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Abstract

High pressure die casting (HPDC) is an important process in the manufacturing of high
volume and low cost automotive components, such as automatic transmission housings
and gear box components. It is well known that porosity is the main defect in die-castings,
and porosity can seriously damage mechanical properties of die-castings. Predicting the
sizes of gas entrapment defects accurately is highly significant for HPDC production to
predict the gas entrapment defects accurately. Therefore, to obtain high-performance
castings, it is extremely important to observe the die casting filling process and predict
the air entrapment. Thus, the filling process can be improved, and the defects rate can
be reduced by changing the gate system and venting system at the mold level according
to melt flow observed in mold. Two prevalent numerical approaches for simulating these
fluid flows are the Volume of Fluid (VOF) method and the Lagrangian Particle tracking
(LPT). The VOF method represents the fluid interface by tracking the volume fraction
of each fluid within a fixed Eulerian grid, offering precise interface capturing and han-
dling of surface tension effects. However, VOF can struggle with simulating the complex,
highly transient flows whichare characteristic of the HPDC due to numerical diffusion
and challenges in interface reconstruction. In contrast, the LPT models fluids as discrete
particles, which are traced through a computational domain, inherently capturing com-
plex, free-surface flows and fluid fragmentation common in HPDC. This particle-based
approach can better handle large deformations and flow discontinuities, offering advan-
tages in predicting air entrapment and surface defects. However, it may require extensive
computational resources due to the large number of particles needed for accurate sim-
ulations. This project compares the efficacy of VOF and LPT in HPDC simulations,
highlighting their respective strengths and weaknesses. The study underscores the im-
portance of method selection in achieving accurate, reliable predictions in the dynamic

environment of high-pressure die casting.

Keywords: High pressure die casting (HPDC), VOF, LPT,
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Abstract in lingua italiana

HPDC ¢ un processo importante nella produzione di componenti automobilistici ad alto
volume e a basso costo, come alloggiamenti di trasmissioni automatiche e componenti
di scatole del cambio. E noto che la porosita ¢ il principale difetto dei pressofusi e puod
danneggiare gravemente le proprieta meccaniche dei pressofusi. Prevedere accuratamente
le dimensioni dei difetti di intrappolamento del gas ¢ estremamente importante per la
produzione di HPDC per prevedere accuratamente i difetti di intrappolamento del gas.
Pertanto, per ottenere getti ad alte prestazioni, ¢ estremamente importante osservare
il processo di riempimento della pressofusione e prevedere ’eventuale intrappolamento
dell’aria. Pertanto, il processo di riempimento puo essere migliorato e il tasso di difetti
puo essere ridotto modificando il sistema di iniezione e il sistema di ventilazione a livello
dello stampo in base al flusso di materiale fuso osservato nello stampo. Due approcci
numerici prevalenti per la simulazione di questi flussi di fluidi sono il metodo del vol-
ume del fluido (VOF) e il tracciamento delle particelle lagrangiane (LPT). Il metodo
VOF rappresenta 'interfaccia del fluido tracciando la frazione di volume di ciascun fluido
all’interno di una griglia euleriana fissa, offrendo una precisa acquisizione dell’interfaccia e
la gestione degli effetti della tensione superficiale. Tuttavia, il VOF puo avere difficolta a
simulare i flussi complessi e altamente transitori caratteristici del’HPDC a causa della dif-
fusione numerica e delle difficolta nella ricostruzione dell’interfaccia. Al contrario, 'LPT
modella i fluidi come particelle discrete, che vengono tracciate attraverso un dominio com-
putazionale, catturando intrinsecamente flussi complessi, a superficie libera e frammen-
tazione dei fluidi comuni nellTHPDC. Questo approccio basato sulle particelle puo gestire
meglio grandi deformazioni e discontinuita del flusso, offrendo vantaggi nella previsione
dell’intrappolamento dell’aria e dei difetti superficiali. Tuttavia, potrebbe richiedere es-
tese risorse computazionali a causa del gran numero di particelle necessarie per simulazioni
accurate. Questo progetto mette a confronto l'efficacia di VOF e LPT nelle simulazioni

HPDC, evidenziandone i rispettivi punti di forza e di debolezza.

Parole chiave: HPDC, VOF, LPT
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Introduction

High-pressure die casting (HPDC) is a crucial method in the production of automotive
components, particularly for items like automatic transmission housings, shock towers,
inner door panels and gearbox parts, allowing for high-volume output at a low cost [12].
An example of a large aluminum die cast block produced by can be seen in Figure 1. Its
process is known for its signi cantly rapid lling and solidi cation under high pressure,
involving the injection of molten aluminum into the die at a temperature of 670-716C
at the velocity of 30 to 100 meters per second and the injection pressure of 50-80 MPa
through some complicated gate and runner system [14].

Such conditions frequently lead to signi cant alterations in the free surface and the en-

Figure 1: Engine block die casting [16]

trapment of air within the melt. If the trapped air is unable to escape the die prior to the
completion of melt solidi cation, air porosity may develop in the castings, resulting in a
critical defect that compromises product quality [40]. Despite numerous studies utilizing
analytical, experimental, and numerical methods to address this issue, accurately predict-
ing the formation of air entrapment defects remains a challenging task. This di culty
arises from the complex physical phenomena involved in the melt- lling process, such as
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multiphase ow coupled with solidi cation, intense turbulence, surface instability, atom-
ization, and spray e ects [29]. Porosity weakens the material, and the trapped air can
expand, causing blisters during welding or heat treating . This reduces surface quality
and often leads to scrapping the parts. Gas porosity in HPDC parts arises mainly from
three sources [29]:

" hydrogen dissolved in molten metal forms pores as it cools and solidi es because
solid aluminum holds less hydrogen, often with oxide Ims and shrinkage

~ reactions between molten metal and lubricant
" air trapped due to fast cavity lling with molten metal

While hydrogen and reaction byproducts can be minimized with metal control like de-
gassing and proper lubricant use, trapped air is harder to manage. It becomes a key cause
of gas porosity as it's trapped during the fast, turbulent ow of molten metal lling the
mold [47].

