that the contours of the Al volume fraction are the same on any z-x 
plane for various values of y for a given specific set of casting conditions. The contours 
of the Al volume fraction for others pouring parameter combinations are also studied. 
According to the generalized observations, the percentage of porosity increases from 
almost zero value (adjacent to the 100% Al existing) to maximum value along the thick-
ness of the casting. It achieves its highest value at the casting’s top surface. Figure  11 
shows that some air is entrapped during the solidification of casting, creating porosity in 
the casting. Porosity is mostly found on the casting’s top surface as in Fig. 11 where dark 
red fill colour implies around 100% Al volume fraction which is in good agreement with 
Cao et al. [14]. The top surface of the casting has 70% of the overall porosity (Fig. 11). 
According to Fig. 8, 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 mainly responsible for the formation of porosity.

Table 3 and Fig. 12 depict the variation in the length of solidified Al filled from the 
base of the mould cavity (mm) at different pouring parameters. The length of solidi-
fied aluminium (approximately 100% Al) from the base of the cavity gradually increases 
with pouring velocity for a constant pouring temperature and it increases with decreas-
ing pouring temperature for a constant pouring velocity. As the porosity decreases with 
increasing pouring velocity, therefore this filling length from the base of the mould cav-
ity also increases. Similarly, due to the porosity decreasing with decreasing pouring tem-
perature for a constant pouring velocity, this length increases.

As per Fig.  12, about 100% Al fill in the entire mould cavity at 485  mm/s, and 
520  mm/s as there is almost no porosity. It shows that for pouring velocities of 
485  mm/s and 520  mm/s, almost porous free casting has been found. Thus, from 
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Fig. 11 Contours of aluminium volume fraction at 380 mm/s and 983 K. a At first plane. b At second plane. c 
At third plane
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observations likely that 100% aluminium filling happens in the mould cavity at near 
the pouring velocity of 500  mm/s. The 100% aluminium-filled length in the mould 
cavity increases with pouring velocity and gets a maximum value near 500 mm/s. At a 
pouring velocity of 380 mm/s, the mould cavity can be seen to fill with even less than 
50% aluminium at the upper surface. If the pouring velocity is too slow, the metal 
will freeze before filling the mould cavity and lower velocities will mean that the per-
centage of aluminium will decrease. On the other hand, a high pouring velocity is 
not feasible because turbulence may result in defects like gas bubbles at high-speed 
[15]. Pouring velocity is determined by the height of the pouring basin [33]. The more 
pouring velocity means more pouring basin height which increases the initial cost. 
So, an optimal pouring velocity must be maintained. From the present study, it can be 
concluded that the optimal pouring velocity is near 500 mm/s. The porous free cast-
ing has been found at a near pouring velocity of 500 mm/s.

High porosity in the casting occurs as a result of high pouring temperature (Table 3) 
which results in poor strength in the casting. Low pouring temperature decreases 
the fluidity of the molten metal. In this simulation pouring temperatures of 983  K, 
1003 K, and 1033 K were used and it is seen that the length of fully aluminium-filled 
in the mould cavity increases with decreasing pouring temperature.

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 poros-
ity is almost constant regardless of the pouring temperature. The length of fully filled 
solid Al from the base of the mould cavity rises with pouring velocity and reaches its 

Fig. 12 Variation of solidified Al length from the base of mould cavity
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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 increas-
ing 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 increases 
from zero value (adjacent to the 100% Al existing) to maximum value along the thickness 
of the casting. It achieves its highest value at the casting’s top surface.

The research may be extended in the future to study the optimization of casting 
parameters for other defects in similarly related model analysis.
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