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 Casting is a manufacturing process in which molten metal is poured through the gating system 
to fill the mould cavity where it solidifies. Variations in casting parameters by different 
researchers have led to significant variations in casting guidelines, which have forced Foundry 
Engineers to carry out a number of trial-and-error runs to create guidelines based on their 
own experience. These variations in guidelines have led to defects occurring in casting during 
the mould filling process. This work aimed at determining the critical drop height and critical 
flow velocity of a certain molten aluminum alloy as it flow down the mould sprue in gravity 
sand casting. The continuity equation was used to describe the velocity distribution of the 
aluminum alloy as it flows down the sprue. The mathematical tool used in this research is the 
finite element method. It involves the discretization of the domain of interest into smaller 
finite elements. The weak form of the governing equation was obtained and integrated over 
the domain of interest. The results obtained, established the critical flow velocity of aluminum 
alloy, down the sprue, as 2.565 × 103 mm/s and the critical drop height as 377mm. Results 
obtained were compared with literature and were also used to produce various casts, it was 
observed that casts produced, using sprue height below the critical drop height obtained 
prevented casting defects, while at sprue height above the critical drop height, the danger of 
casting defects could not be avoided. 
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1. Introduction  
 

Casting is a manufacturing process in which liquid 
metal is usually poured into a mould cavity of the desired 
shape, and then allowed to solidify. The solidified part is 
known as casting, which is ejected or broken out of the 
mould to complete the process. There are two main 
consecutive stages: filling process and solidification 
process. In filling process, gating system, comprising the 
pouring cup, runner, sprue, sprue well and in-gate, is 
designed to guide molten metal into the mould cavity for 
filling. The riser system is used to compensate for 
shrinkage caused by casting solidification [1]. 

Mould filling is a very important step in determining 
the quality of a casting. The fluid flow phenomenon 
during the mould filling is closely related to the casting 
quality, surface finish and macro segregation of the cast 
part and mould erosion. Dimensional accuracy of casting 
is affected by the flow in the mould cavity. Modeling of 
the mould filling is a very complex process, since many 

physical phenomena, such as free surface flow, 
turbulence, surface tension and combination of fluid flow 
with heat transfer, should be considered. In order to take 
all these parameters into account, the computing 
technique tends to be complicated [2]. 

Pouring turbulence during mould filling is 
detrimental to the quality of sand castings. The formation 
of various castings defects could be directly related to the 
fluid flow phenomena involved in the stage of mould 
filling. For instance, vigorous steam could cause mould 
erosion; highly turbulent flows could result in air and 
inclusions entrapments; and relatively slower filling 
might generate cold shut [2]. Furthermore, porosity, a 
common defect in casting also could result from 
improper design of gating system [3]. 

The objective of a gating system is to get enough 
metal into the mould cavity before the metal starts to 
solidify, minimize turbulence to avoid trapping gases 
into the mould and establish the best possible 
temperature gradient in the solidifying casting so that 
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the shrinkage occurs in the gating system not in the cast 
[4]. For proper functioning of the gating system, the rate 
at which molten metal is poured to fill the mould cavity 
must be controlled [5].  

These problems not only lead to a long casting 
development cycle, but also a low reliability of casting 
design due to variations of individual knowledge and 
experience. Getting the liquid metal out of the crucible 
into the mould is a critical step in the casting process. 
Most casting scrap arises during these few seconds of 
mould filling. Therefore, the authors seek to streamline 
the several casting design guidelines by establishing the 
critical flow velocity and drop height of molten aluminum 
alloy as it flows down the sprue during gravity sand 
casting process, having a top riser opened to atmospheric 
pressure. 

 

2. Method 
 

2.1. Mathematical model employed 
 

The continuity equation of a controlled volume and 
the finite element method were the models used in 
analyzing the critical flow velocity and critical drop 
height of the aluminum alloy. 
 
2.1.1 Analysis of molten metal flow in the mould 
sprue in gravity sand casting 
 

The governing equations of molten metal flow in 
gravity sand casting and the finite element method were 
used in this analysis.  
 
2.1.2 Governing equations 
 

The governing equations of molten metal flow in 
casting mould cavity are governed by the continuity 
equations in cylindrical axisymmetric coordinate as 
shown in Equation (1) [6–10]. 
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The solutions to Equation (2) can only be obtained by 

applying the appropriate initial and boundary 
conditions. The initial conditions for pressure and 
temperature fields are given by Equation (3) [4,6]. 
 

