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ABSTRACT
The goal of this study is to decrease the rejection rate of cast products in a foundry due to defects arising from the sand casting process. This will be achieved using the computer-aided simulation techniques. Traditional methods often require numerous trials to assess outcomes as input conditions vary, but these two approaches can streamline the process. This study includes a redesign of the gating and feeding system to eliminate defects. Issues such as shrinkage porosity, improper solidification, air entrapment, and mold erosion are closely linked to the design of these systems. Multiple iterations using casting simulation software were conducted to analyze mold filling and solidification, aiming to lower rejection rates in cast components. The new gating and feeding system design has resulted in an approximately 15% improvement in casting yield.
Keywords:  Casting simulation technique (Cliclk2Cast), Gating and feeding system design, Mold box, Molten aluminium.

1.   INTRODUCTION
Sand casting is a highly versatile metal shaping method, commonly used for producing intricate shapes in both ferrous and non-ferrous materials. The tools needed for sand casting are simple and cost-effective, making it an ideal choice for trial production or small batch manufacturing. The process involves pouring molten metal into a sand mold cavity, allowing it to solidify, and then breaking away the mold to retrieve the cast product. However, the surface finish and dimensional accuracy achieved through standard sand casting may not meet the requirements for final outputs in many cases. As a result, numerous improvements can be made through various modifications to the casting process.

The parameters of the green sand casting process play a crucial role in enhancing the quality of cast products. In recent years, numerous researchers have focused on optimizing these parameters to improve product quality using various techniques. Currently, several methods are employed for process design, including Design of Experiments (DoE) techniques such as the Taguchi approach and Response Surface Methodology (RSM). Additionally, integrated approaches combining Taguchi and RSM, as well as Finite Element Analysis (FEA), are utilized. Casting simulation software, including Magma 5, Quick CAST, Auto CAST X, and Solid CAST, is also commonly used, alongside Artificial Neural Networks (ANN) and Gradient Search methods [1, 2]. Casting is one of the oldest and most versatile manufacturing processes used to shape metals and other materials into desired forms. This technique involves pouring a molten material into a mold, allowing it to solidify, and then removing the mold to reveal the final product. Casting is integral to modern manufacturing due to its ability to produce complex shapes with high precision and minimal waste [3].

2.  MATERIAL AND METHODOLOGY
2.1 Materials 
The materials utilized in this research include green sand as the molding medium and wooden patterns for the flywheels. The equipment employed consists of a molding box, rammer, runner, riser, shovel, furnace, crucible, draw screw, and vent wire. Aluminum alloy for casting was sourced from the local market. However, for the simulation, AlSi7Mg aluminum alloy was used, with its chemical composition detailed in Table 1.
Table 1: Chemical Composition Of Aluminum Alloy (ALSI7MG) Matrix
	Si %
	Fe %
	Cu%
	Mn %
	  Mg%
	Zn%
	Ni%
	Ti %
	Sn%
	Pb%
	Others%
	Al%

	6.5-7.5
	0.55
	0.2
	0.35
	0.2-0.65
	0.15
	0.15
	0.25
	0.05
	0.15
	<0.15
	92




2.2 Methodology 
Simulation involves replicating a real-world phenomenon through a set of mathematical equations implemented in a computer program. In this thesis, the simulation analysis follows the steps outlined in figure 1.
[image: ]
Figure 1: Casting simulation-optimization methodology

The simulation programs utilize finite element analysis of 3D casting models and incorporate advanced functions for user interface, computation, and display. The casting model, complete with feeders and gates, must be created using a solid modelling system and then imported into the simulation program [4]. In the casting simulation, mold filling and solidification analyses are conducted using an algorithm based on the finite volume method. This helps identify hot spots and potential defects such as shrinkage porosities and air entrapment.

