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ABSTRACT 

In today's modern world, the need for increased production to meet demand is ever-present. 

However, due to time constraints, the primary focus is on boosting productivity and minimizing time-

consuming tasks. By doing so, better solutions can be found, or the intrinsic costs of processes can be 

reduced. 

The Die Casting technology is no exception to this requirments. The time the engineers spent in 

the development and validation of gating design remains one of the bottlenecks of the process. Therefore, 

a solution must be found in order to improve the modelling and simulation of the die casting process. 

This dissertation explores the potential of using Python as a programming tool for the gating 

design in die casting manufacturing. The knowledge gained has been compiled into software named 

Highly Efficient Labor-saving Program  Die Casting. This software can accommodate various casting 

alloys, it emphasizes aluminum alloys. 

The software was applied at two stages of gating design validation. First, it was used to generate 

the gating design, overflow, and venting system for a valve cover, along with the corresponding 

dimensional data for each section. Second, it was employed during the die casting process simulation to 

calculate the boundary conditions and initial conditions. 

The validation of the gating designs focused on three key aspects: die cycle simulation to ensure 

a stable thermal gradient, analysis of potential defects (such as shrinkage porosity, air entrainment, and 

cold shuts), and an evaluation of the process dynamics (based on the minor and major losses of the 

molten metal). In the process dynamics analysis, two distinct phases were identified where the losses 

behaved differently. 

Keywords: Programming aided design; High-pressure die casting process; Aluminum alloys; Finite 

differences method
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RESUMO 

No mundo moderno de hoje, a necessidade de aumentar a produção para satisfazer a procura 

é constante. No entanto, devido a restrições de tempo, o foco principal está em aumentar a produtividade 

e minimizar o tempo despendido tarefas demoradas. Desta forma, podem ser encontradas melhores 

soluções ou os custos intrínsecos dos processos podem ser reduzidos. 

A tecnologia de fundição em alta pressão (Die Casting) não é exceção a estes requisitos. O tempo 

que os engenheiros gastam no desenvolvimento e validação do design do sistema de enchimento 

continua a ser um dos estrangulamentos do processo. Portanto, é necessário encontrar uma solução 

para melhorar a modelação e simulação do processo de fundição injetada. 

Esta dissertação explora o potencial de utilizar Python como ferramenta de programação para o 

design do sistema de enchimento no processo de fundição injetada. O conhecimento adquirido foi 

compilado num software denominado Highly Efficient Labor-saving Program Die Casting. Embora este 

software engloba várias ligas de fundição, é dada ênfase às ligas de alumínio. 

O software foi aplicado em duas fases da validação do design dos canais de enchimento. 

Primeiro, foi utilizado para gerar o design do sistema de enchimento, dos overflows e do sistema de 

ventilação de uma tampa de válvula, juntamente com os dados dimensionais correspondentes a cada 

secção. Em segundo, foi utilizado durante a simulação do processo de fundição injetada para o cálculo 

das condições de fronteira e condições iniciais. 

A validação dos designs do sistema de enchimento concentrou-se em três aspetos principais: 

simulação do ciclo do molde para garantir um gradiente térmico estável, análise de possíveis defeitos 

(como rechupe, aprisionamento de ar e frentes frias), e uma avaliação da dinâmica do processo (com 

base nas perdas localizadas e distribuidas do metal fundido). Na análise da dinâmica do processo, foram 

identificadas duas fases distintas onde as perdas se comportaram de forma diferente. 

Keywords: Modelação assistida por programas; Processo de fundição injetada; Ligas de alumínio; 

Método das diferenças finitas
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Chapter 1 - INTRODUCTION 

The modern tools for the development of new products englobes CAD (Computer-Aided Design), 

CAE (Computer-Aided Engineering), and CAM (Computer-Aided Manufacturing) softwares. In the CAD 

software, the virtual model is conceived. CAE software plays a crucial role in validating these designs 

through the analysis and post-processing of simulation results. The CAM branch is directioned for the 

manufacturing of the product, it will not be addressed in this thesis. 

In the foundry industry, the usage of the CAD/CAE technological advances has been remarkable. 

The implementation of casting simulation has significantly reduced costs, time, labor, shopfloor trials and 

the number of prototypes to test. Furthermore, it is possible to optimise designs and processes without 

the creating the all the prototypes of each iteration step. 

Therefore, the development of new methodology to improve the CAD/CAE environments in High-

Pressure Die Casting (HPDC) and reduce gating design time is necessary. The proposed methodology is 

grounded in the existing guidelines outlined in the North American Die Casting Association (NADCA) 

manual. This will increase the productivity and the accuracy of the solution and a reduction in high 

qualified labour costs. Nevertheless, this new methodology will not entirely replace the expertise required 

for HPDC processes, particularly in gating design and casting simulation. Instead, it serves as tool to 

complement and enhance the knowledge and skills of industry professionals. 
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1.1. MOTIVATION 

The beginning of the casting simulation starts in the CAD software in the gating design’s and 

mold’s development. Then the CAE environment for the casting simulation which validates the gating 

design and process. This type of CAE software are already widely used in the foundry industry which 

simulates numerically the filling and solification processes and locate possible defects [1, 2]. 

These two stage reduce the number of shop-floor trials, time and costs, increasing performance 

and productivity. 

The old bottleneck of the development of molds in die casting process, which was trial and error 

with different molds, was turned into the usage of CAD/CAE softwares. Even though it was an 

improvement,  these two stages still requires qualified manpower and time [3]. 

Thereby, one way to improve the efficiency of the process, time, cost and manpower is to improve 

the modelling and simulation of the die casting process. This improvement can be achived increasing the 

virtualization of this bottleneck. The digital virtualization of the modelling process is an underdeveloped 

branch with the following benefits: 

I. Reduced gating design time: modelling the gating design is a time consuming task for a 

highly qualified manpower and increases productivity; 

II. Reliable solution: the methodology is always the same unless the program is modified 

III. Storage of data: if the generated design is not accordingly with the user’s desire, the 

generated data is kept stored for a later modification; 

The virtualization of the die casting simulation is already in development, with some softwares 

already possessing some sort of Macros which automates through programming the user’s tasks. 

 

1.2. AIM 

This dissertation thesis aims to develop and use the power of the programming in the creation of 

a gating design in HPDC process in aluminum alloys and use it to generate a gating design for the valve 

cover. 

This dissertations will explore essential topics for the virtualization of the gating design for HPDC 

using the North American Die Casting Association (NADCA) gating manual [4] and other manuals [5–7]. 

Part of the gating design formulation will be translated into Python code for the programmed modelling. 

Not only the formulation of the gating design will be explored but all the variables to its design and fluid’s 

mechanics principles of its dynamic. 
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At last, the numeric simulation of the die cycling and casting process will be done using QuikCast 

from ESI Group to predict defects. Properties such as density, specific heat/entalphy, thermal conductivity 

and solidus and liquidus temperature will be determined for the aluminum alloy which are required to the 

simulation.This analysis will include the evaluation of the process’s dynamics and the defects within the 

casting. A comparison between different gating designs will be made and compare it the final solution.  

 

1.3. STRUCTURE OF THE DISSERTATION 

In the first chapter, the motivation and objective of the dissertation are presented, along with the 

context of the problem, which involves the modeling and simulation of the high-pressure die casting 

process for aluminum alloys. 

In chapter 2, the high-pressure die casting process is discussed, as well as the process’s variables 

and the NADCA methodology for developing gating systems for die casting. 

In chapter 3, the interface of the software developed for the modeling of the gating system and 

overflows is introduced. This software was designed in Python and uses the Autodesk Inventor API for 

automated modeling. The software also allows data to be stored in an Excel sheet format, which is later 

used in the simulation of the casting process. 

In the fourth chapter, the preprocessing for the validation of the gating system is detailed, using 

the QuikCast simulation software. The inserts contain the mold cavity and cooling channels, which will be 

manufactured via additive manufacturing. This chapter also addresses the thermophysical properties of 

materials relevant to the simulation of the AlSi9Cu3 alloy and 1.2709 steel. 

The validation of the gating systems will consist of two simulations: thermal cycles and filling. The 

thermal cycle simulation aims to achieve a stable thermal gradient for the filling simulation. To reduce 

computation time, only a single solidification scenario will be considered in the thermal cycle simulation. 

In the fifth chapter, three solutions will be evaluated: the final solution, solution A, and solution 

B. This evaluation will include the analysis of the presence of shrinkage (and the reasoning for its location), 

air porosity, and cold fronts (if the defect occurs). 

The preprocessing presented in the fourth chapter refers exclusively to the final solution. The 

differences between the solutions will be described in the corresponding chapter, noting that these 

changes do not affect the performance of the gating system. 

In chapter 6, the conclusions of the work are presented, along with proposals for future 

developments of the software.  
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Chapter 2 - DIE CASTING TECHNOLOGY 

The casting manufacturing process allows for the production of parts with near-final geometries, 

also known as near net shape. Currently, the two predominant casting processes in the market are sand 

casting and permanent mold casting [1]. In permanent mold casting, the mould material is steel, and 

consequently, it cannot be destroyed to remove the part from its interior compared to sand casting [2, 

3]. 

Permanent mold casting has three branches: (i) low pressure, (ii) gravity, and (iii) high pressure 

[4]. In low-pressure casting, the molten metal is directed into the mold cavity by the pressure exerted on 

it, typically ranging from 0.1 to 1 bar [5]. In gravity casting, the molten metal is poured into the mold 

cavity, and gravity forces the cavity to fill. High-pressure casting is characterized by the application of 

higher pressures (up to 1200 bar) [6, 7] by a piston to push the molten metal into the die cavity. 

Consequently, the molds and the clamping mechanism used in high-pressure casting must withstand 

higher pressure levels. 

At the beginning of the high—pressure die casting process, it is sprayed die lubricant in the die 

surface and then the hydraulic system closes the mold. Meanwhile, the metal is heated up until it reaches 

the pouring temperature. Then, the metal poured into the shot sleeve (if it is a hot chamber machine the 

shot sleeve is inside the furnace) [8]. In the shot sleeve, the molten metal is pushed by a plunger at high 

pressure into the die cavity which possess the negative of the casting.  

At last, the casting alloy solidifies under high pressure applied by the plunger [9]. The solidification 

process is controlled by the cooling fluid (for example water or oil) passes through the cooling channels 

[10]. Lately, the hydraulic press opens the mold and the casting (Fig 2.1) is removed from the die cavity. 
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The casting consists of the biscuit, runners, part and overflows. The biscuit dimensions are based 

on the shot sleeve diameter and typically have a thickness of 20 mm [11]. The runners’ and overflows’ 

cross sections are calculated based on the Bernoulli’s equation [6]. These parts are cut-off in the 

postprocessing of the casting [12]. Although the Bernoulli’s equation is used for determining the 

dimensions of the runners [13], these are verified in CAE software whose rulling equations are the Navier-

Stokes’s. 

 
Fig 2.1 – Model constituted by the different elements. 1 – Biscuit; 2 – Runner; 3 – Ingate; 4 – Component; 5 – Overflow 

(adapted from [14]). 

 

2.1. EQUIPMENT AND THEIR ELEMENTS 

The equipment mentioned in this chapter are relevant in the virtualization of the gating design 

and in CAE software’s boundary conditions. The equipment used in high pressure die casting which 

influence the gating design are [15]: 

• Chamber 

• Cooling system 

• Venting system 

The type of chamber influences the energy efficiency of the process, rulling the temperature drop 

of the molten metal. The type of chamber also constraint the type of casting alloy and the cycle time. 

The cooling system modifies the solidification dynamic of the casting and is design to reduce the 

shrinkage porosity of the casting during solidification. Also it partially controls the cycle time by controlling 

the solidification time of the casting. 

At last, the venting system removes the air in the die cavity, reducing the air porosity of the 

casting.  
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Cold and Hot Chamber 

In the cold chamber, the molten metal is poured into the injection sleeve, manually or 

automatically [15],  (Fig 2.2 (a)).In the hot chamber, the injection sleeve is immersed in the molten metal 

bath of the melting furnace [16] (Fig 2.2 (b)). From the injection sleeve (Fig 2.3) the metal is injection 

into the die cavity through the plunger rod. 

 
Fig 2.2 - Tipology of chamber and its components (adapted from [11, 17]). (a) - Cold chamber; (b) - Hot chamber; 

 

The hot chamber’s main disadvantages are the limitation in casting metal due to high melting 

point (as well as affinity of some casting materials) can provoke erosion and higher maintenance. In other 

hand, shorter cycle time, less damage to the die the casting alloy oxidate in a smaller rate than in the 

cold chamber [18]. The casting alloys used in hot chamber are Magnesium, Zinc (specifically Zamak 

alloys) [19, 20]. 

The cold chamber’s main disadvantages are longer cycle time, higher wearing of the tools and 

higher air exposure of the molten. However, this tipology lowers costs in maintenance. The alloys used in 

cold chamber are aluminum and brass alloys [20]. 

This tipology affects the temperature drop of the molten metal. Transporting the molten metal 

from the furnace to the injection sleeve (Fig 2.3) causes an higher drop, therefore the required overheat 

is typically higher in the cold chamber than in the hot chamber. 
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Fig 2.3 - Injection sleeve (adapted from [21]). 

Cooling system 

A cooling system in a die casting mold is a network of channels to promote the heat transfer 

between the mold and the cooling fluid. The cooling system helps to control the temperature of the mold 

and the molten metal, which is important for producing high-quality parts and reducing cycle times [22]. 

The mould is pre-heated before the casting process begins with warm-up shots [23]. These warm-

up shots are also used to reach a stable die temperature during the production phase [24, 25]. Pre-

heating fluid can be used to heat it up. 

The cooling rate of the system is dependent on geometric variables and non-geometric variables. 

The geometric variables of the cooling system such as channel’s diameter, path and its length and the 

flow rate are decided during the gating design. The channels diameter is choosen based on the casting’s 

thickness, path and its length based on the location of the hotspots and the flow rate. This variable is 

based on the fluid minor and major losses which is dependent on the cooling channels path, the simpler 

the higher the flow rate the pump can provide (Fig 2.4). 

Fig 2.4 - Cooling channels and the designed path to cool down the casting (adapted from [26]). 

The non-geometric variables are the thermophysical properties of the fluid. The type of fluids 

which are mostly used for cooling are mainly water and oil-based [26, 27].  
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Venting system 

The venting system is responsible for the removal of air inside the cavity. The vaccum pump 

removes the air from the die cavity through the vents (Fig 2.5). This way, it is possible to reduce the air 

porosity present within the casting. 

The vents’ design is optimized for high major and minor losses of the molten metal to delay it 

which can be classified into two categories, air venting  and chill venting [28]. The main difference is that 

the profile of air vents are straight while the chill vents are in a zig-zag geometry [29] which maximize the 

cooling rate of the vent. 

These vents have a small thickness and are connected to the die cavity through the overflows 

[30]. However, not all overflows possess connection with the venting system (Fig 2.6). 

 
Fig 2.5–Air removal system in a mold to minimize air entrainment. (a) – overflows; (b) – chill vent; (c) vacuum system 

connection (adapted from [31]). 

 

 
Fig 2.6 - Venting system (adapted from [32]). 
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2.2. MATERIALS OF THE PROCESS 

The die casting process’s materials are divided into two categories, the mold and casting 

materials.  

The mold materials are used to produce each mold plate where the die cavity is located. The die 

cavity possess the negative of the casting, as well as the gating design’s and venting system’s. This cavity 

is frequently produced by machining or by additive manufacturing (as will be later detailed in chapter 

4.2).  The materials typically used is an alloy steel that requires high mechanical strength (both dynamic 

and static properties), as well as the ability to maintain its strength at elevated temperatures and 

resistance to fatigue. 