𝑝(𝑧, 𝑡0) = 𝑝0(𝑧),          𝑇(𝑟, 𝑧, 𝑡0) = 𝑇0(𝑟, 𝑧) (3) 
 

The boundary conditions specified in the considered 
problem are as indicated in Equations (4) to (7), [5,11–
15]. 
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At the mould wall: 
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At the flow front: 
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At the cavity center line: 
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The solutions to Equations (2) were obtained using 

the finite element method in the weighted residuals 
formulation [16–18]. 

 

2.2. Finite element solution of molten metal flow in 
the mould sprue 

 

The velocity distribution over the domain of interest 
is discretized into finite element having M nodes, using 
suitable interpolation models for u(e) in element e as: 
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and we developed the velocity distribution for 

Equation (2) using the finite element method, seeking an 
approximate solution over each finite element. The 
weighted residual and the weighted integral of Equation 
(2) are Equations (9) and (10) respectively. 
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We integrated Equation (10) by parts (Equation 

(11)), to obtain the weak form of Equations (2). 
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The finite element model (Equation 13) was 

developed by substituting Equations (8) and (10) into 
Equation (11) to obtain Equation (12). 
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In matrix form Equation (12) becomes 
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Where 
e

ijK  the M x M matrix is  
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and {𝑄𝑖𝑗
𝑒 } represented by M x 1 column matrix is 
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To simplify the e

ijK  and  e

ijQ , we used a linear 

rectangular element (Figure 1) to develop our 
interpolation model 
 

 
Figure 1. Geometry of the element 

 
Firstly, we obtained the interpolation model for the 

eK matrices by considering an approximation of the 
form: 
 

( ) rzczcrcczrw 4321, +++=
 

(16) 

 
and used a linear rectangular element sides a and b 

(with r = a and b = z) (Figure 1). 
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The solutions for )4,...,1( =ici , in Equations (18) are 
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We substituted Equation (19) into Equation (17) and 
noting that a = r and b = z to obtain Equation (20) 
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Equation (20) becomes Equation (21) 
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Where 
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We differentiated Equation (22) with respect to r and 
z to obtain Equation (23). 
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To derive the respective e

ijK  values we used a four 

linear rectangular element (Figure 2) to obtain Equation 
(24). 
 

 
Figure 2. Four Linear Rectangular Elements 
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The e

ijK  matrix is therefore Equations (25) and (26) 
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If a = 4 and b = 1 Equation (26) becomes 
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The assembled 
e

ijK matrix using Figure 2 becomes Equations (30) and (31) 
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Applying the boundary conditions on Equations (4) through (7), yielded Equation (32). 
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We substituted Equations (31) and (32) into Equation (13) and obtained Equation (33) 
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3. Results and Discussion 
 

“Table 1” shows the results for the finite element 
analysis. Figure 3, are the graphs of velocity against nodal 
values, showing the velocity profile at different cross 
sections along the mould’s sprue. These profiles are 
parabolic in shape with the maximum velocity at the 
center. 
 

Table 1. Finite Element Results 
    Nodes U Velocity (mm/s) 

1 𝑢1 1.1152 

2 𝑢2 1.1108 

3 𝑢3 0.000 

4 𝑢4 1.0088 

5 𝑢5 1.3055 

6 𝑢6 0.000 

7 𝑢7 0.7337 

8 𝑢8 1.7030 

9 𝑢9 0.000 
 

  
Figures 3(a) and (b). Graphs of velocity against nodal 
values showing the velocity profile at different cross 
sections along the mould’s sprue in gravity sand 
casting 

 
The maximum velocity of molten metal flow obtained 

from this work (2565mm/s), when compared with the 
work of Rohaya [19] (Table 2 and Figure 4) which ranged 
from 2300mm/s to 3200mm/s showed that the danger 
of casting defects as a result of molten metal flow above 
the critical velocity can be avoided. Meanwhile below the 
critical velocity the melt was safe from entrainment 
problem.  

The solutions obtained from this work (2565mm/s) 
were also compared with the work of Feng [1] (Table 3 
and Figure 5) which ranged from 260mm/s to 
2850mm/s, the comparison showed that the danger of 

air entrainment leading to defect as a result of molten 
metal flow above the critical velocity can be avoided. 
 