The geometric complexity of the dies results in highly three-dimensional uid ow, charac-
terized by signi cant surface fragmentation and splashing. The sequence in which di erent
sections of the die I, along with the placement of air vents, plays a critical role in produc-
ing homogeneous cast components with minimal trapped voids. These factors are heavily
in uenced by the design of the gating system and the die geometry. Numerical simula-
tions provide a powerful, cost-e ective tool for analyzing the e ectiveness of various die
designs and lling processes, enabling improvements in both product quality and process
e ciency, including enhanced control over die lling and thermal performance [13]. By
simulating and analyzing the ow of liquid metal and the movement of gas, these simula-
tions can predict potential defects in castings, enabling the optimization of technological
processes. The ability to track liquid interfaces forms the basis of all calculations in these
simulations. Over the past few decades, various advanced methods, including the volume
of uid (VOF) technique, have been developed for this tracking process [69].

The VOF method, which is introduced for the rst time by Hirt and Nichols [46], uses a
color function to represent the volume of each uid within individual computational cells.
Interfaces between uids occur in cells with fractional volumes, and these volume fractions
are updated throughout the calculation using appropriate advection equations. During
each time step, the interface is reconstructed based on the cell volume fractions and those
of neighboring cells. This reconstruction can be challenging in three-dimensional simula-
tions. Since discontinuities in the scalar eld represent the interface, they are susceptible
to numerical di usion and oscillations and may struggle with complex interfacial phe-
nomena like fragmentation and coalescence. Despite these challenges, the VOF method
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remains the most popular and widely used technique for mold- lling simulations, as ev-
idenced by its application in studies by Lee et al. [38]. Its popularity stems from its
relative ease of implementation and its volume fraction-based approach, which integrates
well with other physical models. The VOF technique is also incorporated into several
commercial casting simulation software packages, such as MAGMAsoft and Flow-3D [13].
Lagrangian particle tracking (LPT) is a computational technique designed for simulat-
ing uid ows. This approach naturally adapts to complex ow patterns, making it
especially e ective for scenarios involving droplet formation, splashing, and intricate free
surface movements, such as those encountered in high-pressure die casting (HPDC). In
LPT, materials are approximated by particles that are free to move around rather than by
xed grids or meshes. The particles are basically moving interpolation points that carry
with them physical properties, such as the mass of the uid, its temperature, enthalpy,
density and any other properties that are relevant, such as stress and strain history depen-
dent rheology. The interparticle forces are calculated by smoothing the information from
nearby particles in a way that ensures that the resultant particle motion is consistent with
the motion of a corresponding real uid, as determined by the Navier Stokes equations
[13].
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1.1. Types of casting

1.1.1. Sand casting

Sand casting is a casting method which is versatile due to the availability and a ordability

of raw materials, its adaptability in terms of shape, size, and composition, and the recy-
clability of the moulding sand. The process begins with mould preparation, followed by
pouring molten metal into the sand mould, allowing the metal to solidify, and then break-
ing away the sand mould to extract the cast product. The moulding and melting stages,
particularly the pouring of molten metal, are crucial. Lack of proper control during these
stages can lead to defective castings [56]. In sand casting process, both non-ferrous metals
like aluminium, bronze, brass, and copper and also ferrous metals like iron, stainless steel,
alloy steel etc. In the sand casting process, both non-ferrous metals, such as aluminum,
bronze, brass, and copper, as well as ferrous metals like iron, stainless steel, and alloy
steel, can be used [6]. The process of sand csating cycle is depicted in gure 1.1.

Figure 1.1: Sand casting process [6]
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1.1.2. Gravity die casting

Gravity die casting is a manufacturing process used to produce metal components by
pouring molten metal into a mold under the force of gravity. The mold, also known as
a die, is typically made of metal, often steel or cast iron, which makes it durable and
reusable. Gravity die casting (GDC) is an e cient method for producing complex, high-
guality components like cylinder heads, engine blocks, and brake calipers at a lower cost
compared to many other casting techniques. This process o ers shorter cycle times than
sand casting, resulting in more castings produced per unit of time. The surface nish and
internal quality, especially in terms of porosity, are superior with GDC. Enhancements in
product quality and process e ciency can be achieved by optimizing die design, focusing
on better control of die lling and thermal performance [33]. Three major steps of a
traditional GDC including metal pouring, lling, and solidi cation is shown in gure 1.2

Figure 1.2: Gravity die casting process [28]

1.1.3. Low-pressure die casting

Low pressure die casting is one of the most notable processes due to its unique advantages,
which often provide an excellent balance between quality, cost, productivity, and geometric
feasibility. Although this process dates back to 1910, with the rst patent for lead alloy
casting led in England, its signi cant industrial application only began around 30 years
ago . Today, it is commonly used to cast aluminum and magnesium alloys. The process
itself is straightforward: the permanent die and the lling system are positioned above
the furnace containing the molten metal. Pressurized gas, typically ranging from 0.3 to
1.5 bars, forces the molten metal to rise through a ceramic tube, known as the stalk,
which connects the die to the furnace. This pressure is approximately equal to the force
exerted by a 2-meter column of aluminum.

After the die cavity is lled, the pressure is released, allowing any remaining molten
metal in the stalk to ow back into the furnace. The die is then opened, and the casting
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is removed. The low injection speed and relatively long cycle time o er precise control over
the uid dynamics, reducing the risk of defects caused by turbulence. Castings weighing
up to 70 kg can be produced with tolerances between 0.3% and 0.6%. The advantages of
low pressure die casting are numerous, including high material yield, reduced machining
costs due to the absence of feeders and excellent control of process parameters, facilitated
by a high degree of automation [52]. A LPDC process is brie y explained in gure 1.3.
Positioned between high pressure die casting and gravity casting, low-pressure casting

Figure 1.3: Low-pressure die casting process [5]

o0 ers bene ts such as smooth liquid mold Iling, a compact casting structure, high process
yield, and ease of automation. It is particularly e ective for thin-walled castings and has
a wide range of applications in modern industries [14].