3.  EXPERIMENTAL RESULTS AND DISCUSSION 
In accordance with foundry requirements, Aluminum (AlSi7Mg) is chosen as the casting material, and green sand is selected as the mold material. The specifications for the cast parts include a diameter of 165 mm, a height of 32 mm, a center hole measuring 13 mm in diameter, and four additional holes. A wooden pattern is utilized to create a high-quality mold cavity and casting, as it is readily available and cost-effective.
3.1 Conventional Gating and Feeding System
Analyzing the conventional design of the gating and feeding system in multi-cavity molds is essential for proposing a new gating system aimed at minimizing casting defects. One notable observation is that the conventional process lacks theoretical calculations. In this design, a horizontal top gate and riser are employed to fill the cavity with molten metal, without any runner extension. The riser is positioned at the top center of the plate, with a height of 76.2 mm and a diameter of 13 mm. The other dimensions of sprue, runner, and in-gate are shown in table 4.8 where, D = Diameter, H = Height, L = Length, W = Width. The total volume of cast aluminum flywheel = 466856 mm3
Table 2: Dimensions Of Conventional Gating And Feeding System
	Type
	Sprue (mm)
	Sprue base well (mm)
	Runner (mm)
	Riser (mm)
	In- gates (mm)

	Conventional gating and feeding system
	D(base)
	D(top)
	H
	D
	H
	W
	L
	H
	D
	H
	W
	L
	H

	
	12.7
	25.4
	76.2
	25.4
	16
	25.4
	50.8
	8
	13
	76.2
	-
	-
	-



3.2 Designing and Positioning of Elements of Proposed Gating and Feeding System 
In this phase, a new gating system design is proposed, and a comparative analysis is conducted between the conventional and proposed designs. To achieve the research objectives, the dimensions and positions of the sprue, runner, riser, and in-gates are carefully determined using established mathematical calculations. A total of seven iterations are performed with varying dimensions of the gating elements, as detailed in the appendices. 
Casting designs primarily consist of three components: pattern design, gating system design, and feeder/riser design. Allowances are included in the casting process to compensate for dimensional and structural inaccuracies, such as machining, draft, and shrinkage allowances. The molten metal flows from the sprue to the cavity via the runner and in-gates, making the proper dimensions and positioning of these components critical in reducing casting defects.

Element 1: Pouring basin
Pouring molten metal directly into the mold cavity is not advisable, as it can lead to mold erosion. The primary purpose of the pouring basin is to minimize the momentum of the liquid as it flows into the mold. To prevent turbulent flow of metal through the sprue, the entrance features a smooth radius [30]. This design is particularly beneficial for aluminum casting, as it helps to prevent the formation of oxide skins. Figure 4.5, illustrates a 3D view of both the conventional and proposed pouring basins, including their dimensions for this analysis.
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                                                                    (a)                                                                          (b)
Figure 2: 3D view of (a) conventional and (b) proposed pouring basin
Element 2: Sprue and sprue base well
The passage that connects the pouring basin to the runner or in-gate is known as the sprue. It is typically designed in a tapered shape to prevent air aspiration during sand casting, as a straight cylindrical shape can create a low-pressure area around the metal in the sprue. The specific taper dimensions and choke area are calculated using Equations 2 and 3 [30]. The sprue base well acts as a reservoir for metal at the bottom of the sprue, helping to reduce mold erosion by diminishing the momentum of the flowing metal. Generally, the diameter of the well for a single runner system is twice the width of the runner. A 3D view of the sprue, along with the sprue base well, is illustrated in Figure 4.6.
For tapered dimensions,
                                                 [image: ]    ……………………………………… (2)
Choke Area,  
                                      [image: ]………………………………………(3)
                                        [image: ]       [image: ]
                                                     (a)                                    (b)
Figure 3: 3D view of (a) conventional and (b) proposed sprue with sprue base well
Element 3: Runner with its extension
The runner is typically positioned in the horizontal plane (parting plane) and connects the sprue to its in-gates. A key consideration in runner design is its dimensions; if the in-gates are larger than the runner, it can disrupt uniform flow. In this design, a runner extension is included to help trap any slag from the molten metal.
Element 4: In-gates
This small passage connects the runner to the mold cavity. The cross-section of in-gates can be square, rectangular, or trapezoidal, and they are typically wider than they are deep, with a ratio of up to 4:1. In this study, two partial in-gates of identical dimensions are included. A pressurized gating system with a gating ratio of 1 (sprue) : 2 (runner) : 1 (in-gate) is employed for this analysis. In contrast, a non-pressurized gating system utilizes an approximate gating ratio of 1 (sprue) : 4 (runner) : 4 (in-gate) [5].