Table 2. Comparison between this work and Rohaya [19] 

Z This Work Rohaya 
1 135.76 500 
2 2245.54 2300 
3 2564.81 3200 
4 0.0000 0.000 

 

 
Figure 4. Graph of velocity against nodal values showing 
the velocity profile at a cross section along the sprue in 
gravity sand casting for this work and Rohaya. 
 
Table 3. Comparison between this work and Feng [1]. 

Z This Work Feng 
1 135.76 260 
2 2245.54 2450 
3 2564.81 2850 
4 0.0000 0.000 

 

 
Figure 5. Graph of velocity against nodal values showing 
the velocity profile at a cross section along the sprue in 
gravity sand casting for this work and Feng [1] 

 
The maximum velocity of molten metal flow obtained 

from this work (2565mm/s), when compared with the 
work of Inegbedion and Akpobi [20] (Table 4 and Figure 
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6) which ranged from 130.76mm/s to 2754.81mm/s 
showed that the danger of casting defects as a result of 
molten metal flow above the critical velocity can be 
avoided. Meanwhile below the critical velocity the melt 
was safe from entrainment problem. 
 
Table 4. Comparison between this work and Inegbedion 
and Akpobi [20] 

Z This Work Inegbedion and Akpobi 
1 135.76 130.76 
2 2245.54 2135.54 
3 2564.81 2754.81 
4 0.0000 0.0000 

 

 
Figure 6. Graph of velocity against nodal values showing 
the velocity profile at a cross section along the sprue in 
gravity sand casting for this work and Inegbedion and 
Akpobi [20] 
 

To validate the results obtained, we produced various 
casts using these results. The cast produced showed that 
sprue height below the critical drop height prevented 
casting defects associated with pouring velocities while 
sprue height above the critical drop height the danger of 
casting defects associated with pouring velocities above 
the critical velocity could not be avoided. 

“Figure 7”, showed the various surface defects that 
can occur in casting when cast are produced using sprue 
height above the critical drop height (377mm): The 
molten metal is not safe from casting defects because the 
pouring velocity exceeded the critical flow velocity. 
These defects can be avoided with pouring velocities 
below the critical velocity (Figure 8). 

It is evident from Figure 8 that all casting defects 
associated with pouring, using sprue height above the 
critical drop height, can be avoided if cast can be 
produced using sprue heights below the critical drop 
height. In this case, the melt is safe since the pouring 
velocity is below the critical velocity. 
 
4. Conclusion  
 

Results obtained from the analysis of molten metal 
flow showed that there exist a critical velocity and critical 
drop height for molten metal flow, to prevent 
entrainment of air and porosity problem in casting. 

The finite element analysis of molten metal flow in the 
mould sprue using continuity equation was used in this 
research work. The velocity distribution of the flow of 
molten metal were developed using the finite element 
method. The weighted integral of the equation was 
obtained, the weak form of the equation was developed 
and the finite element model was determined. The 
various matrices were assembled, solved and solutions 

obtained by using an eight linear element of nine nodes 
and a four linear rectangular element. By using 
appropriate interpolation function and boundary 
conditions, the solutions to the equations were obtain 
and validated using relevant literatures. 

 

  
(A) (B) 

Figure 7. Cast produced for different sprue height above 
the critical drop height: (a) 450mm sprue height (b) 
400mm sprue height. The critical drop height is 377mm. 
 

 
(A) 

 
(B) 

Figure 8. cast produced for different sprue height below 
the critical drop height: (a) 250mm sprue height (b) 
220mm sprue height. The critical drop height is 377mm 

 
Finally, to avoid entrainment of air and porosity 

problems in casting, the critical velocity and critical drop 
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height of molten metal as it flows down the sprue of 
casting mould was established. Further analysis of the 
flow of fluid in casting mould showed that molten metal 
flow below the critical velocity will prevent casting 
defects because flow is smooth and laminar. The critical 
drop height obtained from this work was used to produce 
various casts. The results obtained showed that casting 
defects can be avoided when cast are produced using 
sprue height below the critical drop height while cast 
produced using sprue height above the critical drop 
height the danger of casting defects could not be avoided. 
Therefore, the critical velocity and critical drop height 
obtained in this work will prevent air entrainment and 
porosity problem in casting. Consequently, foundry 
engineers will no longer rely on their individual 
knowledge and experience or perform trial and error 
runs before carrying out any casting process. This will 
reduce casting development cycle, defects and 
production time. 
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