The mechanical dynamic and static loads applied in the die cavity’s surface reach its height in 

the second and third stage, respectively (shot dynamic will be detailed in chapter 02.3) [30]. In the second 

stage, the entrance of the casting alloy on the die cavity at high velocities originate wear its surface due 

to the its impact and viscous forces (proportional to the alloy’s velocity). The thermal stress in the die 

plate also reach its height, since the heat transfer to the mold’s cavity is the maximum (due to the fluid’s 

velocity at a high temperature). In the third stage, the piston applies a pressure on the fluid. This phase 

lasts until the end of the solidification is static. This pressure does not provoke wearing in the die surface, 

but the die plate have to withstand the high intensification pressure. 

For these applications, tool steel is used due to its thermal-mechanical properties. Some 

examples are the P-20 steel (ISO P steel), specified in ISO 4957 [33, 34], H-13 (which uses chromium, 

molybdenum and vanadium as alloying elements) [35], and H-21 (which uses tungsten as an alloying 

element), both classified under ISO H steel [36, 37]. 

The casting alloys are the materials that will originate the casting. This alloy will be heaten until 

its pouring temperature then injected into the die cavity. The requirement for this alloys are the good 

fluidity [38–40] and thermal inertia [41], which facilitate the injection and the reduction in shrinkage 

porosity [42], respectively. For this purpose, non-ferrous alloys such as Aluminium [43–47], Magnesium 

[48–50] and Zinc [51–54] alloys are used.  

2.3. VARIABLES OF THE PROCESS 

The process’s variables involve aspects like shot dynamic, pressure levels, and cooling rate. 

These variables require a previous verification with the available technology before its operation such as 

injection pressure and clamping force and flow rate of the cooling fluid. These factors are critical to achive 

a sucessful casting. These variables can be easily modified by the operator 
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Plunger's dynamic 

The plunger is responsible for the filling and the reduction of the shrinkage porosity during the 

intensification phase. Consequently, its dynamic changes throughout the casting process which can be 

divided into 3 stages [55].  

The first stage is known as the prefilling stage. In this stage, the plunger moves slowly to push 

the casting alloy from the shot sleeve to near the ingate. This stage allows the removal of air and reduced 

mold erosion [56] in the die cavity. The velocity [11] and piston’s displacement of this stage is defined 

using equation [2.1] and [2.2]. 

𝑣𝑝𝑙𝑢𝑛𝑔𝑒𝑟,1𝑠𝑡 = √0.597√𝑑𝑝𝑢𝑛𝑔𝑙𝑒𝑟
(100% −%𝑓𝑖𝑙𝑙𝑖𝑛𝑔)

100% [2.1] 

𝐿𝑝𝑙𝑢𝑛𝑔𝑒𝑟,1𝑠𝑡 =
𝑉𝑝𝑎𝑟𝑡 + 𝑉𝑂𝑣𝑒𝑟𝑓𝑙𝑜𝑤𝑠

𝐴𝑝𝑙𝑢𝑛𝑔𝑒𝑟
[2.2] 

The second stage is the filling phase. This phase will fill the rest of the die cavity. In this stage, it 

is reached the maximum piston’s velocity [57]. The velocity and piston’s displacement is calculated based 

on the continuity equation [2.3] [58]. 

𝑣𝑝𝑙𝑢𝑛𝑔𝑒𝑟,2𝑛𝑑 = 𝑣𝑖𝑛𝑔𝑎𝑡𝑒
𝐴𝑒𝑓𝑓,𝑖𝑛𝑔

𝐶𝑑𝐴𝑝𝑙𝑢𝑛𝑔𝑒𝑟
[2.3] 

𝐿𝑝𝑙𝑢𝑛𝑔𝑒𝑟,2𝑛𝑑 = 𝐿𝑡𝑜𝑡𝑎𝑙 − 𝐿𝑝𝑙𝑢𝑛𝑔𝑒𝑟,1𝑠𝑡 [2.4] 

In equation [2.3], 𝑣𝑝𝑙𝑢𝑛𝑔𝑒𝑟,2𝑛𝑑 is the velocity of the second stage, 𝑣𝑖𝑛𝑔𝑎𝑡𝑒 the ingate velocity,

𝐶𝑑 is loss coefficient (typical values in Tab 2.1) and 𝐴𝑒𝑓𝑓,𝑖𝑛𝑔 the effective ingate area (calculation 

methodology of this variable will be detailed in chapter 2.4) and  𝐴𝑝𝑙𝑢𝑛𝑔𝑒𝑟 are the ingate and plunger 

area, respectively. The loss coefficient, 𝐶𝑑 is required to determine the actual velocity of the piston to 

make up for the losses of the fluid’s in the runner’s. 

Tab 2.1 – Typical loss coefficient for different alloys (adapted from [59]). 

 Alloy Loss coefficient  [%] 

Aluminum 45 – 50 

Magnesium 45 – 50 

Zinc 55 – 65 
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Its injection dynamic is set accordingly with the machine’s capacity. However, the operator must 

understand that it is impossible that a increase in flow rate will decrease the static pressure and vice 

versa. To a correct modification of this parameter, a P-Q2 analysis must be performed to check its 

feasibility (Fig 2.7). The P-Q2 analysis is done based on a fluid’s mechanical perspective which will provide 

the operator to understand the operating pressure and flow rate [6].  

 

 
Fig 2.7 - Generic P-Q2 graph and process constraints (adapted from [60]). 

 

In Fig 2.7, (a) and (b) are the visual representations of the machine performance and system’s 

minor and major losses, respectively. The limits (c) and (d) represent the minimum flow rate required to 

guarantee the maximum fill time and the minimum pressure to guarantee an atomized flow. The operating 

window and pressure and flow rate are (f) and (e), respectively. It is noticeble that the operating flow rate 

is typically higher than the required which guarantees the minimum fill time which is calculated. 

Periodically, the machine has to be evaluated to update its curve. Meanwhile, the system’s energy 

loss are based on the complexity of the casting. 

The last stage is known as the intensification rate which last until the end of the solidification 

[61]. The high pressure during this stage reduces the appereance of shrinkage porosity and increase the 

quality of the casting produced. Normally, the piston’s displacement of this phase is hard to measure its 

distance being considerated in some CAE software as being a static phase (velocity near 0 m/s). 

Depending on the casting alloy, the intensification pressure varies with the casting alloy (Tab 2.2). 

The required clamping force can be calculated using the Pascal’s law [62] and should be compared with 

the campling force, equation [2.5].  
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Tab 2.2 – Intensification pressure based on the alloy (adapted from [30]). 

Alloy Pressure [𝒃𝒂𝒓] 

Aluminum 400 – 1000  
Magnesium  N/A  

Zinc 100 – 400   
 

𝐹𝑙𝑜𝑐𝑘𝑖𝑛𝑔 = 𝑝𝑝𝑖𝑠𝑡𝑜𝑛,3𝑟𝑑𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 [2.5] 

 

In equation [2.5], 𝐹𝑙𝑜𝑐𝑘𝑖𝑛𝑔 is the required locking force, 𝑝𝑝𝑖𝑠𝑡𝑜𝑛,3𝑟𝑑 is the third stage 

intensification pressure and A the projected area of the component normal to the part line. 

 

Pouring and mold's temperature 

The pouring temperature of an alloy is determined based on its liquidus temperature, and the 

casting alloy is typically overheated by 50ºC. This overheating is necessary to compensate for the 

temperature drop that occurs during the casting process [63]. The extent of this temperature drop is 

influenced by several factors, including the: 

• Type of chamber: cold chamber has an higher temperature drop than the hot chamber 

[64]; 

• Geometry of the runners: higher length of the runner results in an higher temperature 

drop. However, its geometric section outweights the runner’s length during solidification; 

• Shot velocity: a slower shot allows the casting alloy to lose more heat; 

• Shot sleeve filling percentage: it can be a low filling ratio (20%-30%) [55] or high filling  

ratio (60%-80%) [56]. An higher filling ratio prevents an high temperature drop, due to 

the thermal inertia; 

The die’s temperature is also a parameter that influences the temperature drop, since heat 

transfer is proportional to the thermal gradient.  

Initially, to maintain the desired thermal conditions, a cooling-heating system and warm-up shots 

are used to heat the mold and regulate its temperature [65]. Approximately 20 thermal cycles [66] are 

performed to establish a stable operating thermal gradient. Throughout these thermal cycles, the cooling-

heating system also cools the die, playing a critical role in the solidification dynamics of the casting. It is 

desirable that mold’s thermal inertia can hold enough energy to prevent re-heating the mold. 

The parameters which influence the heat transfer is the temperature gradient, contact area, the 

type of flow and the thermophysical properties of the cooling fluid.  
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The initial mold temperature and pouring temperature are key variables required to calculate the 

filling time (detail in 2.4). 

 

2.4. VIRTUALIZATION OF THE HIGH-PRESSURE DIE CASTING PROCESS 

The gating design presented by NADCA [6] follows a methodology well defined which allows the 

user to adquire knowledge of the process and its effects on the gating design. The manual is divided into 

9 different steps: 

1- Casting quality requirements 

2- Determine the flow pattern and location of the ingates and outgates  

3- Segment volumes, Cavity fill time and flow rate 

4- Process flow rate 

5- Determine the ingate parameters  

6- PQ2 analysis  

7- Design the fan and tangential runners  

8- Design the overflows and vents 

9- Simulation 

The algorithm which will be presented is a simplified and compacted version of the actual 

algorithm. In this simplified version, step 1 and 2 are a prior task which will not be detailed, since those 

are mainly conceptual which can not be virtualized into the algorithm. The simplified algorithm is: 

• Ingate area: englobes the 2nd, 3rd and 4th steps shown previously. The 6th step is performed 

if desired, which is only to validate the machines capacity (detailed in chapter 0); 

• Runners definition: englobes the 7th step; 

• Overflows and venting: englobes the 8th step; 

• Simulation: detailed in chapter 4 and 5. 

 

Ingate Area 

Initially, it is done the conceptual division in segments of the component based on the number 

of ingates required by the component. Then, based on the segment’s volume (𝑉𝑠𝑒𝑔𝑚𝑒𝑛𝑡) and the filling 

time (𝑡𝑓𝑖𝑙𝑙), it is possible to use the continuity equation to determine the ingate area (equation [2.3]). The 

equation to calculate the filling time of the part is shown in equation [2.6] [64]. 
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𝑡𝑓𝑖𝑙𝑙 = 𝐾1𝑇𝑝𝑎𝑟𝑡 (
𝑇𝑖 − 𝑇𝑓 + 𝑆𝑍

𝑇𝑓 − 𝑇𝑑
) [2.6] 

In equation [2.6], 𝑡𝑓𝑖𝑙𝑙 is the filling time of the component and overflows, 𝐾1 constant based on 

die’s material (related to the thermal conductivity), 𝑆 is percentage of solidified metal at the ending of the 

filling, 𝑍 solids units conversion factor, 𝑇𝑝𝑎𝑟𝑡 avarage wall thickness and 𝑇𝑓, 𝑇𝑖 e  𝑇𝑑 as minimum flow 

temperature, injection temperature at the ingate and die’s surface temperature, respectively. 

For different alloys, the recommended ingate velocity is shown in Tab 2.3. The ingate velocity 

(𝑣𝑖𝑛𝑔) definition is based on the components. To calculate the effective ingate (𝐴𝑒𝑓𝑓,𝑖𝑛𝑔) area is based 

on continuity equation [2.3] [58].  

𝐴𝑒𝑓𝑓,𝑖𝑛𝑔 =
𝑉𝑠𝑒𝑔𝑚𝑒𝑛𝑡

𝑡𝑓𝑖𝑙𝑙𝑣𝑖𝑛𝑔
[2.7] 

Tab 2.3 – Ingate velocity for different alloys (adapted from [59]). 

Alloy Ingate velocity [𝒎/𝒔] 

Aluminum 18 – 40 

Magnesium 25 – 50 

Zinc 23 – 50 

Due to fluid’s inertia, the actual ingate area is bigger than the effective ingate area as it shown in 

Fig 2.8. The relation between the these two parameters is the flow angle which is presented in equation 

[2.3]. The flow angle (𝜃𝑒𝑓) is a parameter to verify in the postprocessing of the casting simulation. 

𝐴𝑎𝑐,𝑖𝑛𝑔 =
𝐴𝑒𝑓𝑓,𝑖𝑛𝑔

cos 𝜃𝑒𝑓
[2.8] 
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Fig 2.8 - Geometric representation of the effective and actual ingate area in a tangential runner. 

 

The last parameter to a total definition of the ingate profile is the thickness. Normally, ingates 

vary from 0.75 mm to 2 mm based on ingate velocity. However, the usage of equation [2.9] is more 

precise. 

𝑣𝑖𝑛𝑔
1.707𝑇𝑎𝑐,𝑖𝑛𝑔𝜌 = 𝐽 [2.9] 

  

In equation [2.9],  𝐽 is a constant based on the material for atomized flow, 𝑣𝑖𝑛𝑔 is the ingate 

velocity (m/s), 𝑇𝑎𝑐,𝑖𝑛𝑔 is the ingate thickness (mm) and 𝜌 is the density of the fluid (kg/m3).  The NADCA 

manual also provides some information for typcal thickness for ingate values for 𝐽 equal to 998000 [67]. 

In the end of the ingate definition step, the geometry of the ingate (trapezoid with 10º inward (Fig 

2.9 (a))), ingate velocity and fill time are totally defined. The ingate dimensions will be required to the 

runner’s definition. The ingate velocity will be required to the definition of the plunger’s velocity (first and 

second stage). The fill time will be required to the definition of the transient boundary conditions in the 

CAE software.  

 

Runners definition 

The runners are divided into 3 categories: (i) curved sided fan, (ii) straight sided fan and (iii) 

tangential runner. The difference between these three is the way the the metal is distributed. IN both 

fans, the flow’s direction in the fan during filling is colinear with the fan’s length. In other hand, the 

tangential runner’s flow’s direction is perpendicular [6]. The selection of the runners is based on the 

part’s geometry. The fans generate a strong centre fill. Tangential runner are more compact and can 

distribute the metal over a longer distance [30]. 
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The difference between the fans is the width and thickness profile across the fan’s length, but 

both profile section is the same (Fig 2.9 (a)). The thickness profile of a straight sided fan varies non-

linearly with the length of the tangencial runner. In other hand, the curved sided fan has a linear thickness 

profile. This happens in both fans to avoid the creating of voids in the fans edges and guarantee that the 

whole fan is complely full during the filling stage. 

The profile of the fans and tangential runner are presented in Fig 2.9. The equations to determine 

the parameters for the fans and tangential are presented in Tab 2.4 and Tab 2.5, respectively. 

 

 
Fig 2.9 – Runners profiles. (a) - Fan; (b) - Tangencial runner with 30ºC approach (adapted from [6]). 

 

Tab 2.4 - Equation for fan’s dimensions (adapted from [6]). 

Parameter Equation 

𝒉 
√𝐴𝑠𝑒𝑐
𝑟𝑎𝑠𝑝

 

𝒄 and 𝒅 ℎ cos 80° 

𝒃 
𝐴𝑠𝑒𝑐
ℎ
+ 2ℎ cos 80° 

 

Tab 2.5 - Equation for tangencial runner’s dimensions (adapted from [6]). 