1.1.4. High pressure die casting

High pressure die casting (HPDC) is the last and probably the most important one which
Is discussed in this thesis, particularly favored in the automotive industry for producing
parts that need to be very precise and have smooth surfaces. This method stands out for
its excellent productivity and cost-e ectiveness in large-scale production. The uniqueness
of HPDC lies in its fast lling speed and intensi cation pressure, setting it apart from
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other casting methods [36].
The HPDC process is intricate, involving multiple steps. It starts with spraying and

Figure 1.4: High pressure die casting machine and di erent components [50]

blowing out the die, followed by opening and closing the die. The main actions include
lling the shot chamber, injecting the metal into the die, allowing the metal to solidify, and
then removing the nished casting from the die. The gure 1.4 shows a HPDC machine
and its di erent components like plunger, platen, injection cylinder and so on. This is a
complex process and will be discussed in detail in the upcoming section [36].

1.2. High pressure die casting: Beyond the Basics

In this section, two categories of the high-pressure die casting (HPDC) process will be
presented, followed by an in-depth examination of the HPDC process. Lastly, various
challenges and complexities associated with using HPDC will be discussed.

1.2.1. Categories of HPDC

High-pressure die casting (HPDC) processes are divided into two distinct types based on
the design of the metal injection system. Each type possesses unique characteristics and
Is selected according to speci ¢ requirements and desired targets in the casting process.

Figure 1.5-a illustrates the cold chamber high-pressure die casting process. In this method,
the metal injection system remains separate from the holding furnace. Liquid metal is
carefully measured and introduced into the shot sleeve, either using a transfer ladle with an
open furnace or automatically through a dosing system. Figure illustrates a typical cycle of
the cold chamber high-pressure die casting (HPDC) process, which involves several steps:
(i) liquid metal is poured into the shot sleeve of the HPDC machine; (ii) a hydraulically
driven plunger slowly pushes the molten metal into the runner system; (iii) the plunger
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Figure 1.5: Graphical illustrations of the (a) cold chamber with a horizontal shot sleeve,
and (b) hot chamber with a vertical shot sleeve in the melt [60].

accelerates to a high speed to inject the molten metal into the die cavity; (iv) the casting
solidi es under an applied pressure ranging from 30 to 100 MPa; [47] (v) the die opens,
and the part is ejected; (vi) the die is sprayed with coolant and blown with air; (vii) the
die closes, and the process repeats. Steps (ii), (iii), and (iv) are commonly referred to
as the 'slow-shot stage,' the 'fast-shot stage," and the 'intensi cation stage,' respectively.
Cycle times vary based on the size of the casting. For instance, a V6 engine block, which
weighs about 50 kg, has a cycle time of approximately 90 seconds [41].

On the other hand, Figure 1.5-b depicts the hot chamber HPDC process, where the
metal injection system is submerged in a reservoir of molten metal. This design is meant
to boost productivity by minimizing the distance the liquid metal travels during dosing,
thus speeding up the process. This method is optimal for metals like zinc and magnesium,
which have lower melting points [39]. However, it's not suitable for alloys with higher
melting temperatures because the intense heat can damage the gooseneck, nozzle, and
other machine components. This is the reason why working with aluminium alloys, die-
casters prefer to adopt a cold chamber con guration [39]. In the table 1.1, a summary of
positive and negative aspects of both con gurations are mentioned as follows:

This essential di erence plays a crucial role in determining which process to use, depending
on the metal's melting temperature and the speci c requirements of the casting.
Essentially, choosing the cold or hot chamber HPDC process heavily depends on the
precise details of the parts it is needed to make.
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Figure 1.6: A typical cold chamber HPDC cycle involves the following steps: (a) molten
metal is poured into the shot sleeve; (b-c) the plunger slowly pushes the molten metal
into the runner system; (d) the molten metal is injected at high speed into a sealed mold
cavity and solidi es under applied pressure; (e) the die opens, and (f) the part is ejected
from the mold. [60]

1.2.2. Materials used in HPDC

In high pressure die casting, aluminum, magnesium, zinc, and zinc-aluminum alloys are
the most frequently used materials. However, other metals like tin, copper, and others
can also be utilized in speci ¢ applications where their unique properties are needed [7]
[18]. The ow rate necessary for awless and complete mold lling depends on various
factors. In practice, the following standard ranges are typically used for the ow rate in
the gate: aluminum alloys (25 to 70m/s), zinc alloys (30 to 50 m/s), magnesium alloys
(40 to 100 m/s) ada [1].

Aluminium is a lightweight material, o ering good stability in shape, strong mechanical
properties, ease of machining, and e cient thermal and electrical conductivity [54].
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Table 1.1: HPDC Con gurations Comparison [25]

| HPDC con guration | Advantages | Disadvantages |
Hot chamber R

A

Faster cycle time More suited only for al-
Less turbulence due to loys with lower melt-
the gooseneck and pis ing points like Zinc and
ton mechanism magnesium

Can be fully auto-
mated, facilitating the
high-volume  produc-
tion with reduced labor
costs

N

Id ch
Cold chamber "~ Higher durability, ro- Slower production cy-

bustness and durability cles, aecting overall
of the parts produced. output speed.

Casting metals with
low uidity can be
particularly challeng-
ing, often necessitating
post-processing to
meet precise dimen-
sional speci cations.

Magnesium alloys have several attractive features, especially their high strength-to-weight
ratio, making them ideal for lightweight parts. Unlike aluminum, magnesium has better
uidity, which is great for making long, thin sections. However, because magnesium has a
much lower thermal capacity, the molten material solidi es very quickly during the mold
lling process [70].