Element 5: Riser and its positioning
Shrinkage is a common characteristic of molten metal during solidification. The riser serves to feed the casting during this process, preventing the formation of shrinkage cavities, which is why it is also referred to as a feeder. In this analysis, the optimal riser size is determined using the Modulus method. Two center risers are utilized in this casting to promote directional solidification, and their dimensions are calculated using the following formulas.
Diameter of Riser, Dr= 6Mc
Mc = Modulus of casting
Modulus of casting, 𝑀c   =   …………………….. (4)    [5]
D = diameter of casting, H = height of casting
The dimensions for various gating and feeding components are derived using the mathematical equations mentioned above, as detailed in Table 3.
Table 3: Dimensions Of Proposed Gating And Feeding System 
(D=Diameter, H=Height, L=Length, W=Width)
	Type
	Sprue(mm)
	Sprue base
Well (mm)
	Runner (mm)
	Riser (mm)
	In-
Gates (mm)

	Optimized gating and feeding
system
	D (base)
	D (top)
	H
	D
	H
	W
	L
	H
	D
	H
	W
	L
	H

	
	10.28
	16
	90
	23
	32
	18
	200
	16
	40
	100
	10
	40
	8



Casting Yield:
Casting yield is the ratio of the actual mass of the casting to the mass of metal poured into the mold, expressed as a percentage.
Casting yield =     ……………………….. (5)       [5]
W = actual casting mass, w = mass of metal poured into the mold
3.3 Comparative Analysis of Conventional and Proposed Gating and Feeding System
This section focuses on the use of Click2cast software to analyze casting defects that occur during the filling and solidification of molten metal.

3.3.1 PART Module
 (
Riser
)To use this software, you must first create a part model in CAD software and save it in the standard STL format for import into Click2Cast. The simulation focuses on the AlSi7Mg green sand casting process. Key process parameters include the melting point of aluminum at 713°C, green sand temperature at 200°C, and the gravitational flow of molten metal. Figure 4.7, displays a 3D view of the flywheel featuring both conventional and optimized gating and feeding systems. The casting is automatically meshed into cubic elements for internal calculations related to thickness, solidification, and mold filling, with a defined mesh size of 2 mm.
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(a)                                                              (b)
Figure 4: CAD models of (a) conventional and (b) proposed gating and feeding design of flywheel
3.3.2 Filling Process Analysis Results
The filling process is simulated to observe the flow of molten metal through the gating system and to predict defects related to filling, such as air entrapment and mold erosion. This analysis assists in verifying the effectiveness of the gating system. Air entrapment in the cast element can lead to blowholes. In this study, air entrapment is illustrated using blue dots. In a conventional gating system, air becomes trapped in the product, while in the modified design, this air is completely redirected from the cast body to the gating and feeding locations, as shown in figure 5.
[image: ][image: ]
[image: ]                                                     [image: ]
                                                                (a)                                                                            (b)
Figure 5: Air entrapment result of (a) conventional and (b) proposed gating and feeding design
Mold erosion is also evaluated in this analysis. The primary cause of mold erosion is the high velocity of molten metal flowing into the cavity. Simulation results indicate that in the conventional gating system, the maximum liquid flow velocity from the sprue to the runner reaches 403.74 m/s. In contrast, the modified gating design limits this velocity to only 152.58 m/s, preventing the molten metal from entering the cavity directly from the runner, resulting in a significantly lower entry velocity. Mold erosion is nearly eliminated in the modified gating system, while in the conventional design, mold erosion is present in many areas of the cast product, as illustrated in figure 6 (a) and 6 (b).
[image: ]            [image: ]
Figure 6: (a) Mold erosion of conventional                  Figure 6: (b) Mold erosion of proposed gating and feeding design
3.3.3 Solidification Analysis Results
Casting solidification analysis allows us to observe the cooling process from the outer casting surface to the interior and to identify the locations of shrinkage porosity, as shown in figure 7 (a) and 7 (b). 
This analysis is crucial for optimizing and validating riser designs, ultimately enhancing casting yield and ensuring the desired quality. Two key outcomes are noted: first, directional solidification, where thinner regions solidify faster than thicker ones; and second, progressive solidification, which occurs from the surface to the interior. 
A uniform temperature distribution throughout the cast body indicates successful progressive solidification.