Parameter Equation 

𝒉 
√𝐴𝑠𝑒𝑐
𝑟𝑎𝑠𝑝

 

𝒅 ℎ cos 80° 

𝒄 ℎ cos 30° 

𝒃 
𝐴𝑠𝑒𝑐
ℎ
+ 𝑑 + 𝑐 

 

The 𝑟𝑎𝑠𝑝 is the aspect ratio, which is the ratio between the avarage width and the height (typically 

between 3:1 to 1:1). The higher the aspect ratio, the slower it solidifies, because the module of the section 
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is maximized. The parameter 𝐴𝑠𝑒𝑐 is the area of the cross section. The NADCA methodology presents a 

9 cross section for the fans and a 5 cross sections calculation for the tangencial runner. The distance 

between these section is calculated based on the flow angle. 

The calculation the 𝐴𝑠𝑒𝑐 parameter is different for tangential runners and fans, Fig 2.10. The 

tangential runner’s cross section’s area increases linearly from the shock absorved to the main runner. 

Meanwhile, the fan cross section increases linearly from the ingate to the main runner. The main runner’s 

area is based on the ingate area multiplied by the ratio ingate/runner, 𝑟𝑖𝑛𝑔,𝑟𝑢𝑛. The parameter 𝑟𝑖𝑛𝑔,𝑟𝑢𝑛 

is the ingate/runner ratio, which increases the area of the runner to guarantee that the ingate is complely 

full before the beginning of the 2nd phase of the piston (injection), which varies with the casting alloy (Tab 

2.6). 

Tab 2.6  - Typical values of  𝑟𝑖𝑛𝑔,𝑟𝑢𝑛 (adapted from [6, 67]). 

Alooy 𝒓𝒊𝒏𝒈,𝒓𝒖𝒏[𝒎𝒎] 

Aluminum 1.1 – 1.5 

Magnesium >1.1 

Zinc 1.05 – 1.15 

 

 
Fig 2.10 - Cross section of the curved sided fan (a) and tangencial runner (b) (adapted from [6]). 

 

The main runner profile section is the same as the fan. In the main runner, it is important to 

notice that the section area have to remain constant throughout the runners. 

 

Overflows and venting 

The overflows are typically found either in the last regions to be filled or in areas where air can 

be encircled away from other overflows originating high porosity region. Therefore, an early predition of a 

filling simulation is typically performed to predict the filling sequency of the casting. 
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The metal enters in the overflow through the outgate (the sum of all outgate areas represents half 

of the sum of all ingate areas), whose thicknessis presented in Tab 2.7. A large portion of overflow’s 

volume is filled before the molten enters the vent region. The sum of all overflow’s volume varies from 

75% to 25% based on segment’s volume, casting’s thickness and required quality. The visual 

representation of an overflow is presented in Fig 2.11. 

Fig 2.11 - Overflow overall dimensions (adapted from [68]). 

Tab 2.7  - Outgate thickness (adapted from [59]). 

Alloy 𝒕𝒐𝒖𝒕 [𝒎𝒎] 

Aluminum 1< 

Magnesium 0.5< 

Zinc 0.5< 

The vents are extension of overflows to delay even further the molten metal, since these are 

region are the last to fill. Through the vents, the air is removed from the casting [68]. Therefore, vents 

must have high minor and major loss to delay the molten metal.   

The vents area can be calculated based on the actual ingate area, [2.10]. Its thickness is typically 

0.2 mm. Typically, the exit thickness is less half of the initial thickness. 

𝐴𝑣𝑒𝑛𝑡 =
𝐴𝑎𝑐,𝑖𝑛𝑔

4 [2.10] 
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Chapter 3 - HIGHLY EFFICIENT LABOUR SAVING

PROGRAM GATING DESIGN 

The title of this dissertation is referent to the 3D modelling of the die casting process. For this 

purpose, it was choosen a CAD software (Autodesk Inventor [1]) which macro programming was open to 

the public and a programming language (Python) which could communicate with to conceive a software 

capable of modelling the gating design. Later on, the developed software was baptised as H.E.L.P. Gating 

Design an acronym for Highly Efficient Labor-saving Program Gating Design. 

The methodology used in this software was the NADCA methodology (described in chapter 2.4) 

which gave the programmer possibility to translate the entirety of the high pressure die casting process 

information in a form of a programming language, since it was well structured and continuous. Initially, 

H.E.L.P. Gating Design database was based exclusively on NADCA information. However, it was given the 

capacity to the software to adapt and allow the user to add information to keep up with the current 

challenges.  

In Fig 3.1 is shown the logical sequence of calculations. Due to its loyal algorithm to the NADCA 

gating design, each step shown is directly related to the calculations step of NADCA manual. 
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Fig 3.1 – The NADCA methodology was utilized in the development of H.E.L.P. Die Casting. 

 



Chapter 3 – H.E.L.P. Gating Design 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

29 

A previous study of the path to be taken in order to match the proposed challange was made and 

the following reasons defined the programming language and the CAD software: 

• Python is indeed a widely used programming language, as it is a high-level language that

is easy to learn and has an excellent interface with any type of database/data storage

software, including Excel. Another reason for using Python is the possibility of the

software also interfacing with CAD software [2].

• The program is only available for Autodesk Inventor. To make it compatible with

SolidWorks, it would be necessary to "translate" the language to Virtual Basic for

Applications (VBA). For Autodesk Fusion 360, only a slight change in keywords is needed

since the core modeling program is similar to that of Autodesk Inventor, as both software

are developed by the same company..

• Another near-solution for programmed modeling is to have the model fully parameterized

linked to an Excel spreadsheet, then an overwrite of these parameters would be made.

However, this is not a viable solution. According to the content studied in the NADCA's

"Gating Design" manual, there are various models for gating—Curved Sided Fan, Straight

Sided Fan, and Tangential Runner. Considering the different scenarios, the number of

files to be parameterized could exceed 48 different scenarios (excluding the various

parameter values). This would make it impractical to have software with 48 associated

CAD files to calculate a single situation—the one requested by the user—with at least 41

parameters to be filled out in every CAD file.

3.1. SYSTEM REQUIREMENTS 

The development of H.E.L.P. Die Casting was conceived for a one-user only, which in this scenario 

is it’s author, the software ergonomics was not the main concern during its development. So a 

organization model was simplified which can be divided into 3 main folders, Fig 3.2. In the folders 

“Excels”, “Figures” and “Parts” are stored the databases in Excel file (“.xlsx”), figures used in the software 

to help the user to fill the gating parameters and 3D model of gating design and overflow, respectively. 

The Python files, which are responsible for the software itself, are presented in Tab 3.1. 

A new folder, QuikCast Macro, was being developed in the free time of this dissertation which 

main goal was to allow the user to save time. In this macro folder, a new macro was conceived to help 

the user at defining the boundary conditions in Visual-Cast. This macro stablished all the boundary 

conditions after defining the surfaces where they would be attributed. 
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Fig 3.2 - Organization of H.E.L.P. Gating Design. 

 

Tab 3.1 – Function of each Python file. 

Python file Function 

Biscuit Generates the 3D model of the biscuit 

Brain Initializing file and is the bridge for every file 

Display Interface HELP Gating Design – user 

Gating System Generates the 3D model of the gating design 

Overflow_vent Generates the 3D model of the overflow  

Ratios Provides ratios for a proportional of the gating system 

STEP_X Calculates every step’s variables based on input 

 

As a consequence of unecessary user-friendliness, there are some pre-requirements are needed 

in order to run the program which can be allocated in two main groups: 

• Files location: The software is designed to write information to an external database 

(Excel, in this case) stored in the same folder as the executable. In addition to the 

database, other folders, such as 'Figures' and 'Parts,' used by the software require their 

file locations to be specified; 
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• Python libraries: the Python libraries is a requirement only to the user who runs the

Python files instead of an executable or an installable. In such cases, Python libraries are

annexed to the program increasing the file size.

Files location 

The file directory could be a variable which the user could define. However due to its time-

consuming activity of searching for its location and one user-only, another approach was choosen. It was 

defined a fixed folder was defined to facilitate the file’s search (Fig 3.3). If the program was converted 

into an installable, this problem would be supressed, since during the installation it is defined a permanent 

file directory. 

In Fig 3.3, the variable “rootDir” could be changed based on the user’s file location. In this case, 

the file to find is in the excel folder (Fig 3.2). If this variable is empty (notation is: “”) the program would 

have to search for the desired file in the entire computer storage, increasing the time consumption (aout 

30 seconds everytime it was required to open a new file). 

Fig 3.3 – Block code which searches for each file in a fixed folder. 

Python libraries 

As mentioned previously, Python libraries required a previous installation if the user intends to 

run the program from a Python file. In Tab 3.2 is presented all libraries required to create the software. 

It is worth mentioning that libraries such as “numpy” and “math” were not mentioned, since they were 

pre-installed when downloading Python. 

The "tkinter" library [3] allows programmers to design a functional GUI that enhances the HELP 

Gating Design user interface, making it more user-friendly. Without this interface, users would need to 

input all parameters through a command terminal. 

The "openpyxl" library [4] is responsible for reading and writing Excel files. It handles data input 

provided by the user and is utilized during the modeling phase. While entering data into the filling system, 
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the Excel files must remain closed, as the program needs to save the data and close Excel during 

execution. However, during the modeling phase, users can access the Excel files. 

The "OS" library [5], short for "operating system," is included with the Python installation. Its 

presence should be confirmed, as it facilitates communication between Python and the computer. This 

library is used to locate files that the software needs to read or write, such as Excel sheets or images for 

the GUI. Similarly, the "win32com.client" library [6] is derived from the computer's operating system and 

allows Python to access all applications installed on the computer. 

To run the software without having to open any Python file, those files can be compiled and then 

executed just like a generic application with “Auto Py-to-Exe” library [7]. 

 

Tab 3.2 – Required libraries. 

Library Function 

tkinter Interface Python – User  

openpyxl Interface Python – Excel 

os Interface Python – System 32 

win32com.client Interface Python – Inventor 

Auto Py-to-Exe Create an executable file of the program 

 

3.2. INTERFACE USER - SOFTWARE 

In the design of the Guided User Interface (GUI), the programmer ensured that the information 

required from the user was organized in a way that minimized the number of windows the user would 

need to fill out. The arrangement of the information was carefully considered to reduce the number of 

steps needed for user input. For instance, the software needs to be informed about the two points that 

define the machine's curve (required for step 6) (Fig 3.4, parameter (g)) before it receives information 

about the volume of the part (required for step 3) (Fig. 4.5, parameter (a)). 

In the initial GUI (Fig 3.4), the user first specifies the type of chamber, based on the material to 

be used (parameters (a) and (b)), the mold material (parameter (c)), the average thickness of the thinnest 

walls (parameter (d)), the number of parts in each mold (parameter (e)), and the piston diameter 

(parameter (f)). The machine’s parameters (parameter (g)) units for pressure and flow rate are MPa and 

l/s, respectively. 
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Fig 3.4 - First GUI layout which the user will fill. 

 

The last three parameters, (h), (i), and (j), are related to the type/number of gates that will be 

applied to the part. If the parts are identical and have identical gates, parameter (h) should be set to 

"Yes." This will reduce the amount of data that needs to be introduced, as the software will automatically 

apply the same parameters to all the gates. 

Depending on the type and number of gates, it may be necessary to input variables that are not 

common to all approaches, such as the orientation of the gates (parameters (d), (e) and (f) in Fig 3.5) 

when there is more than one attack. If there is more than one attack, the H.E.L.P. Gating Design provides 

functionality to calculate the gate layout, ensuring there are no geometric incompatibilities between the 

parts. To perform this calculation, additional information about the mold plate alignment and the part is 

required (Fig 3.7). 

However, certain variables must be defined regardless of the approach, such as volume, entry 

velocity, and the runner-to-ingate ratio (parameters (a), (b), and (g) in Fig 3.6). 
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Fig 3.5 - Second GUI layout which the user will fill for a scenario of 4 attacks to 4 equal parts using a curved sided fan. 

 

 
Fig 3.6  - Second GUI layout which the user will fill for a scenario of 1 attack to 4 equal parts using a tangential runner. 

 

In the third GUI (Fig 3.7), the alignment of the mold and the part is defined (parameters (a) and 

(b)), along with the information required to set up the air removal system and the final casting quality 

(parameter (c)). The combine overflow volume is based on the parts volume, following NADCA 

methodology. Defining its length and number of overflows, the implicit variable is the width of the overflow.  
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Fig 3.7 - Third GUI which the user might fill. 

3.3. WORKFLOW

The recommended workflow using this software passes through three main phases, as it is 

presented in Fig 3.8.  

The first step, initial decisions, is based in understanding the components geometry and prepare 

it to the casting process, such as dividing the component in segments and the attacks’ location, applying 

drafts and fillets, definition of parting line, etc. As auxiliay tool, a solidification simulation may be 

performed to determine the exact location of the hotspots to the definition of the cooling system. This 

simulations is a mere approximation of the real casting conditions. 

The second phase, the gating design phase, is the where the H.E.L.P. Die Casting software is 

applied to reduce time consumption of the user. The process’s data is stored in databases which will be 

used lately in the die casting simulation.  

The gating design phase is the most complex phase, since it evolves the manipulation of CAD 

files with excel which both work as data storage and database (Fig 3.2). To distinguish the worksheets 

that serve as database from those which are data storage, the designation format is “Table X, Page X”. 

This format was based on what page and which table the data was in the NADCA Manual.  



Chapter 3 – H.E.L.P. Gating Design 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

36 
 

 
Fig 3.8 – Workflow of gating design and the positioning in the iterative process H.E.L.P. Gating design software. 

 

In a detail view, in this phase is generated two CAD files, the Gating Design and the overflows, 

and stored information of the process introduced by the user and postprocessed by the H.E.L.P. Gating 

Design. The file “STEP_3"’s function is to provide information of constant values to the calculation of the 

injection time, as well as the flow rate for different segments. This information is presented in different 

worksheets if the part presents more than one segment. The file “STEP_4"’s function is to determine an 

approximation of ingate dynamic pressure and plunge speed. This information can be lately compared 

and corrected with the PQ2 analyis in “STEP_6” file, to determine the actual shot velocity (this step can 

be replaced based on CAE postprocessing). The file “STEP_7” and “STEP_8” are related to the attacks 

section dimensions and overflows, respectively. These last 2 files are exclusively to data storage. 

As a result of a programmed CAD modelling, some details as well as the assembly require to be 

done manually. These details include adding fillets, removing emboss, correcting the ingate section as it 

is presented in Fig 3.9 as well as the assembly. This is the easiest part of the gating design where the 

user takes a few minutes to make small changes and the assembly (assembly of the following 

components: gating design and overflow and part)depending on the user experience to the software. 
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Fig 3.9 - Attack correction in a round surface. 

 

The simulation process can be divided in three simulations to save computation time. The first 

simulation is to verify the filling pattern and sequency to guarantee that the overflows are located in key 

regions where the air can be encircled and trapped within the casting. This simulation only deals with the 

filling simulation module, considerating that the fluid’s temperature remain constant throughout the filling 

simulation (ending when the die cavity is full).  

If the first simulation’s results are satisfactory, the second simulation shall be done before the 

casting simulation, the die cycling simulation. This simulation only deals with the solification of the casting, 

which provides the casting simulation a more accurate die’s thermal field.  The third simulation consists 

in using the die’s therm field from the die cycling simulation as initial conditions for the mould for the die 

casting simulation. 
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Chapter 4 - CASTING SIMULATION 

In the past years, Computer Aided Engineering (CAE) provided manufacturers with the best 

cost-effective operations. CAE eliminated the need to build multiple prototype to verify the concept 

before large scale production [1, 2]. 