~ Aluminium is a lightweight material, o ering a good stability in shape, strong me-
chanical properties, ease of machining, and e cient thermal and electrical conduc-
tivity [54]

Magnesium alloys have several attractive features, especially their high strength-to-
weight ratio, making them ideal for lightweight parts. Unlike aluminum, magnesium
has better uidity, which is great for making long, thin sections. However, because
magnesium has a much lower thermal capacity, the molten material solidi es very
quickly during the mold- lling process [70]. Magnesium is the lightest cast alloy,
being about four times lighter than steel and 1.5 times lighter than aluminum [54].
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Magnesium is a highly reactive metal and reacts readily with oxygen to form magne-
sium oxides. Oxidation can happen quickly at the elevated temperatures involved in
die casting, which may result in surface aws on the cast components and diminish
the overall quality of the casting. To reduce the risk of oxidation and combus-

tion, die-casting processes that utilize magnesium frequently employ an inert gas
environment as protection.

Copper alloy is a material known for its high strength and hardness. It possesses
excellent mechanical properties, maintains its shape well, and is resistant to wear
[54].

Zinc is the easiest alloy to cast. It can be used to produce castings with 0.5 mm
wall thickness [54].

1.2.3. Process of HPDC

The high-pressure die-casting process involves more than just the main die-casting ma-
chine; it requires specialized equipment for holding, delivering, cooling, and extracting the

metal. These systems work together with the die-cast machine to complete the casting
process e ciently. In this section, some important steps of HPDC are explained.[16].

Metal holding, and metal delivery

After the alloy is melted, it is stored in a holding furnace until it is transferred to the shot
system. The holding furnace is a specialized sub-system designed to maintain a speci ed
volume of metal at a controlled temperature, interfacing seamlessly with the ladle system.
The furnace's control system ensures the metal remains at the required temperature. The
ladling system is responsible for transferring the metal from the furnace to the casting
machine during each production cycle. Additionally, a metal delivery system replenishes
the metal in the holding furnace from the smelting area within the foundry [16].

To further reduce metallurgical oxides and defects, degassing units may be installed either
in the furnace or within the metal replenishment system. Operators also manually skim
the holding furnace to ensure that only clean metal is ladled into the die-casting machine,
physically removing the oxide Im that forms at the interface between the liquid metal and
the atmosphere. The ladle system itself has various settings that in uence the casting
process. The primary objective when transferring metal from the furnace to the shot
sleeve is to do so quickly to minimize temperature loss in the liquid metal, while carefully
pouring the metal to avoid turbulence and prevent air entrapment. Critical variables such
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as pour rates, pour angles, ladle start times, metal delivery cycle times, and ladle bucket
size must be meticulously monitored and controlled throughout the process [16].

Chamber and injection system

Die casting is a complex manufacturing process that utilizes a large hydraulic system to
inject liquid metal from a chamber into a die-casting mold, creating a precise casting.
This process is critical to the tool design phase, where simulations are often employed to
ensure the metal is uniformly injected through the die, minimizing defects. The injection
process begins with a chamber that holds the liquid metal, which is transferred from a
ladle. The chamber's length and diameter are determined during the tool design process
based on the part's volume and the target pressure of the metal. The chamber is a
crucial component because it interfaces with the shot rod system, which is responsible for
injecting the metal into the mold. This injection occurs in two distinct phases: the slow
shot and the fast shot [3].

The rst phase, known as theslow shot , involves moving the shot rod and tip forward

to compress the liquid metal in the chamber into a solid cylinder. This slow movement is
critical to avoiding air entrapment and minimizing turbulence or wave formation in the
liquid metal as it is pushed into the mold. Entrapped air can cause defects in the nal
casting, so the slow shot is carefully controlled. Sometimes, an acceleration in the slow
shot speed is used to further reduce the likelihood of wave formation, ensuring a smoother
ow of metal into the mold. If the slow shot speed is too slow, the metal may not ow
uniformly, causing incomplete lling or air entrapment. If the speed is too fast, it can
cause turbulence and waves, which may lead to defects in the nal product. The optimal
speed ensures that the metal ows smoothly and uniformly, reducing the risk of defects
[3].

The second phase, known as thiast shot , occurs when the metal is pushed from the
chamber into the die at a very high speed. This phase is crucial for lling the mold
quickly, with extremely short lling time which is generally less than 0.1 s [34]. The point
at which the slow shot transitions to the fast shot is referred to as the start of the fast
shot. Properly designed tools will ensure that the air is vented out of the mold and the
metal begins to solidify as the injection process concludes. Once the initial injection is
complete, the system initiates an intensi cation process, where the remaining liquid metal
in the chamber is pressurized. The hydraulic system continues to push metal into the mold
even as the casting begins to solidify. This intensi cation helps |l any shrinkage voids
that may form during the metal's phase change from liquid to solid, ensuring a defect-free
nal product. The design and operation of the chamber and shot rod system are critical
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to the success of the process, as they must balance the need to avoid defects with the
requirement for rapid, uniform lling of the mold [3].

All steps of the HPDC process can be seen briey in table 1.2.