[image: ]               [image: ]
Figure 7: (a) Solidification results of conventional                Figure 7: (b) Solidification results of proposed gating and    
                                                                                                  feeding design based on temperature distribution
Figure 7 (a) and 7 (b) demonstrates that both progressive and directional solidification have been successfully achieved in the modified gating and feeding system design. From temperature scale it is clearly shown that yellow = low temperature and red = high temperature.
[image: ]      [image: ]
Figure 8: (a) Shrinkage porosity of conventional              Figure 8: (b) Shrinkage porosity of proposed gating and feeding design
In the conventional gating and feeding system, the riser solidifies before the cast body, preventing directional solidification and contributing to the formation of shrinkage porosity in the cast product. The results shown in figure 8 (a) and 8 (b), where colored dots indicate shrinkage porosity, further confirm that the modified gating and feeding design outperforms the conventional design.
3.3.4 Experimental Trial Casting in Proposed Gating System
The first step of the experimental trial involves preparing a wooden pattern for the flywheel, along with the molding box, sprue and sprue base well, runner, in-gates, and riser, according to the design dimensions for the flywheel casting. These components are illustrated in figure 9. Bentonite is utilized as a binding material to enhance mold strength. The mold cavity is divided into two parts: the cope (20×12×6 inches) as the upper section, and the drag (20×12×3 inches) as the lower section.
[image: ]
Figure 9: Components of proposed gating and feeding system with multi-cavity mold
Once the mold box is prepared, molten aluminum is poured into the mold cavity at a temperature of 713°C. After one hour, the cast product is removed from the molding box. Sand and dust are washed away with water, and any excess metal, gates, runners, and risers are trimmed from the cast product. The final product, as shown in figure 10, is then completed.
[image: ]
Figure 10: (a) Top view and (b) bottom view of cast product with proposed gating and feeding design; (c) cast flywheel after removing gating elements and cleaning dust
Finally, the casting yield is calculated using Equation 5 for both gating system cast products, as presented in table 4. The results show that the casting yield has increased by 15% compared to the conventional gating design.
Table 4: Casting Yield For Conventional And Proposed Gating System Design
	Iteration No.
	Conventional gating system
	Proposed gating system

	Casting yield (%)
	39
	45



3.4 Discussions
In this study, simulation techniques are employed to determine the optimal size and positioning of gating and feeding systems to minimize defects. The findings are as follows:

1. The optimal sizes of the gating elements in the pressurized parting gating system are: sprue (Dbase = 10.28 mm, Dtop = 16 mm, H = 90 mm), runner (W = 18 mm, L = 200 mm, H = 16 mm), ingate (W = 10 mm, L = 40 mm, H = 8 mm), and riser (D = 40 mm, H = 100 mm).
2. Filling results indicate that the modified gating system effectively reduces mold erosion, with air entrapment being redirected from the cast product to the riser.

3. Solidification results show that directional solidification is achieved by adjusting the size and positioning of the gating elements, resulting in the near elimination of shrinkage porosity in the newly designed gating system.

4. The simulation results align well with the experimental findings, with a casting yield of 45% achieved in the modified gating system, demonstrating significant improvement.

4.  CONCLUSIONS
A high percentage of casting defects in job shops significantly impacts method design, process capabilities, and compatibility with part requirements. To achieve the desired quality at minimal cost without relying on shop-floor trials, these three factors must be optimized in an integrated manner. "These insights underscore the need for small and medium foundries in india to adopt simulation techniques in their casting processes."
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