The casting processes was one of the most benefitted manufacturing sector, since the 

gating design is an iterative process. The application of CAE allowed reducing shrinkage scrap, 

optimazing the gating system and predict thermal fatigue life and costs. These softwares can 

predict possible defects such as shrinkage and air porosity and its location, process variables, etc.. 

Since this predition is based on a mathematical model, there are some differences between the 

mathematical model and the physical model which may result in errors. In order to minimize the 

errors CAE engineers need to define the problem accurately. 

Even though with this sort of technological advances in the casting simulation, simulation 

results and prior knowledge and experience complement each other and can not be seen as rivals 

in finding the best solution the in the best time possible (Fig 4.1). The first step of the iterative 

process is the result of the prior knowledge. Meanwhile, simulation results impact in finding with 

accuracy a better solution.  
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Fig 4.1 - Flowchart to generate a gating design (adapted from [2]). 

 

4.1. CASTING AND MOLD MATERIALS 

In die casting process, the using materials are seperated in two groups, the casting 

material and mold materials. The casting material is used to produce the casting, these have to 

heaten up in order to surpass its liquidus temperature. Meanwhile, the mold materials are used to 

produce the mold. 

The application of these materials is very distinguished, consequently the requirements of 

each other are very different. For example, casting materials for high-pressure applications require 

fluidity and themal inertia. In other hand, the mold materials require wear resistance and excellent 

mechanical properties at high temperatures as well as thermal inertia and conductivity.  

Even though thermal inertia is a characteristic present in both alloys, this property avoids 

an early solidification for the casting alloy. Meanwhile this property and the thermal conductivity 

reduces mold’s heat losses avoiding the needing of re-heating the mold [3]. 

The mold materials used were H13 and tool steel 18Ni300. The steel H13 is used in 

mold’s frame which manufacturing technology was machining. This alloy is typically used in High 

Pressure Die Casting and Low Pressure Die casting for its thermo-mechanical properties. The steel 
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18Ni300 is used in the additive manufacturing of inserts of the die cavity which would originate 

the component. 

The mold’s materials impact the thermal field and cooling during the solidification process. 

Since these materials do not reach its solidus temperature, the flow properties of these alloys do 

not required the definition of its viscousity. The thermal properties to be defined are the density, 

specific heat and thermal conductivity. 

 

Steel H13 

The steel H13 is presented in the german standards (DIN 2344). It is a high alloyed tool 

steel as it is possible to verify in Tab 4.1 known for its wearing resistance and good mechanical 

properties in high temperature conditions [4]. 

 

Tab 4.1 - Chemical composition of steel H13 [5]. 

Element C Cr Mn Mo Si V 

wt (%) 0.45 5.13 0.35 1.43 1.00 1.00 

 

In Fig 4.2 (a) and (b), it is shown the properties’ thermal behaviour with data from QuikCast 

libraries of thermal conductivity (𝐾) and thermal inertia (product of the multiplication of density (𝜌) 

by specific heat (𝐶𝑝)). 

 

 
Fig 4.2 - Thermal behaviour of H13 (adapted from [5]). (a) – Temperature effect on thermal conductivity; (b) – 

Temperature effect on density and specific heat. 
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Steel 18Ni300 

Steel 18Ni300 designation by european standards is 1.2709 [6, 7]. It is known for its good 

mechanical properties and usage in additive manufacturing (some companies provide it in powder 

form). Its chemical composition is shown in Tab 4.2 [8]. Its thermal conductivity and thermal inertia 

properties are shown in Fig 4.3 (a) and (b), respectively. 

Tab 4.2- Chemical composition of steel 18Ni300 (adapted from [5]). 

Element C Co Cr Mn Mo Ni Si Ti V 

wt (%) 0.03 10.00 0.25 0.15 5.20 19.00 0.10 1.20 1.00 

Fig 4.3 - Thermal behaviour of 18Ni300 (adapted from [5]). (a) – Temperature effect on thermal conductivity; (b) – 
Temperature effect on density and specific heat. 

Alloy AlSi9Cu3(Fe) 

The casting material is the aluminium based alloy ISO AlSi9Cu3(Fe) which is also referenced 

in english standards as EN AC-46000 or in german standards as 3.2163 [9]. In such standards, 

the chemical composition range is presented in Tab 4.3 [10]. This alloy is widely used in high-

pressure die casting for its fluidity and its thermal inertia as a consequence of having a percentage 

of sillicon in its constitution allows provides an higher thermal inertia. 

Tab 4.3 - Chemical composition allowed by international standards (adapted from [11]). 

Element Si Cu Fe Zn Mn Mg 

wt (%) 8 .00– 11.00 2.00 – 4.00 <1.30 <1.20 <0.55 0.05 – 0.55 

Even though approximations are made in CAE environment to describe the process 

mathematically, it is possible to determine with an high accuracy the thermal properties of the 
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aluminium reducing the simulation error. The alloy’s chemical composition in use to determine its 

properties is shown in Tab 4.4 [11, 12]. 

Tab 4.4 - Chemical composition of the casting alloy (adapted from [11]). 

Element Si Cu Fe Zn Mn Mg 

wt (%) 9.15 2.25 0.66 0.47 0.26 0.18 

The CAE definition of this alloy can not only englobe the thermal properties of such as 

thermal conductivitym, density and enthalpy (Fig 4.4 (a) and (b)), but also the fluid properties of 

casting alloy above liquidus temperature, such as dynamic viscosity (Fig 4.4 (c)). An additional 

property, solid fraction, requires to be defined in order to indicate the transition within the alloys’ 

bi-phase domain [13, 14]. Based on chemical composition it is possible to determine the alloys 

properties [5].  

Fig 4.4 - Thermal behaviour of AlSi9Cu3(Fe) (adapted from [5]). (a) – Temperature effect on thermal conductivity; (b) 
– Temperature effect on density and specific heat; (c) – Temperature effect on solid fraction and total viscosity.

In contrary to the mold material, the enthalpy was defined instead of the specific heat due 

to the fact that a during solidification there is more than one phase. Therefore, it would be 
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necessary to define one extra variable, latent heat (∆𝐻), which would represent the the energy loss 

due to phase transformation. 

Fig 4.5 – Visual representation of the inverse of specific heat and latent heat (adapted from [5]). 

4.2. CAD MODEL 

The study case part belongs to a valve cover is shown in Fig 4.6. The respective model 

was received in STEP AP242 which corrections and mold were made in Autodesk Inventor.  

Fig 4.6  - Component's model of the study case part. 
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The CAD model was edited (exit angles, fillets, etc) in accordance with NADCA products 

specifications standards [15]. Then, the part’s properties relevant to the its gating design is shown 

in Tab 4.5. Mass and volume properties are required to determine flow rate and dimensioning 

gating design, component’s size is required to determine the size of mold plates and project area 

required to verify the locking force. 

Tab 4.5 – Relevant properties to the gating design. 

Property Value 

Mass 134 g 

Volume 49.5×103 mm3 

Dimensions (X, Y, Z) 39×125×95 mm 

Projected area 4753 mm2 

Before using H.E.L.P. Die Casting to the gating design, an initial idealization of segments 

based on part’s hotspots. In case of a small and uniformal component the unique present segment 

is the entire component. However, as it is presented in Fig 4.6, it is possible to identified that there 

are critical regions which the solidification time gradient would be higher than others.  

Fig 4.7 - Identification of the hotspots. 

Filling time and Ingate velocity 

The algorithm shown in chapter Chapter 3 - 3.3 is applied to this scenario in to calculate 

the filling time using equation  [4.1] of the entire die cavity which results in the component. In this 

equation, 𝐾, 𝑇𝑝𝑎𝑟𝑡, 𝑆, 𝑍, 𝑇𝑖, 𝑇𝑑 and 𝑇𝑓 values were 0.0346 s/mm, 2 mm, 0.2ºC/%, 4.6%, 710ºC, 
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577ºC and 300ºC respectively. Therefore, filling time (𝑡𝑓𝑖𝑙𝑙) was 0.0361 seconds. It is to note that 

die temperature value 𝑇𝑑 was based on initial temperature of the mold before the first cycle.  

𝑡𝑓𝑖𝑙𝑙 = 𝐾1𝑇𝑝𝑎𝑟𝑡 (
𝑇𝑖 − 𝑇𝑓 + 𝑆𝑍

𝑇𝑓 − 𝑇𝑑
) [4.1] 

NADCA gating design manual did not possess any information about the alloy, therefore 

there had to be determined. The 𝑇𝑖, 𝑇𝑑 and 𝑇𝑓 values are the pouring, die and minimum flow 

temperatures. 𝑇𝑓 and 𝑇𝑖 values attributed were 577ºC (liquidus temperature) and 690ºC. However 

prior simulations results indicated that the pouring temperature had to be increase to 710ºC to 

avoid an early solidification. The die temperature was based on NADCA information with small 

adjustments based on simulation results. 

𝐾1 was a constant based on the mold’s material (steel H13), 𝑇𝑝𝑎𝑟𝑡 avarage thickness of 

the narrowest regions, the variable 𝑆 was based on surface finishing and variable 𝑍 value was 

based on the alloy volume change property which was 4.6%. 

As mentioned in chapter 2.4, for aluminium alloys the ingate velocity is within 18 to 40 

m/s. The gating design was dimensioned to a ingate velocity (𝑣𝑖𝑛𝑔) of 20 m/s. This value was 

choosen in order to reduce mold’s wearing and fatigue. Furthermore, it would reduce heat loss 

during the injection phase since higher velocities results in an higher convective heat transfer 

coefficient. 

Ingates and Runners section 

Each ingate would directionate the flow to both segments previously defined as it is shown 

in (Fig 4.8). It was defined an non-uniformal attack’s distribution through part’s length in Y direction, 

since it was oriented to the most critical regions which are more susceptible to shrinkage. 

The attacks section are a crucial part of the design. Not only it is responsible for the fluid’s 

orientation but it is also responsible for the compaction phase during solidification. If the attacks 

solidify before the most massive region of the part, shrinkage porosity is expected. This occurs 

because the piston cannot push the material in the runner into the part. 

However, an attack section too robust may not distribute the molten metal through the 

part but it will concentrate it in one place and may increase the difficulty of cutting it off in the post 

process operation. Therefore, the used attack thickness (𝑇𝑎𝑡𝑡𝑎𝑐𝑘) was 1.8 mm. 
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Fig 4.8 Attacks to each segment and its non-uniformal division through the parts length in Y axis and its critical 
regions. 

Analyzing the attacks position, it was idealized that the flow orientation angle was 35º, this 

value will be later verified and analyzed. Furthermore, it is possible to determine attacks width, 

equation [4.2]. 

𝑤𝑒𝑓𝑓,𝑖𝑛𝑔 =
𝑉𝑝𝑎𝑟𝑡

𝑇𝑎𝑐,𝑖𝑛𝑔𝑣𝑎𝑐,𝑖𝑛𝑔𝑡𝑓𝑖𝑙𝑙 cos 𝜃𝑒𝑓
[4.2] 

The equation [4.2] is the continuity equation written in order to the attack width (𝑤𝑒𝑓𝑓,𝑖𝑛𝑔), 

23 mm, with the correction factor for flow orientation, cos 𝜃𝑒𝑓. 

The ingate area actual is normally 1.1 times bigger than the theoric value and the tangential 

runner section’s area is typically 1.2 to 1.5 times bigger than the ingate area actual. This happens 

in order to make sure the entire section is completely full and avoid backflow [16]. The tangential 

runner/ingate choosen was 1.5 in order to delay the solification. This value was found the best 

during the iterative process in trade off for some process efficiency. 

To delay the solidification even further, the selected aspect ratio for tangential runners was 

1:1. Meanwhile, the main runner aspect ratio was 2:1, since it would take too long for the main 

runner to solidify, resulting in an time increase in cycle time. 

The runners for both parts and main runners profile sections are shown in Tab 4.6 and 

Tab 4.7, which variables visual representation are shown in Fig 4.9. As both segments were 

idealized as having the same volume, both attack’s section would be the same and the tangential 



Chapter 4 – Casting Simulation 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

48 

runner’s would be equal, therefore the software only generated the result for only one attack. The 

modelling process only has to read the data twice, instead of rewritting it. 

Tab 4.6 - Generated data using H.E.L.P Die Casting for tangential runners. 

Section 
Distance 

[mm] 
Area 

[mm2] 
Thickness 

[mm] 
b 

[mm] 
t 

[mm] 
c 

[mm] 
d 

[mm] 
A_1_Attack_1 0.00 4.00 2.00 2.54 1.46 0.54 0.54 
B_1_Attack_1 16.82 28.42 5.33 6.27 4.39 0.94 0.94 
C_1_Attack_1 33.63 52.85 7.27 8.55 5.99 1.28 1.28 
D_1_Attack_1 50.45 77.27 8.79 10.34 7.24 1.55 1.55 
E_1_Attack_1 67.27 101.70 10.08 11.86 8.31 1.78 1.78 
F_1_Attack_1 84.08 126.12 11.23 13.21 9.25 1.98 1.98 
A_2_Attack_1 0.00 4.00 2.00 2.54 1.46 0.54 0.54 
B_2_Attack_1 16.82 28.42 5.33 6.27 4.39 0.94 0.94 
C_2_Attack_1 33.63 52.85 7.27 8.55 5.99 1.28 1.28 
D_2_Attack_1 50.45 77.27 8.79 10.34 7.24 1.55 1.55 
E_2_Attack_1 67.27 101.70 10.08 11.86 8.31 1.78 1.78 
F_2_Attack_1 84.08 126.12 11.23 13.21 9.25 1.98 1.98 

Tab 4.7 - Generated data using H.E.L.P Die Casting for main runners. 

Feeding 
Area 

[mm2] 
Thickness 

[mm] 
b [mm] t [mm] c [mm] d [mm] 

1 126.12 11.23 13.21 9.25 1.98 1.98 

2 126.12 11.23 13.21 9.25 1.98 1.98 

12 252.24 11.23 24.44 20.48 1.98 1.98 

Fig 4.9 - Design parameters of the tangential runner. 

The codename “Section” shown in Tab 4.6 for the last line (which name is 

“F_2_Attack_1”), means sections F (Fig 4.9) of the second part which attack number is 1. While 
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the the codename “Feeding” in Tab 4.7 represents the part number of each tangential runner, i.e., 

“Feeding” 1 means the data in the following lines is referent to the tangential runner which is 

responsible for feeding the first part. While “Feeding” 12 is reffered to the runner (main runner in 

this case) which is responsible to feed the first and the second tangential runners.  

Overflows 

The determination of the right number of overflows is an iterative process. The initial step 

would be based on the flow pattern previous prediction followed by an only flow simulation is 

required to find out what are the last filling regions. The main reason for a only flow simulation is 

to have an higher accuracy in the casting process, since the negative pressure caused by the 

venting system influence the flow pattern. 

Overflow’s overall dimensions was based on part’s size, casting material and avarage 

thickness. The NADCA manual recommended an total overflow volume equal to 25% of the part’s 

volume and an outgate and vent thicknes of 0.6 and 0.5 mm, respectively. In order to reduce 

insert’s size insert’s volume  without compromising the number of overflows and its volume, it was 

considerated that aspect ratio of overflow would be approximated to 1:3 and it would be a square, 

nominal dimensions in Fig 4.10. Lately, draft would be added as well as extractor pins to facilitate 

overflows extraction from the die cavity.  