1.2.4. HPDC: Is it a zero-de cit environment?

High-Pressure Die Casting is inherently prone to defects due to the extreme conditions and
complexities involved in the process. The molten alloy is subjected to high speeds, rapid
cooling rates, and intense pressures. Additionally, the die itself endures severe thermal
cycles, coming into contact with molten alloy at temperatures exceeding 6@) followed
shortly by exposure to room-temperature lubricant sprays. Maintaining consistent pro-
cess parameters is challenging, and the lack of integration among the various process
control units exacerbates the issue, making HPDC a process that frequently generates
defects. This results in an average scrap rate of 5 10% [10], with a wide variety of defect
types, sizes, and criticalities. According to recent classi cations, HPDC defects can be

Figure 1.7: Classi cation of defects and their origin [24]

divided into nine subclasses with over 30 speci ¢ types, categorized into surface defects,
internal and surface defects, and geometrical defects. (Figure 1.7). The detailed mor-
phology and origins of these defects are well understood, and advanced engineering tools,
such as numerical process simulations, can be utilized to predict their occurrence. These
virtual tools have been experimentally validated for speci ¢ defect subclasses. Despite
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the availability of sensors and devices to monitor some process parameters and exper-
imental variables, a signi cant shortcoming of HPDC is its fragmented control system.
Machine controls only monitor machine parameters, the holding furnace temperature is
regulated separately, and the lubrication system solely manages lubricant pressures and
application times. Crucially, within the die, where rapid solidi cation determines the
nal quality of the component, there is minimal measurement, control, or correlation of
process parameters with the casting quality [10].
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Table 1.2: High pressure die casting process[16]

| Step

Description |

Spray Lubrication of the die

It involves applying a special lubricant to
the die's surfaces when it is open, which is
essential because it acts as a release agent,
preventing materials like aluminum from
sticking to the steel die. Additionally, it

helps in managing the die's temperature by
providing cooling.

Closing of the die

The die halves are closed and secured using
a mechanical or hydraulic process which ag
plies a speci c amount of force, measured in
tonnage.

Delivery of the Metal

A robot typically ladles the metal, or a
metal pump delivers it into the chamber
connected to the die.

Metal injection

Hydraulics push the liquid metal from the
chamber into the die, shaping the casting.

Intensi cation pressure

Once the mold is lled, the injection sys-
tem switches to a high-pressure phase, com-
pressing the liquid metal into the mold as it
solidi es.

Cooling/ Dwell time

Cooling systems in the die are activated to
remove heat from the die, helping the liquid
metal solidify into a casting.

Die Opening

A mechanical or hydraulic system separate
the two halves of the die, and the casting
stays attached to the die's movable part.

[72)

Ejection and extraction

Inside the die, an ejection system activate
to push the casting o the die surfaces, al-
lowing a robot to extract it from the cell.

[v2)

Extraction Cell Casting Processing

After being removed from the die, the cast-
ing undergoes additional validation and pro-
cessing before being handed over to an op-
erator for nal packaging.
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2.1. Phase change numerical models

Solidi cation phenomena occur in numerous engineering processes the very epitome of
which is casing. Various solidi cation process parameters, including the solidi cation
rate, melt-front shape, and ow pattern in the liquid melt, signi cantly in uence the out-
comes of these manufacturing processes [53].

Modeling the solidi cation process is widely recognized as a complex task that involves
calculating heat transfer, uid ow, and phase transitions [59]. The coexistence of solid
and liquid phases during the solidi cation of metals (as shown in gure 2.1) complicates
the implementation of governing equations in their classical form. In the solid phase, the
region is assumed to have no ow and follows pure conduction for heat transfer, while
in the liquid phase, the classical form of the momentum equation is applicable for uid
ow. Additionally, in the liquid region, heat transfer is governed by both conduction and
convection [53].

Figure 2.1: Schematic diagram for solidi cation of pure metals [53].

To date, many numerical studies have been performed to investigate the solidi cation
behavior. Dantzig and Rappaz [8] reviewed several approaches for modeling solidi ca-
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tion/melting. In computational uid dynamics (CFD), di erent methods are commonly
employed. Currently, the numerical methods used to represent the treatment of liquid-
solid phase change can be divided into the following categories:

" Front-tracking models
Volume of Fluid model
level set model

" Enthalpy-based models

A

Phase eld models

In this chapter, some of these models will be introduced and discussed.

2.1.1. Front tracking models

Several studies have employed this method. Juric et al. [35] presented a front-tracking
method based on a nite di erence approach to the heat equation, explicitly tracking the
uid-solid interface to simulate time-dependent two-dimensional dendritic solidi cation
of pure substances. Similarly, Al-Rawahi et al. [9] conducted simulations of dendritic
growth in pure substances using front-tracking methods, where the uid-solid interface
was explicitly tracked, and the latent heat release during solidi cation was calculated
using the normal temperature gradient near the interface. According to their description,
the interface movement is addressed rst by advection and tracking of the interface,
followed by calculating normal velocities near the interface region, and nally by solving
the governing equations for the existing phases.

2.1.2. Enthalpy-based models

In 2004, Esen et al. [19] developed an enthalpy method based on nite di erence ap-
proximations applied to the Stefan problem. An enthalpy function, representing the total
heat content per unit mass of the material, was de ned, eliminating the need to track
the interface between the uid and solid phases. El Ganaoui et al. [20] introduced an
enthalpy-porosity formulation within a xed grid framework for liquid-to-solid phase tran-
sitions.

In the eld of alloy research, Voller et al. [61] devised an enthalpy xed grid method for
modeling dendritic growth in under-cooled binary alloys. This method couples explicit -
nite di erences to express the conservation of enthalpy and solute with an iterative scheme
that ensures node-to-node consistency between solute, liquid-fraction, enthalpy, and the
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under-cooling interface.

2.2. Solidi cation methods

The challenge of numerically investigating a solidi cation process lies in capturing the
movements of the solidi cation front while accounting for the moving boundary induced
by the phase change within. The free surface can be managed using the volume-of- uid
(VOF) method, originally introduced by Hirt and Nichols [30], which relies on the de ni-
tion of a transport function(Void fraction) within the nite volume method's framework.

Simultaneously, to account for phase changes, some models are based on the meso-scale,
encompassing phenomena occurring between microscopic and continuum length scales. In
this context, the complex microstructure generated during solidi cation is approximated

as liquid, mushy (intermediate state), and solid regions. The mushy region is described
as an averaged value of the liquid and solid properties. One widely used method is
the enthalpy-porosity technique, originally developed by Voller and Prakash [63], which
employs typical conservation equations on a xed Eulerian grid. The key concepts of
this method include: an additional source term in the energy conservation equation to
describe latent heat release, and the modeling of solidi cation e ects on mass transport as
a porosity variable, introduced as a Darcy-type source term in the momentum equation.
In the next sections, these two terms will be introduced in detail.