Fig 4.10 - Overflows nominal dimensions (dimensions in milimeters). 

It was predictable, the air entrappement in critical region 1 would be unavoidable.While 

regions behind the holes (shadow areas) in each corner of the part was predictable as well as the 

overflow in position shown in Fig 4.11. 
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Fig 4.11 - Overflow location in the part (dimensions in milimeters). 

Gating design assembly 

As a result of the previous iterative process, a gating design was made (Fig 4.12). Due to 

the fact that the component is not symmetric, the first attack of one part is directed to the critical 

region 1 (Fig 4.7 (a)) while the other part was attacked in critical region 2. Therefore is expected 

different result in both parts and defects have to be analized and checked for both parts. 

Fig 4.12 - Gating design made using H.E.L.P. Die Casting. 

Nowadays, the conformed channels (CC) technology is widely used to injection molding 

using polymers. This technology still in development to die casting applications [17], which part of 

this dissertation’s project was included in. 

The CC technology consists in using additive manufacturing (AM) to the production of 

mold’s inserts (Fig 4.13) [18]. In these inserts, the negative of the casting geometry will be 

allocated. To reduce the construction time using AM, only the die cavity that originates the part is 

produced using this technology (Fig 4.14 (b)), die cavity which originates the runners are 
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manufactured using the traditional way (subtractive manufacturing) (Fig 4.14 (a)). During the 

production stage, an additional finishing machining phase is made to guarantee geometric 

tolerance. 

Fig 4.13 - Mold's inserts assembled in the mold plate. 

The main advantages of using CC is to increase the local cooling rate by permiting the 

designer to adapt (as it is shown in Fig 4.16), keeping casting’s quality without trading it off for 

accuracy and allowing the replacement of high wearing regions (die cavity which originates the 

component), without the need of making a new mold [19]. 

Fig 4.14 - Mold's filling cavity. (a) - filling cavity to be produce by machining; (b) - filling cavity to be produce by AM 
and machining. 

The mould’s and inserts’ dimensions are shown in Fig 4.15. Initially, the mold dimensions 

were based on giving a minimum offset of 100 mm from the inserts to in all directions to guarantee 

the mould’s stiffness. The decision taken to define insert’s dimensions was different from the one 

taken previously. The insert would have at least an offset of 15 mm from the die cavity which would 

originate the component. This value was chosen in order to reduce AM-producing time and spent 

material without compromising mechanical resistance [20].  
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Fig 4.15  - General mold's and insert's dimensions (dimensions in milimeters). 

This new method of producing cooling channels also affect the die’s thermal field, due to 

the fact that there is not a domain continuity in the mold (die plates and inserts). This happens 

since it is impossible to have a perfect contact between the die and the inserts as result of surfaces’ 

roughness which originates a contact resistance. This contact resistance is based on surfaces’s 

roughness, interstitial fluid and contacts pair materials. Based on this knowledge, a contact 

resistance of 6971 W/m2K [21] was defined. 

Cooling channels configuration is shown Fig 4.16. It was possible to notice that in the 

critical region 1, it would require an intensive cooling to cool down the hotspot. During the iterative 

process, it was necessary to add the cooling system on the opposite side of the casting. 

Fig 4.16 - Cooling channels positioning relatively to the part. 
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Based on the avarage thickness of the casting (defined in chapter 1) it was possible to set 

channel’s diameter as 8 mm. The distance between the cavity’s surface and the distance from the 

cooling channel was 2 time the diameter and the cooling channels pitch (distance between parallel 

cooling channels) as well as the distance to extractor pins (positioning in Fig 4.17) was 1.5 times 

the diameter [18, 20]. 

Fig 4.17 - Positioning of extractor pins. 

4.3. NUMERICAL MODEL 

After the conception of the CAD model, it is needed to verify the gating design and 

overflows. This verification is made in computer aided engeneering software for the casting process. 

The choosen software is Quikcast [22] of ESI Group. This software uses a different 

formulation (finite differences method), when compared to other softwares like Procast [23] (finite 

elements) or Flow-3D (finite volumes) [24]. The main difference between these types of 

discretization is the computational time and the accuracy of the results. 

In these softwares, it is possible to simulate virtually the high pressure die casting process 

to predict possible to verify part’s sanity and the process without having a cost to produce a mold. 

The casting process can be described as a transient computacional fluid dynamics 

problem. Therefore the most important equation which will describe the fluid’s behaviour are the 

Navier-Stokes equations (equation [4.3] to [4.5]) [25, 26] and the continuity equation (equation 

[4.7] and [4.8]) considering time dependent variables. It is important to note that these equations 

are only appliable to an incompressible and newtonian fluid in which the domain is isothermal. 



Chapter 4 – Casting Simulation 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

54 

𝜌 (
𝜕𝑢

𝜕𝑡
+
𝑑𝑢2

𝑑𝑥
+
𝑑𝑢𝑣

𝑑𝑦
+
𝑑𝑢𝑤

𝑑𝑧
) =  −∇𝑝𝑥 + 𝜇∇

2𝑢 + 𝐹𝑥 [4.3] 

𝜌 (
𝜕𝑣

𝜕𝑡
+
𝑑𝑢𝑣

𝑑𝑥
+
𝑑𝑣2

𝑑𝑦
+
𝑑𝑣𝑤

𝑑𝑧
) =  −∇𝑝𝑦 + 𝜇∇

2𝑣 + 𝐹𝑦 [4.4] 

𝜌 (
𝜕𝑤

𝜕𝑡
+
𝑑𝑢𝑤

𝑑𝑥
+
𝑑𝑣𝑤

𝑑𝑦
+
𝑑𝑤2

𝑑𝑧
) =  −∇𝑝𝑧 + 𝜇∇

2𝑤 + 𝐹𝑧 [4.5] 

Navier-Stokes equations can be described as Newton’s second law [27] applied to fluids 

dynamics field to a discretized system. In the first member, it is represented the inertial forces 

originated by the a spatial and temporal velocity gradient. In case of a stationary study, which is 

not the case, the temporal inertial force is 0. The second inertial force results of a velocity gradient 

due to a spatial gradient of velocities [28]. The second member describes all forces applied on the 

fluid. The pressure gradient component considerates different pressures might be applying on fluid, 

such as vaccum pressure originated by the venting system. The tangential forces are originated by 

viscosity considerating the fluid as newtonian. Furthermore, it is considerated external forces which 

can be applied on the fluid such as hydrostatic and static. 

Other equation which was used for the calculating the fluid pressure was the Poisson’s 

pressure equation, equation [4.6] [29]. 

∇2𝑝 = 𝜌∇(𝑢⃗ ∙ ∇)𝑢⃗  [4.6] 

The continuity equation shown in equation [4.8] [25, 30] is the differential form of the 

transient equation [4.7] which can be applied to the mathematical system in order to guarantee 

the mass conservation. 

𝑑𝑚

𝑑𝑡
+ 𝜌𝑄𝑖𝑛 = 𝜌𝑄𝑜𝑢𝑡 [4.7]

𝑑𝜌

𝑑𝑡
+ 𝜌 ∙ ∇𝑢 = 0 [4.8]

In equation [4.7], 𝑚 is represents the mass, 𝑄𝑖𝑛 the flow rate inward and 𝑄𝑜𝑢𝑡 the flow 

rate outward. 

Whenever there is any sort of thermal gradient, heat transfer is envolved. As well as the 

flow model, casting process is a transient heat transfer problem. However this numeric model 
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occurs during the entire process and not all forms of are present or have the same weight in heat 

transfer during the injection cycle. 

During the injection phase, convection weight in heat transfer from the casting alloy to 

mold is much higher than the other two forms, due to fluid’s high velocity, equation [4.10]. During 

the solidification phase conduction is the highest form of heat transfer within the part, equation 

[4.9] [31], excluding the fact that there also is convection in the cooling channels.  

When the component is removed when its surface temperature reaches 250ºC/300ºC, 

the main for of heat transfer within solid is conduction and the main form of heat tranfer to the 

environment is radiation, equation [4.11] [31]. Even though convection is present when the casting 

is removed from filling cavity, radiation weight is higher, since temperature’ units in radiation 

formula are in Kelvin and are power four. 

𝑘 (
𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
+
𝜕2𝑇

𝜕𝑧2
) = 𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡 [4.9] 

𝑄 = ℎ𝐴(𝑇 − 𝑇∞) [4.10] 

𝑄 = 𝜎𝐴 𝜀𝐹𝑔(𝑇1
4 − 𝑇2

4) [4.11] 

The equations from to are simple to applied during the solidification stage and casting’s 

interface with the mold. Whenever there is any form of heat transfer within the fluid applied to its 

dynamic, it is needed to use a more complex equation [32, 33]. 

𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝 (

𝑑𝑢𝑇

𝑑𝑥
+
𝑑𝑣𝑇

𝑑𝑦
+
𝑑𝑤𝑇

𝑑𝑧
) = 𝑄 + 𝑘 (

𝜕2𝑇

𝜕𝑥2
+
𝜕2𝑇

𝜕𝑦2
+
𝜕2𝑇

𝜕𝑧2
) [4.12] 

4.4. DOMAIN DISCRETIZATION FOR CAE 

The solve the physical system, QuikCast requires the definition of two types of meshes, a 

2D mesh and a 3D mesh. The 2D mesh’ main function is to delimiter the physical volume by 

discretizing every surface of system’s component such as shot sleeve, shot sleeve and casting. 

Meanwhile, 3D mesh’s main function is to discretize the domain described by the 2D mesh and 

solve the equation’s shown in chapter 4.2, momentum and energy equations, using Finite 

Differences Method (FDM).  
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QuikCast software has several limitations when it comes to modelling. Therefore, a CAD 

model file format conversion will be required to import the geometry to Visual Mesh. 

This CAD file format conversion will result in information loss between the CAD model and 

the importing file. This information loss depends on the the file format chosen for conversion, one 

of the most used formats is Standard for the Exchange of Product model data (STEP). However, 

the current industrial version of STEP, AP214, doesn’t convert certain features, new developments 

are being made to reduce CAD information loss [34]. 

The file formats available for the student’s version of QuikCast are stereolithography [35] 

(STL) and Initial Graphics Exchange Specification (IGES) [36]. The first format converts the 

exporting geometry to mesh, the surfaces are discretized by triangular facets no modifiable in Visual 

Mesh. Although, there won’t be needed any sort of user’s geometric or mesh correction, because 

the importing software will repair it automatically. 

 In the other hand, the IGES format converts the CAD model to a surface geometry with 

components’s relations information losses. Consequently, a poor choice of geometric tolerance 

importing the IGES file, may result in some tangential surfaces penetrate each other. Therefore a 

geometric correction will be needed to make sure the assembly model is within software’s 

tolerance.  

STL file format doesn’t permit the user to modify the imported mesh. This will result in a 

either very coarse mesh due to the existance of long edges (external mold’s edges) which won’t 

describe casting’s geometry accurately or very fine mesh wich will increase the computation time. 

Consequently, it was file format IGES, so it was possible to generate/edit the 2D mesh 

manually. As mentioned before, geometric and mesh corrections were required.  

The geometric corrections consisted in correcting/eliminating surfaces that would be either 

overlapped or intersected by other surfaces or poorly defined edges. These correction were mostly 

made in the CAD software Autodesk Inventor, since it was originated by a previous faulty CAD 

model. 

2D Mesh 

As a consequence of an execellent methodology of gating design, it was possible to create 

a CAD model for gating design without any geometric problem, consequently any geometric 

correction were not done. 
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The tipology of the elements choose was triangular and its topology was first order. In case 

a second order element was used, it was possible to use curved elements. The usage of curved 

elements improve the geometry definition (Fig 4.18), since it allows to described curved surfaces 

by having 3 extra nodes in each element when compared to non curved elements, Fig 4.18 (b). 

For flat surfaces, which correspond to largest surfaces, using higher order elements does not bring 

any geometric advantage.  

Fig 4.18 - Discretization error for different element topology. (a) - first order element; (b) - second order element. 

Even though a higher element order increases geometric accuracy, it was prefered to used 

a finer mesh than an higher order, due to computacional time during mesh generation and 

simulation. 

To reduce the computacional time even further, it was defined that different edges would 

have different element size in order to reduce the number of elements as it is shown in Fig 4.19. 

The largest surfaces with straight edges or with low geometric relevance for the numeric 

model were assign with a element size of 20 mm. These regions were the outer surface of the 

mold and the shot sleeve (Fig 4.19 (a)). 

The casting metal inside shot sleeve, runner, outside of the inserts and the cooling 

channels where assign with a element size of 4 mm (Fig 4.19 (b)). This size was choose based on 

cooling channels diameter and runner’s dimensions such as width and height. 

For narrow regions of shot sleeve and ingates and component it was choosen a 1.25 mm 

element size (Fig 4.19 (c)). Element size was choosen based on components narrowest region 

which thickness was 1.25 mm. 

The mesh corrections consisted in a localized remesh to eliminate low quality elements, 

which characteristics for such consideration is shown Tab 4.8, and surface’s normal’s orientation. 
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Fig 4.19 – Assembly edges with different element size. (a) – edges with 20 mm size; (b) – edge with 4 mm size; (c) 
– edge with 1.25 mm size.

Tab 4.8- Low quality element's consideration. 

Minimum side length 0.001 mm 

Minimum triangular height 0.001 mm 

Maximum aspect ratio 5 

Minimum triangular internal angle 5° 

A face normal’s orientation and nodes connectivity are directily related. To determine a 

normal’s orientation, it is possible to use rotational operator of two tangent vectors in point P of a 

surface, equation [4.13]. The result of this mathematical concept is the direction vector pointing 

towards volume’s outside. The visual representation of mathematical relation is shown in Fig 4.20. 

𝑁 = 𝑇⃗ × 𝐵⃗ = |

𝑖 𝑗 𝑘
𝑇𝑥 𝑇𝑦 𝑇𝑧
𝐵𝑥 𝐵𝑦 𝐵𝑧

| [4.13] 

Fig 4.20 - Visual representation of a surface's normal and the two tangent vector which intersect it at point P 
(adapted from [37]). 
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The order in which the vectors appear, 𝑇 and then 𝐵, is determined by the nodes’ 

connectivity. In Fig 4.21 (a) is shown the result of the counterclockwise connectivity, which result 

in a positive orientation and is described by equation [4.13]. In the other hand, a connectivity 

clockwise (Fig 4.21 (b)) results in a negative orientation, which rotational’s vectorial order is shown 

in equation [4.14] [37]. 

(a) (b) 

Fig 4.21 - Nodes connectivity and its influence in normal’s orientation. (a) node connectivity is counterclockwise so 
normal’s orientation is positive; (b) node connectivity is clockwise so normal’s orientation is negative. 

𝑁 = 𝐵⃗ × 𝑇⃗ = |

𝑖 𝑗 𝑘
𝐵𝑥 𝐵𝑦 𝐵𝑧
𝑇𝑥 𝑇𝑦 𝑇𝑧

| [4.14] 

In commercial software such as QuikCast, the user can only change normal’s orientation 

and consequently node connectivity is changed.  

Due to the component’s geometric complexity, QuikCast by default considers considers 

surfaces normal’s direction as inwards which appears in component and mold’s insert, Fig 4.22 

and Fig 4.23. 

In some softwares which use Finite Element Method (FEM)  to solve mathematical 

equations, not checking normals orientation will originate in negative volumes. 

Fig 4.22 – Component’s elements with normal’s orientation in the wrong direction. 
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Fig 4.23- Mold’s insert’s elements with normal’s orientation in the wrong direction 

3D Mesh 

All CAD’s domain were defined using a triangular mesh (2D mesh). However, the internal 

domain’s discretization will require a definition of a nodal network [38] (Fig 4.24) which englobes 

all present domains. In this mesh, Navier-Stokes and energy equations will be solved using FDM.  

Therefore, it will be needed to use a cell size equal or smaller than the thinniest region of 

the assembly, in order to describe it’s geometry. The recommended size is equal to of the thinnest 

region (ingate region), since it is able to describe the narrow region geometrically and with a good 

accuracy without increasing the computacional time [39]. The reason it is possible to describe a 

geometry with only one cell is related to the fact that Navier-Stokes equation has a second order 

term (viscous forces), therefore it takes at least 3 points to determine its solution for the narrowest 

region. 

Fig 4.24 – Staggered grid generated by QuikCast mesh solver. 

Furthermore, it is possible to define an non-uniformal grid to better fit to the casting 

volumes, since these volumes require a fine mesh. 

In case a cell generated by the 3D is intercepted by component’s 2D mesh, volume 

corrections factors (VCF) will be added to the formulation. These VCF vary between 1 and 0 which 
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indicate the fraction of casting metal which cell will be fulfilled [40]. As it is possible to verify in Fig 

4.25 (a), mold’s surface intercept some cells, which will have its factor respective factor to calculate 

each cell’s properties (such as area, volume, density), Fig 4.25 (b). 

Fig 4.25  – Influence of volume correction factors. (a) – real geometry without VCF; (b) – repesctive volume 
correction factors as well as its discretized geometry (adapted from [22]). 

Consequenly, using a coarse 2D mesh will not impact volume’s properties as much as a 

coarse 3D mesh. A rectangular flat surface can be described perfectly by two 2D elements, however 

regarding surface’s tilt, two 3D elements to discretize such geometry would result in enormous 

error when calculating its properties. 

For the generation of a nodal network which could fit the presented problem, it was defined 

the mesh would be non uniformal with properties shown in Tab 4.9 which generated 3180375 

cells. The presented mesh definition is used to all simulations later. 

Tab 4.9 – 3D mesh properties used for the simulations its definition. 

Property Value 

Minimum size 1 mm 

Avarage size 1.8 mm 

Maximum size 36 mm 

Maximum growth rate 1.4 

The generated mesh is in accordance with the discretization method of finite differences 

method (FDM). This discretization method approximates derivatives with finite differences for both 

spatial and temporal domains [41]. This descretization method convert non-linear partial different 

equations such as Navier-Stokes and energy equation as shown in chapter 4.3, respectively into a 

linear system of equations which can be solved iteratively [42, 43]. In order to have accurate 
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results, it requires a small element size either to delineate the component’s commplexity and to 

compensate for the low accuracy discretization method when compared to Finite Volume Method 

(FVM) [44]. 

The system’s discretization schematics is shown in Fig 4.26, where the determination of 

the central node property is based on neighbouring nodes. To determine the first and second 

derivative in the respective orientation, equations [4.15] and [4.16] are used, respectively [45]. 

 
Fig 4.26 – 2D staggered grid for the simulation problem with the respective connectivity of each node (adapted from 

[31]). 

 

𝑑𝑃

𝑑𝑦
|
+

=
𝑃𝑖,𝑗+1 − 𝑃𝑖,𝑗

∆𝑦
 [4.15] 

𝑑2𝑃

𝑑𝑦2
=

𝑑𝑃
𝑑𝑦
|
+

−
𝑑𝑃
𝑑𝑦
|
−

∆𝑦
=
𝑃𝑖,𝑗+1 − 2𝑃𝑖,𝑗 + 𝑃𝑖,𝑗−1

∆𝑦2
 

[4.16] 

 

Thermal model 

The casting process is a transient heat transfer problem, therefore in heat conduction 

equation it will be needed to add a transient term. Discretizing heat transfer equation into a finite 

differences problem within the same volume, as it is presented in Fig 4.26, it is possible to get 

equation [4.18] [46, 47]. 

𝜙 = ∆𝑦∆𝑥
𝜌𝑐𝑝(𝑇𝑖,𝑗

𝑛 − 𝑇𝑖,𝑗
𝑛−1)

∆𝑡
 [4.17] 

𝑘

∆𝑥
(𝑇𝑖−1,𝑗

𝑛 − 2𝑇𝑖,𝑗
𝑛 + 𝑇𝑖+1,𝑗

𝑛 ) +
𝑘

∆𝑦
(𝑇𝑖,𝑗−1

𝑛 − 2𝑇𝑖,𝑗
𝑛 + 𝑇𝑖,𝑗+1

𝑛 ) = 𝜙 [4.18] 

In equation [4.17] and [4.18], 𝑖 and 𝑗 is the node position in the staggered grid and 𝑛 is 

the number of the time-step.  
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If it’s the case of node is in a surface, as it is presented in Fig 4.27, the convective term 

has to be introduced in order to describe heat transfer through the surface, equation [4.19]. In 

case of an interface mold/casting metal during the injection phase, the convective term, ℎ, is 

calculated automatically. During solification, user has to define it. 

∆𝑦

ℎ
(𝑇𝑖,𝑗 − 𝑇∞) +

2𝑘

∆𝑥
(𝑇𝑖+1,𝑗

𝑛 − 𝑇𝑖,𝑗
𝑛 ) +

𝑘

∆𝑦
(𝑇𝑖,𝑗−1

𝑛 − 2𝑇𝑖,𝑗
𝑛 + 𝑇𝑖,𝑗+1

𝑛 ) = 𝜙 [4.19] 

Fig 4.27 - Case of a node in a surface (adapted from [42]). 

The equations [4.17], [4.18] and [4.19], are valid to solids, this means that are only 

appliable for the heat transfer within the mold domain and casting domain during solidification. 

During the injection phase, energy equation within the fluid domain is incorporated with Navier-

Stokes equations, since most of the heat transfer occurs due to convection and not conduction. 

Flow model 

The flow model is only useful for during the injection phase where the main computational 

challenge is the solving Navier-Stokes equations. During this phase heat transfer is also present, 

however only the Navier-Stokes equations will be presented, since energy conservation equation is 

similar to the one shown in thermal model. 

The need of the usage of staggered grid is appear when it is required to discretize Navier-

Stokes equation. The pressure term is calculated in the node, while the local velocities are 

calculated in the intermidiate points (𝑢⃗ 𝑛). Lately, it is calculated in the nodes (𝑈⃗⃗ 𝑛) the avarage 

local velocities [28]. 

𝑈⃗⃗ 𝑛+1 − 𝑈⃗⃗ 𝑛

∆𝑡
+ (𝑈⃗⃗ 𝑛 ∙ ∇)𝑈⃗⃗ 𝑛 = 𝜇∇2𝑈⃗⃗ 𝑛 + ∇𝑝 + 𝜌𝑔 [4.20] 
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Explicit and Implicit methods 

Both models presented before have different methods to solve the transient term, which 

can be explicit and implicit [48].  

The difference between these two methods is that the explicit method uses a variable value 

in (𝑛)𝑡ℎ time-step to calculate it’s value in timestep (𝑛 + 1)𝑡ℎ. Meanwhile the implicit method 

solves the differencial in order to find the value when the transient term of the previous timestep, 

(𝑛)𝑡ℎ, equals the weight of system’s variables of the same instant, (𝑛 + 1)𝑡ℎ. 

For a dynamic problems, the method used is the explicit one, where the velocity in the 

timestep (𝑛 + 1)𝑡ℎ is determined adding the value of the velocity in instant (𝑛)𝑡ℎ to its time 

variation, equation [4.21]. 

𝑈⃗⃗ 𝑛+1 = 𝑈⃗⃗ 𝑛 + (−(𝑈⃗⃗ 𝑛 ∙ ∇)𝑈⃗⃗ 𝑛 + 𝜇∇2𝑈⃗⃗ 𝑛)∆𝑡 + 𝜌∇𝑈⃗⃗ 𝑛 [4.21] 

In equation [4.20], the term 𝜌∇𝑈⃗⃗ 𝑛 is the pressure gradient in Navier-Stokes equation. As 

it is possible to verify, 𝑈⃗⃗ 𝑛+1 is calculated entirely based on the previous step (𝑈⃗⃗ 𝑛). For the Heat 

transfer problem during filling, QuikCast also uses the explicit method. 

In other hand, for the solificiation process, QuikCast  uses implicit method. In this method, 

equations [4.17] and [4.18] are used to determine the temperature in timestep (𝑛)𝑡ℎ. This method 

is used, since it has a smaller error and computation time is the same, since the matrix for the 

linear problem remains constant.  

Both methods can be attributed to a factor in which represents the (𝑛 + 1)𝑡ℎ timestep’s 

weight in solution, equation [4.22] to [4.24]. To an explicit method, 𝑓 is 0. For the implicit method, 

the factor 𝑓 is different from 0, with two exceptions. These exceptions are for 𝑓 equals to 0.5 which 

represents Crank-Nicolson’s method and 𝑓 equals to 1 which represents a total implicit method 

[49]. 

𝑘

∆𝑥
(𝑇𝑖−1,𝑗

𝑛 − 2𝑇𝑖,𝑗
𝑛 + 𝑇𝑖+1,𝑗

𝑛 ) +
𝑘

∆𝑦
(𝑇𝑖,𝑗−1

𝑛 − 2𝑇𝑖,𝑗
𝑛 + 𝑇𝑖,𝑗+1

𝑛 ) = 𝜙𝑛 [4.22] 

𝑘

∆𝑥
(𝑇𝑖−1,𝑗

𝑛−1 − 2𝑇𝑖,𝑗
𝑛−1 + 𝑇𝑖+1,𝑗

𝑛−1 ) +
𝑘

∆𝑦
(𝑇𝑖,𝑗−1

𝑛−1 − 2𝑇𝑖,𝑗
𝑛−1 + 𝑇𝑖,𝑗+1

𝑛−1 ) = 𝜙𝑛−1 [4.23] 

(1 − 𝑓)𝜙𝑛−1 + 𝑓𝜙𝑛 = ∆𝑦∆𝑥
𝜌𝑐𝑝(𝑇𝑖,𝑗

𝑛 − 𝑇𝑖,𝑗
𝑛−1)

∆𝑡
[4.24] 

Crank-Nicolson’s method has an even lower error to small timesteps than implicit method 

[42], however its computation is higher than the implicit method, since the calculation of each 
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temperature requires the temperature of two timesteps of neighbour nodes, (𝑛)𝑡ℎ and (𝑛 + 1)𝑡ℎ, 

while implicit only requires one. 

4.5. HIGH PRESSURE DIE CASTING SIMULATION CONDITIONS 

The simulation of the high pressure die casting process needs 2 types of simulation. The 

first one is the cycling simulation and the second one the actual high pressure die casting 

simulation.  

A die cycling simulation is required to simulate the impact of previous cycles in the numeric 

model. The number of cycles it required validate the process was 20 cycles [50]. After 20 Cycles 

it was considerated that the thermal variation across the mold would remain the same spatially 

and temporally when compared to the same instant of the previous cycle.  

In this cycles will be only considerated the thermal module to reduce computational time 

without trading it off for accuracy. Using the flow module to simulate the effect of the casting alloy 

thermal gradient would increase massively the computing time. The cycling simulation would 

increase from 90 minutes to 16 hours and 47 minutes, an 2675% increase, without considering 

possible interruptions. The mesh used for both simulations was presented in Tab 4.9. 

After the cycling simulation, it was possible to simulate a real injection with the flow model 

and solidification to verify the solution. 

4.5.1. DIE CYCLING SIMULATION 

The non consideration of previous cycles not only does not describe the casting process 

after each shot accuratly, but it also influence negatively the prediction of defects. Since it does not 

consider that the mould’s thermal field is affected by the thermal cycles. Consequently, increasing 

the apperence of shrinkage porosity defect in the casting postprocessing.  

The casting simulation requires the definition of the initial conditions and boundary 

conditions which QuikCast’s designation is volume manager and process conditions, respectively. 

The definition of the thermal cycle of the process requires the definition of the transient 

thermal conditions. To define such conditions, it’s needed to define it’s value, starting and ending 

time (Fig 4.28). These process conditions are adjust according to the available technology such as 

die spray machines. 
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Fig 4.28 - Thermal scheme of the process. 

The solidification mentioned in Fig 4.28 is referent to the injection and solification of the 

casting alloy. As flow module is disable for the cycling, only the solidification stage is mentioned in 

the die cycling simulation. 

The open mold condition defines the moul’s condition when it is open after the casting is 

removed. Therefore, the external temperatures for both forms of heat transfer (radiation and 

convection) were defined as 25ºC. The emissivity was considerated 0.9 [31] for steel-steel surfaces 

(between mold plates) and 0.35 to aluminium-steel surfaces (between mold plates and casting). 

The convection heat transfer coefficient (ℎ) was calculated based on natural convection [51]. The 

approximation of its value was based on Grashof, Prandlt, Rayleigh and Nusselt number 

adimensional numbers [31], equations [4.25] to [4.28], respectively. 

𝐺𝑟 =
𝐿3𝜌2𝑔𝛽∆𝑇

𝜇2 [4.25] 

𝑃𝑟 =
𝜇𝐶𝑝

𝑘 [4.26] 

𝑅𝑎 = 𝐺𝑟𝑃𝑟 [4.27] 

𝑁𝑢 =
ℎ𝐿

𝑘
=

(

0.825 +
0.387𝑅𝑎

1
6

[1 + (
0.492
Pr )

9
16
]

8
27

)

 

2

[4.28] 

To calculate the ℎ,Casting simulation, initially it is calculated the Grashof number and 

Prandlt, then the Rayleigh’s. Lately, it can be calculated Nusselt number to calculate the convection 

coefficient, which value is 5.3 
𝑊

𝑚2𝐾
. 
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The close mold condition defines the condition when the mold is closed before the 

injection. In this condition, it was only considerated a heat transfer between the air inside the mold 

and the mold surface. Relatively to the open mold condition, it was only considerated an equal 

convection heat transfer coefficient and it was not considerated any ratiation, since both surfaces 

have the same temperature. 

The cooling system starts at the beginnig of the injection and would last one second after 

the end of the solidification period. It was considerated that the cooling oil would have an avarage 

temperature of 160ºC and a convection heat transfer of 8595 
𝑊

𝑚2𝐾
[22].  This convection heat 

transfer coefficient is based on Nusselt number using Colburn Formula, equation [4.29]. 

𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟0.33 [4.29] 

The cooling system is based on a new technology (conformed cooling channels) which 

main goal is to optimize heat transfer from the casting to the cooling fluid. Therefore, a better 

numerical model would be required in order to predict accurately the local heat transfer coefficient 

and the effect of the fuild’s temperature increase along the channel instead of an analitical 

approximation of constant temperature. 

The application of a die coating keeps the die cooled increasing mold’s lifespan [52, 53],  

lubricated to facilitate the casting’s removal [54], enhance surface quality and dimensional 

accuracy [55]. These types of die coating are a moisture with the a stripping agent and a cooling 

agent. The cooling agent can be water, oil or air. The stripping agent responsible for the lubrication 

of the die cavity can be graphite, TiO2, Al2O3 and Fe2O3, etc [56]. The die coating used is a water-

based moisture which stripping agent is graphite.  

The film size of a the die coating is typically between 0.1 to 0.3 mm [40] with thermal 

porperties shown in Tab 4.10. 

Tab 4.10 - Thermal properties required by QuikCast to define die coating interface (adapted from [22]). 