2.2.1. Volume-of- uid method: General aspects

In two-phase ows where most phases reside in two distinct domains and the interface is
con ned to a small area, the ow is known as separated free surface ows. These ows
can be modeled using various Eulerian methods, where uid properties are evaluated in
a stationary coordinate system, observing the ow at xed points [32]. The Eulerian
methods for free surface ows are divided into surface methods (interface-tracking) and
volume methods (interface-capturing).

Surface methods closely follow the interface between phases, providing a precise surface
depiction but struggling with complex geometries like breaking waves or bubbles [30].
Alternatively, volume methods, which track uid volumes across phases, allow for com-
plex surface representation, though achieving sharp resolutions requires computationally
intensive steps. The marker and cell (MAC) method, a volume approach, represents uid
volume with Lagrangian particles distributed and moved through the Eulerian mesh, ne-
cessitating signi cant computational resources [26].



20 2| Numerical Models; VOF, LPT and turbulence

Figure 2.2: Volume of Fluid Approach (VOF)

In the VOF method, an Eulerian volume tracking technique, an additional transport
equation is solved for volume fraction in the form of:

@phase+ @uj phase) + @

G- TR T 21)

This is the advanced formulation of the volume fraction transport equation where the
third term is the arti cial compressing term which is responsible for having an interface
as sharp as possible. This method, thus, uses a step function to identify phase locations,
ideal for managing complex surfaces. This functiongnase, denoting the water phase's
volume fraction in a control volume can be written in this format:

8
20 = solid phase

phase = 3 0< phase< 1 = cell contains the interface
-1 = liquid phase

In the VOF method, the density can be obtained as follows:

= sigt(1 ) liquid (2.2)
Similarly, the dynamic viscosity can be obtained as:
solid T (1 ) liquid (2.3)

According to the gure 3.5, it is evident close to the interface that there is a jump in the
uid properties that should be corrected by averaging the phase properties in the eld.
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This model is going to be used in simulation of the mold lling process to detect the
possible air entrapment zones , leading to formation of dead zones during the casting.

2.2.2. Enthalpy-porosity Model

In this section, an enthalpy-based xed-grid model will be introduced. It is a physical

way of dealing with moving interface between liquid and solid interface. Throughout
this section, Voller's approach to the enthalpy-porosity technique serves as the primary
reference [64].

Governing equations

In any analysis involving a continuous uid, the standard approach is to use the conservation-
based uid dynamics equations to model the uid's characteristics over time and space.
These include the continuity equation, which is founded on mass conservation, the mo-
mentum equation for each direction being examined also referred to as the Navier-Stokes
equations, which apply Newton's second law to uid movement and the heat equation,
which addresses the heat exchange occurring within the uid. Together, these constitute
a trio of non-linear partial di erential equations that typically assume a certain form in
their most comprehensive representation:

@

9=r (u (2.4)
%t+ rr(uu)=r P+ g+r (ru (2.5)
%} r (uH)=r (kr T) (2.6)

In which is the kinematic viscosity,H refers to the enthalpy per volume unitk signi es
the thermal conductivity of the uid, and T is the temperature of the uid [48].

Description of Enthalpy-porosity method

The e ectiveness of this method is primarily due to the ease of monitoring the phase
boundary using the xed grid enthalpy-porosity approach, which represents enthalpy as
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follows:
H=h+ H (2.7)

in which h represents the sum of sensible heat, andH is the latent heat. This latent
heat, as indicated, varies with temperature and can assume speci c values:
8
5L T T
H=f(M=_Lf T,;>T T (2.8)
0 T<Ts

In this equation, f is the local liquid fraction, and T, is the lowest temperature at which
the solid fraction remains zero, andTs is the highest temperature at which the solid
fraction is one. Hence, by analyzing the latent heat values, one can easily infer the state
of matter at any given location and time. Equation 2.8 distinguishes the three phases
that emerge during the melting/solidi cation process. Mushy zone is a transitional zone
between solid and liquid introduced by Voller and Prakash [64].

An important aspect to consider is the velocity eld modeling, which is in uenced by the

state of matter. 8
% U T T|
u= § U f T| >T Ts (29)
“0 T<Ts

in which the u, is the actual uid velocity.

Figure 2.3: Schematic of phase change volume and mushy region [62].
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Conservation of momentum

In the continuation of the Enthalpy-porosity method, speci ¢ modi cations are incorpo-
rated into the momentum equation so as to address the complexities of phase change.
These, thus, manifest as two source terms, each representing a unique physical phe-
nomenon:

" Boussinesq Approximation:

This approximation aims to account for buoyancy e ects resulting from density
changes in the uid caused by temperature gradients, without incorporating these
density variations into the other terms of the Navier-Stokes equations. This sim-
pli cation is based on the premise that the density change in the uid signi cantly
impacts gravity terms, allowing the e ects of the same density change in the iner-
tia terms to be neglected. Consider a uid whose density varies with temperature.
Using a Taylor expansion, the density function can be expressed as follows:

Q@

(T)= ot @T

T (2.10)
Similarly, the density function can be expressed in terms of the thermal expansion
coe cient:

= o (T Tw) (2.11)

Here, T represents the temperature within the computational domainT,, is a cho-
sen reference temperature, and denotes the thermal expansion coe cient. By
elaborating on the Boussinesq approximation, it can be integrated into the grav-
itational component of the momentum equation, leading to the formation of the
Boussinesq source term:

S= g (T Tn (2.12)
As mentioned at the start of this section, this term is designed to consider the e ects
of natural convection.