Property Value [unit] 

Thermal conductivity 1.05 [W/mK] 

Aderence resistance 10-5 [W/m2K] 
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The systems initial conditions are shown in Fig 4.29. It is only relevant to define for the 

first cycle, initial conditions for the other cycles are based on thermal fields of the previous cycle. 

The inserts were defined as a mold with a filling volume of 100% with tool steel 1.2709 at 

300ºC. The material of the shot sleeve and mold plates was H13.    

The casting alloy volume which would originate the runners, parts and overflows had a 

filling volume of 100% at 710 ºC, while the volume casting alloy in the shot sleeve volume had a 

0% filling. Even though the casting alloy volume in the shot sleeve was 0%, it was required to define 

it for casting simulation.  

If the third stage effect is used during solidification only simulation, QuikCast considers 

that the shot sleeve’s volume is full, even though it was defined as 0% full. This happens, because 

applying pressure only makes sense if there is any metal. To overcome this difficulty, an extra 

boundary condition is applied to impose that there is not any liquid. This boundary condition was 

to impose that casting alloy in shot sleeve to be at 300ºC (at same temperature than the mold’s), 

to minimize error. It was choosen the usage of the third stage effect since it is the best way do 

describe solidification. 

Fig 4.29 - Initial conditions to the die cycling simulation. 

After the cycling simulation, the resulting thermal field will be used as a start temperature 

of the mold. It is also possible to analise temperature during different times of the cycle to 

guarantee the mold’s local temperature does not reach critical temperatures. 

From the Fig 4.30 to Fig 4.33, are presented the thermal’s field of the last cycle in different 

instants. The chosen instants were at 0, 12, 15 and 25 seconds. The instant 0 second’s thermal 

field is the same as the last instant from the previous cycle. The instant 7 second’s thermal field 
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is referred to the moment after applying the die spray, which main source of thermal energy loss 

was the cooling agent. The instant 25 represents the mold’s temperature before the next injection. 

In initial instant of the last cycle, mold’s thermal field is presented in Fig 4.30. It is possible 

to notice very low temperatures which are surface of the cooling channels.  

In instant 12 seconds, Fig 4.31, die cavity’s surface is lowest during the process and its 

temperature gradient is the highest. This happens due to the cooling agent of the die spray during 

die coating, since a relatively high heat transfer is happening in the die cavity, its surface 

temperature is abruptally reduced. Once the the die coating process is finished and it is given 

enough time, die cavity’s surface temperature increases due to thermal conductivity of the thermal 

energy in present in the mold. 

(a) (b) 

Fig 4.30 – Mold's Thermal field in instant 0 seconds. (a) - Fix mold plate; (b) - Mobile mold plate. 

(a) (b) 

Fig 4.31 – Mold's Thermal field in instant 12 seconds. (a) - Fix mold plate; (b) - Mobile mold plate. 
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(a) (b) 

Fig 4.32 – Mold's Thermal field in instant 15 seconds. (a) - Fix mold plate; (b) - Mobile mold plate. 

(a) (b) 

Fig 4.33 – Mold's Thermal field in instant 25 seconds. (a) - Fix mold plate; (b) - Mobile mold plate. 

4.5.2. CASTING SIMULATION 

The injection simulation requires the definition of the physical system with flow conditions 

in order to evaluate the process’s dynamic. Therefore, the initial conditions of volumes and 

boundary conditions will vary of those defined in chapter 4.5. However last cycle’s mold’s thermal 

field will be used in the injection simulation, thermal field shown in Fig 4.33. 

At the initial instant of the casting process, it was stipulated that both the shot sleeve and 

the filling cavity pertained exclusively  to the “Alloy” volume, meaning these volumes would only 

contain the molten material, alluminum alloy AlSi9Cu3. The pouring temperature of the “Alloy” was 

710ºC. The shot sleeve was filled to a capacity of 29% full, whereas the filling cavity remained 
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unoccupied, 0% capacity, Fig 4.34. Commonly, the shot sleeve is filled to a capacity of 60%-80% 

full [57] for high filling ratio, due to geometric constraints of the existing shot sleeve, it was choosen 

the low filling ratio (20%-30%). 

In QuikCast software, there are two types of ways to define mathematically the injection 

process. The first way to define it is to apply transient inlet and “Third stage effect”. Inlet boundary 

condition is necessary to define the first and the second piston’s advancing phase, filling of shot 

sleeve cavity and filling cavity respectively. Lately, it would require the user to set a “Third stage 

effect” boundary condition to describe the compaction phase (third piston’s advancing phase) in 

the same surface of the inlet condition (Fig 4.35 (a)).  

Fig 4.34 – Initial state of volume's capacity. Shot sleeve’s fill ratio is 29%. 

The second way is to consider shot sleeve casting material as part of the the physical 

system and then define the piston’s surface as it is presented in Fig 4.35 (b). The third stage is 

defined the same as in the first method. This method is more precise (considers velocity profiles 

within shot sleeve domain and heat losses) and intuitive but more time consuming than the first 

method. 

The piston’s advancing stages are devided in 3 stages, which possess very distinguished 

function and kinematics. The first advancing stage is characterized by a low velocity. This stage 

lasts until the casting alloy reaches the ingate piston’s position until 295 mm (Fig 4.37 (a)). It 

allows the vaccuum machine to remove the maximum quantity of air from the die cavity reducing 

the porosity caused by entrapped air inside filling cavity. Low speed during first stage allows the 

removal of air, however it increases the metal’s temperature losses. Therefore, the definition of 

this parameter regards casting temperature, mold’s temperature and air entrainment variables.  
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The definition of this stage kinematics was initially based on the literature and NADCA 

gating manual [56] and then small adjustments were taken based on previous results in order to 

avoid an early solidification. At the end of the iterative process, it was concluded that the ideal 

working velocity was an initial speed of 0.4 m/s that would be increased linearly to 0.6 m/s and 

the NADCA formulation.  

The linear increase was chosen in order to reduce air entrainment in the casting metal as 

it is shown in Fig 4.36, where (a) has a linear increase in velocity and (b) does not. 

Fig 4.35 Surfaces of application of boundary conditions by two methods. (a) - first method: it is considerated a 
method of definition of injections condition of Inlet and third stage effect and Inlet. (b) – second method: it is 

considerated a method of definition of injection condition of third stage effect and piston. 

Fig 4.36 - Influence of velocity increase in air entrainment in shot sleeve. (a) - Situation of no air entrainment. (b)  - 
Situation of air entrainment. 
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The second advancing stage lasts until all the filling cavity is full, which can be expressed 

using the equation [4.30], piston’s position between 295 mm to 345 mm (Fig 4.37). 

𝑡2𝑛𝑑 =
𝑉𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤𝑠 + 𝑉𝑝𝑎𝑟𝑡

∑ 𝑄𝑖
𝑛
𝑖=1

[4.30] 

In the equation [4.30], 𝑉𝑔𝑎𝑡𝑖𝑛𝑔 is the volume of the gating system, 𝑉𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤𝑠 is the 

volume of the overflows, 𝑛 is the number of segments defined during the gating design, 𝑄𝑖 is the 

flow rate of each segment and 𝑡𝑓𝑖𝑙𝑙 value calculated using equation [4.1], which value is 0.0424 

seconds (higher than the previous calculated, since it considers the overflows). 

However, due to this energy losses, will be important to apply Bernoulli’s equation and 

continuity equation [58, 59] in order to determine the real piston’s pressure and velocity, equation 

[4.31], which 𝐶𝑑 is the remaining kinetic energy of the fluid [16] (value of 0.45). 

𝑝𝑝𝑖𝑠𝑡𝑜𝑛 =
𝜌𝑣𝑖𝑛𝑔𝑎𝑡𝑒

2

2𝐶𝑑
[4.31] 

𝑣𝑝𝑖𝑠𝑡𝑜𝑛𝐴𝑝𝑖𝑠𝑡𝑜𝑛 = 𝑣𝑖𝑛𝑔𝑎𝑡𝑒𝐴𝑖𝑛𝑔𝑎𝑡𝑒 [4.32] 

  This stage is characterized by an higher piston’s velocity (1.75 m/s), the highest during 

the casting process (Fig 4.37). The second advancing stage’s maximum velocity is limited by the 

machine’s injection force, since the pressure applied by the piston has to be higher than the 

dynamic pressure required considering the inertial and viscous forces.  

The last stage is characterized by a low velocity and displacement and high pressure (Fig 

4.37), which main goal is to push the remain casting metal to the cavity and reduce shrinkage 

porosity [57]. The maximum pressure is defined based on machine’s capacity and characteristics 

given by the manufacturer which value is 930 bar. Generally, this stage ends when 100% of the 

casting solidifies [40]. 

Using Pascal’s Law [60], equation [4.33], it is possible to calculate the required locking 

force, 1837 kN. Furthermore, it is possible to determine the avarage contact pressure between 

plate mold, equation [4.34]. 

𝐹𝑙𝑜𝑐𝑘𝑖𝑛𝑔 = 𝑝3𝑟𝑑𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 [4.33] 

𝑝𝑑𝑖𝑒̅̅ ̅̅ ̅ =
𝐹𝑚𝑙𝑜𝑐𝑘𝑖𝑛𝑔 − 𝐹𝑙𝑜𝑐𝑘𝑖𝑛𝑔

𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡
[4.34] 
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The contact pressure (100 bar) between die plates influence the thermal contact resistance 

for heat transfer, due to the fact that the casting is not symmetric and temperature’s distribution 

in the dies are not equal. 

Fig 4.37– Theoric evolution of velocity and pressure with piston's position. 

Piston’s kinematics during the three injections phases are summed up in Tab 4.11. These 

values are merely theoric, since it does not consider the inertial effect of the fluid during the piston’s 

advance. Therefore, these values have to be evaluated with numeric and experimental data. 

Tab 4.11 - Piston's kinematics in each cycle. 

Phase Displacement (mm) time (s) velocity (m/s) pressure (bar) 

Phase 1 295 0.589 0.400-0.600 0.045-0.102 

Phase 2 345 0.631 1.75 9.67 

Phase 3 Solid, 100% 930 

Venting 

The removal of air inside filling cavity is made through the usage of the venting system as 

mentioned in chapter 2.1. The filling cavity minimum vacuum pressure is limited by the vacuum 

pump, mold’s and vaccum connection’s air-thighness. The air removal condition is only active after 

the vaccum position is reached and ends when the injection cycle is over, Fig 4.38. An early 

activation of the vaccum system may result in a less effective process [61].  
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Fig 4.38  - Transient venting pressure. 
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Chapter 5 - GATING DESIGN VALIDATION 

The gating design validation consist in evaluating the CAE results which predict the 

existance of defects within the component’s volume and the postprocessing of process variables 

such as injection pressure for process’s validation. 

Gating design parameters such as flow angles, filling time, segments’ division defined in 

the gating design will be checked to determine if these were appropriate and provide H.E.L.P. Die 

Casting with new knowledge for future gating designs. Lately, time spent doing by-hand calculations 

and modelling were performed to determine the real positive impact of the developed software. 

In chapter 4.3 was shown both numeric models to describe the casting simulation. In 

chapters 4.5.1 and 4.5.2, it was described the process conditions for die cycling simulation and 

injection simulation.  This previous knowledge to describe the casting simulation resulted in various 

CAE results which shall be evaluated and compared with product specifications and available 

technology. 

Without forgeting the CAE importance, the results given by QuikCast have to be compared 

with the result of a real casting process.  

5.1. CYCLING SIMULATION 

The cycling simulation described in chapter 4.5.1 originated a thermal field which was 

shown previously. However, in order to validate such simulation, it was necessary to monitor some 

point in the die, shown in Fig 5.1. It was choosen symmetrical points in each component, in order 
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to guarantee that a different attack position defined would not result in a completely different 

shrinkage defect location. 

After monitoring these points, it was possible to track its temperature throughout each 

cycle to find its convergence temperature. 

Fig 5.1  - Mould’s position of the tracking points. 

The opposite points pairs are P01/P14, P02/P13, P03/P12 and P04/P11 and the 

"Point_Ce_1” which is located at midpoint of both casting components. In Fig 5.2 is shown the 

temperature variation of the each point during each cycle of the die cycling simulation. 

Fig 5.2  - Temperature oscillation within the die cycling simulation. 
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It was possible to evaluate that the die temperature variation through the die cycling 

simulation converges. In a more detail analysis it was exclusively evaluated the maximum 

temperature of each point. In Fig 5.3 (a), (b) are shown the maximum temperature of each cycle 

to the point P01/P14 and P04/P11, P03/P12 and P02/P13 and Point_Ce_1, respectively. 

In Fig 5.3 (a), the temperature difference in pair P01/P14 (13ºC) is lower than the pair 

P04/P11’s (31ºC), this is caused by the caused by the proximity to the cooling channel in critical 

region 1 (defined in chapter 4.2). The cooling channel influence on die cavity’s temperature is 

higher in critical region 1 than the one in critical region 2, due to the cooling channel area. 

Fig 5.3  - Maximum temperature in each cycle. (a) - maximum temperature in each cycle in points P01, P04, P11 
and P14; (b) - maximum temperature reach in each cycle in points P03, P12, P02, P13 and Point_Ce_1. 

Even though the temperature variation throughout the die cycling simulations converges, 

a relative analysis was done (Fig 5.4) to evaluate its relative variation with a convergence threshold 

of 1%.  

It is possible to verify that the points in die cavity (every point exepct Point_Ce_1) converges 

after the 4th cycle, however the central point (Point_Ce_1) converges after the 9th cycle. This point 

is exposed to a lower temperature gradient during each cycle, since it is not in contact with the 

casting alloys. Therefore, this point would reflect the mold’s thermal inertia and it’s equilibrium 

point between the process’s heat outflux (to the environment and cooling channels) and the heat 

influx (casting alloy). 
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Fig 5.4 - Relative variation of maximum temperature in each cycle and its defined threshold of 1% for acceptance. 

In a detailed view of temperature variation of the last cycle, Fig 5.5, it is noticeable the real 

effect of each process’s phase on die’s temperature.  

The die coating phase causes the highest temperature reduction. This happens due to the 

high value of heat transfer convection coefficient. However, this process’s phase is yet divided into 

two different step, the spraying of die coating and the air blowing which removes excess of mixture. 

Consequently, die cavity’s surface temperature variation is different in both stages. 

Lately, between the last instant of spraying the coating and close mold the die cavity’s 

surface temperature increases due to the its thermal inertia (as it was concluded in chapter 4.5.1). 

Fig 5.5 - Association between each step of the process and the die cycling defined previously. 
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5.2. CASTING SIMULATION 

In the casting simulation, it is possible to predict possible shrinkage defects, air 

entrainment, a qualitative analysis of the existance of cold shuts, check if the flow pattern and 

segment division was as predictable during gating design phase. Furthermore, it is possible to 

determine if the overflow position was correct. 

Two extra gating designs were made in order to study the effect of variables such as ingate 

thickness and flow angle and the ingate continuity. The final gating design of the component is 

shown in 4.2, which will be used as final solution. 

The gating design – final solution will be taken in consideration as the final solution 

solution.  

The results plotted in the postprocessing of the casting simulation in order to validate the 

gating design are flow pattern, shrinkage porosity, air entrainment and cold shuts location (this 

result was evaluated based on a user defined result). Fluid’s vorticity could be evaluated to 

determine the location’s which are more susceptible to air entrainment, however it would require 

a finer mesh than the one used. Gating designs A and B analysis will based on shrinkage porosity 

and air entrainment. 

All solutions present a casting yield of 58%. he small changes described in the following 

chapter amount to less than a 1% variation. 