Darcy's law source term

The Darcy term re ects the impact of the solid and mushy regions on the velocity
eld. According to Darcy's law, which is applicable to mushy zones, the relationship
is as follows:

o= — rP (2.13)
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K represents the permeability, which varies with the solid fraction. The Darcy
source term can be articulated by this speci c law:

Su= Au (2.14)

whereA is a parameter that represents the e ect of the mushy region on the velocity
eld. This parameter changes with porosity or the liquid fraction. An extension of
Darcy's law is the renowned Carman-Kozeny equation, which is particularly useful
in modeling mushy regions for the non-isothermal case situations where phase
changes do not happen at a consistent temperature, leading to the formation of
mushy regions. This equation has the capacity to to establish the con guration of
the parameterA.
1 2

A= C S (2.15)

Here, C is a constant that re ects the morphology of the mushy region, typically
ranging betweenl(* and 10’. The symbol represents porosity or the liquid fraction

( = 1), and gis a small constant, often around 0.001, introduced to prevent the
denominator from becoming zero as porosity approaches zero. With the parameter
A determined, the source term that illustrates the mushy region's impact on the
momentum equation can be de ned.

u (2.16)

Consequently, according to equation 2.16, the velocity eld within the mushy re-
gion is a function that increases with porosity. When porosity approaches zero,
the velocity eld becomes fully developed, whereas it tends toward zero as porosity
approaches one, with the Darcy Term becoming signi cantly large to in uence the
velocity eld towards zero.

Conservation of energy

For the energy equation, modi cations are required to include heat transfer during phase
change, particularly addressing the latent heat component. The method di erentiates
between the latent heat ( H) and sensible heat i = cpT) components of enthalpy.

However, a more detailed representation is possible if the energy exchange is examined
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more thoroughly.

A Z .
H= (1 f) (T )dT + f o(T )dT + f (2.17)

Tref Tret

Given that ¢ and cs are constants within the scope of this study, they can be extracted
from the integral, allowing for the de nition of a weighted speci ¢ heat based on the liquid
fraction.

=01 f)e+ fc (2.18)

Integrating the expressions from equations 2.17 and 2.18 into equation 2.6 results in a
new formulation:
@ 6T @f

+r (dcpl)=r (krT) L @t+ o orf (2.19)

This adds a new term to the energy equation, incorporating spatial and temporal deriva-
tives of the liquid fraction to account for its transient behavior throughout the compu-
tational domain. For simplicity, it is assumed that the convective terms of the liquid
fraction are negligible compared to the temporal terms [43]:

@f

@ Loomsay oy (2.20)
Hrf teUc

With variables like Lyoundary for characteristic length at the boundary,t; and u; as the
characteristic time and velocity, andSt as the Strouhal number, all assumptions made
in this section, alongside the continuity equation for incompressible uids, facilitate the
derivation of the source term in the energy equation.

H @f_ H@f

== et et

(2.21)
The term %‘; requires discretization to be implemented. To address the variation of the
liquid fraction in the latent source term, represented by f/t, the method proposed by
Voller and Swaminathan [65] can be used. The energy equation is modeled as an iterative
system to handle the non-linearity caused by temperature-dependent enthalpy, employing
an implicit Euler backward scheme for time discretization:

X
ATy =" AR e dy HY HI 4 @22)
nb
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Here, a, b, and d are the coe cients of the discretization equation, with subscripts and
superscriptsp, nb and m denoting the current cell, neighboring cells, and the value from
the previous iteration, respectively. From equation 2.22, the enthalpy source term is
rede ned:

Sh=d, H' HI™ (2.23)

Using equation 2.8, this source term is further re ned to be a function of the liquid
fraction.

Sh=d, f 1 (2.24)

Developing the Taylor series foflg”*l, the liquid fraction is expressed as follows:
1 1 1
fort=fr+ —  TMOF X (2.25)

where F 1(fg*) is the inverse liquid fraction function, which corresponds to the tem-
perature associated with the liquid fraction. With this linearization, equation 2.24 now

reads:
Sh= STy + S (2.26)
where: i
S,= d,— Tm! (2.27)
P PdT P
and
Sc=dp £ £ + SF () (2.28)

Thus, the iterative scheme is now as follows:
X
(@ ST = ap T + S+ b (2.29)
nb

Following equation 3.31, the iterative procedure for a single time step is described as
follows:

1. Assuming the liquid fraction at the current time step is equal to that of the previous
step.

2. Computing the temperature eld Ty.; using the newly de ned coe cients and
updating the temperature value.

3. Updating the liquid fraction using the calculated temperature and a relaxation factor
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for=fy+ F(T) 7 (2.30)

This procedure is repeated until the temperature eld and liquid fraction are aligned.

The nal form of the equations

After the discussions in previous sections regarding the form of the equations describing
the enthalpy-porosity method, a nal form of the uid dynamic equations, incorporating
the enthalpy porosity formulation, can be written as follows:

r 4=0 (231)
@4 | ()= 1 pnt H+ S+ 4S (2.32)
ot
T
%+ Hr(eT)=r T +5 (2.33)

In the next chapter, the discritization schemes used for these equations will be discussed.

2.3. Lagrangian Particle Tracking(LPT)

Generally, numerical techniques can be classi ed into two broad categories. The rst cat-
egory comprises mesh-based methods, such as the Finite Volume Method (FVM), Finite
Di erence Method (FDM), and Finite Element Method (FEM), which will be discussed

in detail in subsequent chapters. The second category, introduced in this section, encom-
passes mesh-free methods. Among these, some are Eulerian approaches, including the
Element-Free Galerkin (EFG) method and the Moving Particle Finite Element Method
(MPFEM). Others fall under Lagrangian methods, commonly referred to as particle meth-
ods. These particle methods can be applied to continuum mechanics, as exempli ed by
Smoothed Particle Hydrodynamics (SPH) and the Moving Particle Semi-Implicit Method
(MPS), or to discrete mechanics, such as the Discrete Element Method (DEM) and Dis-
sipative Particle Dynamics (DPD).