Gating design – Final solution 

The flow pattern evaluation is hard to evaluate due to geometric complexity therefore, its 

evaluation is done based on the filling sequency of each region in important frames to verify 

overflows position. In Fig 5.6, it is shown the filling sequency at 0.6004, 0.6029, 0.6116 and 

0.6152 seconds.  

The validation of overflows position is based in avoiding the encircled air region which will 

prevent the air from leaving the die cavity.In frames shown in Fig 5.6 (a) and (b), it is verifies the 

position of the overflows 12, 13 and 14. The position of overflow 1, 2, 3, 5 and 6 are validated in 

frame (c). Overflows 4, 7, 8 and 9 are validated in frame (d). 
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Fig 5.6 – Casting’s filling sequency. (a) – Filling frame at 0.6004 seconds; (b) – Filling frame at 0.6029 seconds; (c) 
– Filling frame at 0.6116 seconds; (d) – Filling frame at 0.6152 seconds.

In Fig 5.7, it is shown the shrinkage porosity based on a volume fraction of the cell. The 

presence of shrinkage porosity within the component domain (excluding overflows) only appears 

in the critical region 1, due to the region hotspot delaying the solidification. 

The formation of shrinkage porosity derives of a poor solidification dynamic. If the liquid 

phase domains looses its continuity with the runner, it will be impossible to compensate the volume 

contraction on the discontinued domains during the third advancing phase of the piston. If the 

continuity is kept, metal in the runner will be pushed to fill the contracted volume of the casting.  
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Fig 5.7 - Shrinkage porosity in the end of the solidification process of reference gating design. 

The ruling physical law of this stage is the Pascal’s principle which states that a change in 

pressure of incompressible fluid at rest in an enclosed fluid at rest is transmitted equally to all 

points [1]. Therefore, the entire cavity will be full to guarantee its pressure transmission avoiding 

the shrinkage porosity. Consequently, it is crucial to guarantee that the runners and especially the 

ingate keep its liquid state during the entire solidification stage. 

In Fig 5.8, it is presented the last instant the liquid domains in both components (𝑡 =

7.2 𝑠 and 𝑡 = 7.7 𝑠 for component 1 and component 2, respectively) during the solidification 

stage have continuity with the runners. In this plot, it was defined a cut off of the solidification time 

variable to visualise the regions where solidification time were higher than ingate’s.  

The remaining liquid phase of instant presented in Fig 5.8 will solidify and cause the 

appearance of shrinkage defect. 

Fig 5.8  - Last frame of continuity of liquid-state domains between the component and the runner. 
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The air entrainment variable is exclusive to the flow model, therefore it was evaluated in 

the when the casting was at 90% full. This value was choose cause it is the last frame with domain 

continuity between the air gap of overflow and the rest of the component (overflow 7 of Fig 5.6).  

Even though the overflow position defined previously was verified, air entrainment can only 

be minimized. In the critical region 1 air entrainment is impossible to reduce due to its geometry. 

Furthermore, the pin region was found to be a critical region for air entrainment. 

Fig 5.9 - Location of the air entrainment within the casting. 

The present assymetry in air entrainment is consequence of an assymetric filling. The 

critical region 1 of the component 1 posses a filling dynamic different of its counterpart (component 

2), which allow the air removal. The circled regions of Fig 5.9 have its remaining empty volume 

encircled by the casting metal, preventing it from exiting. The avarage quantity of air in the castings 

(including overflows) are 0.0007 g/cm3 and 0.0008 g/cm3 for the components 1 and 2, 

respectively. 

In order to determine the location of possible cold shuts, it is necessary to monitor the 

casting’s filling fluid origin. The variable shown in Fig 5.10 represents the numerical identification 

of each cell's volume fraction originating from the corresponding ingate, 𝐶. The closer a cell is to 

this index, the higher the volume fraction of fluid that originates from the corresponding ingate. 
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Fig 5.10 - Flow colored path variable. 

The post processing of this variable indicates the location of cold shut defect if it exists 

through equation [5.1]. The gradient of the variable represents the physical transition between the 

flow of each ingate. In Fig 5.11, it is shown the plot of the same gradient. 

‖∇𝐶‖ = √(
𝑑𝐶

𝑑𝑥
)
2

+ (
𝑑𝐶

𝑑𝑦
)
2

+ (
𝑑𝐶

𝑑𝑧
)
2

[5.1] 

This variable’s gradient unit’s is %/mm with represents the variation of volume percentage 

of fluid in each cell originate from different ingates. 

In Fig 5.11, there are some continuous regions where the gradient magnitude is slightly 

high and well defined which will be location of possible cold shuts. 

Fig 5.11 - Gradient of the flow colored path variable. 
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Gating design – A 

Gating design A ingate modification compared with the reference is presented in Fig 5.12. 

When compared with reference ingate, the ingate flow angle on each side is 40º outward (reference 

flow angle is 17º outward). This orientation was choosen to increase the distribution of flow 

component (when compared to reference gating design), which causes chisel flow and trapped 

gas. The cross section’s dimensions are 1.2×36 mm2.   

Fig 5.12 - Ingate modification of gating design A. 

In Fig 5.13, it is shown the shrinkage porosity, where it is possible to notice the increasing 

of the appearance of this defected compared to the reference.  

In this gating design, a new region with shrinkage porosity emerges. This is resulted of a 

the discontinuity of a liquid domain with the remaining casting alloy (Fig 5.14), which will prevent 

the volume change compensation. 

The casting’s local and ingate’s thickness is smaller than the new shrinkage region, 

therefore the only possible way to reduce the shrinkage porosity is to increase the local cooling 

rate, which couldn’t be done due to technological and geometric restrictions. 

The avarage air entrainment quantity in the casting (including overflow) is 0.0002 g/cm3 

for both components. This values represent a reduction in air entrainment of 72% and 75% (for 

component 1 and 2, respectively) compared to the final solution.  
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Fig 5.13 - Shrinkage porosity at the end of the solidification process. 

Fig 5.14 - Descontinuity of liquid-state domains between the component and the runner. 

Fig 5.15- Air entrainment within the casting. 
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When analysing the filling sequency of this gating design, it is possible to notice that the 

ingate does not possess a uniform filling profile, Fig 5.16. This is resulted of an high flow angle 

which can not be fulfilled due to fluid’s momentum. Even though the ingate design A goal was to 

improve the flow distribution to reduce the swirl, this design proved to have a flow angle too large. 

Being therefore an overall result worst than the final solution. 

Fig 5.16 – Ingate’s last region to fill. 

Gating design – B 

Gating design B ingate tunning is presented in Fig 5.17. When compared with reference 

ingate, the ingate flow angle on the side closest to the biscuit is 30º inward. This orientation was 

choosen to reduce the difficulty in filling the ingate (when compared to gating design A), which 

causes backflow and vorticity. Meanwhile, the opposite side of the ingate has a 90º angle. The 

cross section’s dimensions are 1.6×26 mm2.  

Fig 5.17 - Ingate modification of gating design B. 
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Shrinkage porosity results are presented in Fig 5.18. It is possible to verify that the 

shrinkage volume is higher than the reference’s. This happens as a consequence of a less thick 

ingate which will solidify earlier than the reference gating design (cross section is 1.8×23 mm2).  

Similarly to the gating design A, in this gating design the appearance of new regions (when 

compared with reference) with shrinkage porosity is resulted of descontinuity of the liquid state 

domains within the component (Fig 5.18), which will prevent the compensation of volume change. 

Fig 5.18 - Shrinkage porosity at the end of the solidification process. 

Fig 5.19 - Descontinuity of liquid-state domains between the component and runner. 

In Fig 5.20, it is possible to conclude that this gating design reduce the encirclement of air 

volume present in the die cavity, since the air entrainment in locate almost exclusively in the critical 

region 1 and in the pin region. The avarage air entrainment quantity of air in the casting (including 

overflow) is 0.0004 g/cm3 and 0.0005 g/cm3 for component 1 and 2, respectively. This values 
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represent a reduction in air entrainment of 43% and 38% (for component 1 and 2, respectively) 

compared to the reference.  

This solution possesses a lower air entrainment in both components, but had more 

shrinkage porosity when compared to the final solution. 

Fig 5.20 - Air entrainment in the casting. 
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5.3. DYNAMICS OF THE PROCESS 

Even though previous calculations were made in order to predict the required dynamic 

pressure more accurately, lately it would be required to verify experimently. The theoric value of 

injection of the machine was determined in chapter 4.5.2 without considering the inertial forces 

and losses of energy. These variables will generally increase the required injection force to grant 

the casting metal the required ingate velocity (20 m/s).  

In Fig 5.21, it is presented the injection pressure required to the process. Local peaks in 

in the simulated injection pressure are resulted of geometric complexity of the gating design and 

error cause by difference time-step sizes taken by the solver during processing.  

Fig 5.21 - Injection pressure evolution with piston's displacement. 

An optical evaluation of the ingate speed would be less accurate when compared to a 

macroscopic variable (such as injection pressure). This happens cause ingate velocity can only be 

evaluated when the runner is completely full (and its instant), geometric configuration of the gating 

design would increase kinetic energy losses, mesh refinement, velocity gradient in the ingate.  

It is very clear that the the local peaks in the graphics are resulted of a splash of the casting 

metal in the piston’s surface. However, these splashes are irrelevant to the overall injection cycle 

and do not cause air entrainment (problem solver in chapter 4.5.2). 

A relation between the filling and pressure is presented in Fig 5.22. It is noticeable three 

significant relative increases in injection pressure can be identified during the process.. The first 

occurs within the 1st phase of the piston’s advance when the main runner starts to be filled up, Fig 

5.22 (a). This increase happens due to the decreasing of area between the shot sleeve and main 
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runner (minor loss). The second occurs during the 2nd phase , Fig 5.22 (b), where the flow rate 

increases drastically and the reduction of section area (ratio runner/ingate to guarantee a 

completely full ingate). The third , Fig 5.22 (c), is related to the transition to the increase of the 

viscous forces and the transition to the 3rd stage. 
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Fig 5.22 - Piston's position relation to the injection pressure. (a) – Shot sleeve at full capacity; (b) – Piston’s 2nd 
advancing stage; (c) – Piston’s 3rd advancing stage. 
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As verified in Fig 5.22, the kinetic energy losses happen in two distinguished locations, at 

the runners and at ingate. Using the minimum mean square error method [2], it is possible to 

determine that the energy loss for this gating design using the casting alloys AlSi9Cu3 during the 1st 

and 2nd stage is 0.16 and 0.35, respectively. Therefore, it is possible to divide piston’s second 

advancing phase in two stages as it is shown in Fig 5.23 (scenario (b) and (c)), described by two 

step functions. Lately, this information can be stored in H.E.L.P. Die Casting database.  

Fig 5.23 - Two step discretization of the machine based on piston's displacement. 

The difference between the pressure at distance 295 mm of the piston’s displacement in 

Fig 5.22 and Fig 5.23 (beginning of the second phase) is a consequence of the difference in 

geometric complexity. This happens due to the runner is geometrically less complex than the 

component which causes minor losses. 

It is noticable that the injection pressure mentioned previously corresponds to the sum of 

the dynamic pressure and static pressure during the second advancing stage of the piston and not 

to the static pressure during the third stage. 

The pressure vs displacement is a macroscopic variable that allows to evaluate a processes 

dynamics globally avoiding the velocity gradient at the ingate [3]. This also plays a crucial role when 

determining the mesh convergence, since it is possible to analise a tendency of the mesh 

refinement. 
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Chapter 6 - CONCLUSION 

The conclusion of this dissertation summarizes the project giving it an overview. Therefore, 

it will be divided into two main topics “Summary” and “Future work”.  

The dissertation focused on the virtualization of the process of gating design for high 

pressure following NADCA methodology. The main challenges faced was during the development 

and study of the interface between Python and CAD software (Autodesk Inventor). The language 

used by most CAD software’s is VBA and almost no information for the Python language increasing 

the number of attempts to create any sort of feature.   

6.1. SUMMARY 

The main goal of the dissertation was achived. It was to model and simulate the high-

pressure die casting process in aluminum alloys which brought the programming interface with 

the CAD environment.  

Progresses were made to make pyhton programming language a useful tool to the gating 

design in the manufacturing technology high-pressure die casting. The industrialization of this 

software would reduce the time spent modelling the gating system, however it remains a branch 

to develop. However, small adjustments had to be made before exporting to CAE environment. 

Furthermore, H.E.L.P. Die casting was designed in such way the user could to add more data about 

casting and mold materials which the NADCA manual would not possess. 

Lately, the second part of the goal was done in the CAE environment QuikCast software to 

validate possible solutions. 
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To an early validation of the process before doing a more intensive postprocessing of the 

results, it was made a cycling simulation to determine if the die temperature would reach a stable 

thermal gradient at the beginning of each cycle. This stable thermal gradient was found after the 

9th cycle. 

Three gating designs were made to determine the best solution using the H.E.L.P. Die 

casting. In all of the three gating designs were evaluated variables such as filling pattern, flow 

colored path and air entrainment in the using QuikCast’s flow module and solidification time and 

shrinkage porosity using the thermal module. 

Regarding the casting process, the final solution presented a process yield of 58% and a 

cycle time of 42 seconds.  

Analysing the shot’s dynamic, it was possible to conclude that the injection pressure of the 

second stage was slightly inferior to the calculated. This happened due to the reference value of 

kinetic energy loss mentioned in the NADCA manual was higher. Furthermore, it was possible to 

notice the losses in two distinguished periods. The first was in the first stage of the piston where 

the losses were equal to 16% of the initial kinetic energy. The second was during the injection 

phase of the piston where the losses reach 35%.  

In conclusion, the H.E.L.P. Gating design contributed by allowing the user to generate as 

many gating designs as it wished following the structure of the NADCA manual saving time during 

the modelling and simulating process. 

6.2. FUTURE WORK 

The primary advantage of the HELP Gating Design software is its ability to significantly 

reduce the time required for casting project execution. It can generate the dimensions of a gating 

system in just 15 minutes, with the data stored in Excel along with the corresponding geometric 

modeling. The software is also versatile, reliable, and adaptable to both the user’s preferences and 

the geometry of the component. 

However, there is always space for improvement to make it easier and clearer for users. 

Some future features to add would be:  

• Read previous data: This software remains exclusively academic and to a one-

user only (its author). Therefore it was possible to increase its user-friendliness,

for example, allowing the user to use previous sessions and project parameters

instead of filling all the parameters again;
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• Expanding to other CAD softwares: implementing the same Python rountine to

other CAD softwares with compatible interfaces such as NX Siemens and

Autodesk Fusion360. The same possibility can be extended indirectly to

Solidworks using two methods. The first method is using third party libraries which

guarantee direct interface SolidWorks which still in development. The second

method is using VBA language which allows a direct connection with SolidWorks;

• Recognization of the STEP file: importing the CAD file to a Python environment

allows the user to not fill some parameters and a future analysis based on the

recognization would allow the modelling of ingate adapted to the geometry. If this

was possible, a new door would be open to model instantly in the STEP file without

needing the Inventor-Python interface. However, the link between STEP and

Python is underdeveloped;

• Casting environment: continuing the development of the CAE environment to

reduce the time of creating new boundary conditions. Furthermore, it would be

possible to costumize the boundaries conditions automatically without user

interference;

• Connection between CAD and CAE environments: improving the connection

between CAD and CAE environments using “os” and “win32com.client" libraries,

so the user only has to edit small details. Power Automate Windows system

application also may play a crucial role.