In the Lagrangian framework, a nite number of particles, droplets, or bubbles constitute
the dispersed phase, which is distributed throughout a continuous phase. These models
depict the dispersed phase by tracking the motion of individual particles or groups of par-
ticles (parcels) through the calculation of momentum transfer around each particle. This
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calculation involves summing the drag, lift, and momentum forces acting on the particles,
with particular emphasis on particle-particle interactions, especially in dense systems [21].
The Computational Fluid Dynamics and Discrete Element Method (CFD-DEM) approach
solves the locally averaged Navier Stokes equations for uid ow using CFD, which is
based on continuum mechanics, and Newton's equations for particle motion using DEM,
which is based on discrete mechanics [17]. The coupling between DEM and CFD is
achieved by exchanging uid-particle interaction forces.

Speci cally, the CFD-DEM approach relies on the Eulerian-Lagrangian model, where
the governing equations for the uid-solid two-phase ow consist of the discrete element
method for particle motion and the Navier Stokes equations for uid ow. The uid

in CFD is described using locally averaged Navier-Stokes equations [68], while particle
motion in DEM is governed by Newton's laws of motion, as outlined by Tsuiji et al. [58].
Each particle has 6 degree of freedom and as a result can have two types of motion which
are translational and rotational. In translational motion it can be written:

du; ax; X X ; )
L R k (SR
acceleration acceleration | —{Z—} | —{Z—} uid forces ody forces

contact force Long range forces particle-particle

Also, the rotational motion is written in the following format:

| dl X "
. - ! - i
inerti:la{i%)ment |9§

angular acceleration | J—{Z—
moments generated by j-th particle

In these euations, body forces are acting throughout the volume of a body and they are
not from an interaction with another particles while long range forces like electrostatic
forces, cohesion forcces and Van der waals forces are because of long range interaction
between pair of particles. Addittionally Fluid forces occur due to the presence of the
surrounding uid. Some examples of such forces are drag, virtual mass, buoyancy and lift
forces. They are typically calculated using CFD simulation (Coupling of CFD and DEM).
In a DEM simulation, the forces between particles are assumed to act at the contact points
rather than at the center of mass, resulting in a torque, m, that subsequently causes the
particle to rotate (rolling friction torque). A critical aspect of coupling the Eulerian ( uid)
and Lagrangian (particle) phases is understanding the particle- uid interaction forces.
Common particle- uid interaction forces include buoyancy, pressure gradient, drag, and
other unsteady forces like virtual mass, and lift forces [71].
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There are three distinct coupling methods used to accurately represent di erent particle
volume fraction ranges:

" One-way coupled systems : In this scenario, the in uence of the particulate phase
on the continuous phase is negligible. The continuous phase directly a ects particle
movement, but the Eulerian velocity eld and individual particle trajectories are
computed independently of each other.

Two-way coupled systems : Here, the coupling between the uid and solid phases
is considered, which is necessary for systems with low to moderate particle phase
fractions.

Four-way coupled systems : This method is used for dense systems to account
for particle-particle interactions in addition to inter-phase momentum exchange. It
is required for high particulate phase fractions.

The Eulerian-Lagrangian approach is a crucial tool for gaining a deeper understanding of
the microscopic mechanisms that characterize uid-solid multiphase systems. By carefully
analyzing the interactions between individual particles, as well as their interactions with
the surrounding uids and walls, it enables the derivation of physically meaningful results
that are essential for interdisciplinary research on discrete particle studies [71].

The support provided by this type of description in the study of multiphase systems
is therefore invaluable and is often used to compare and validate methods for obtain-
ing macroscopic characteristics of particulate systems, such as those derived from the
Eulerian-Eulerian approach.

2.4. Turbulence

2.4.1. An Introduction to Turbulence

Turbulent ows are common in daily life, observed in phenomena such as chimney smoke,
river currents, or gusts of wind. As it is shown gure 2.4, which is for a plume from the
ground test of a rocket motor, these ows are characterized by their unsteady, irregular,
and seemingly chaotic nature, where the motion of individual elements like eddies or
droplets appears unpredictable. A de ning feature of turbulence is the signi cant and
irregular variation of the uid's velocity eld in both space and time. For example,
Figure 2.5 illustrates the time history of the axial velocity component in a turbulent jet,
where the mean velocity is shown as a horizontal line. So, for a stationary turbulent ow,
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it can be written that:
ui(x;t) = Ui(x) + ul(x;1t) (2.34)

in which u;(x;t), Ui(x), and u)(x;t) represent instantaneous velocity, mean velocity and
uctuating one, respectively [67].

One key characteristic of turbulence is its enhanced ability to transport and mix u-
ids more e ciently compared to laminar ow. This was rst demonstrated in Osborne
Reynolds' pipe- ow experiment. When the Reynolds number is below 2,300, the ow
remains laminar, with parallel streamlines and little change in velocity over time [49].
In this case, dye introduced along the centerline of the pipe forms a narrow streak that
only slightly expands as it moves downstream. However, when Re exceeds 4,000, the ow
becomes turbulent [49].

Turbulence is a highly complex and nonlinear phenomenon that arises as an instability

Figure 2.4: Turbulent irregular and rotational motions [49].

in laminar ow, governed by the Navier-Stokes equations. Understanding and modeling
turbulence involves a combination of stability analysis, statistical methods, and an ex-

amination of the multi-scale, three-dimensional vortex interactions that lead to energy

dissipation and enhanced di usivity. Despite advancements in computational techniques,
accurately simulating turbulent ows remains a challenge due to the vast range of scales
involved [67]. Turbulent ows have some characteristics including [67]:

A

Instability and Non-linearity . Turbulence originates from instabilities in lami-
nar ow. Linear methods can predict instability onset, but the non-linearity of the
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Navier-Stokes equation makes it di cult to fully describe the transition to turbu-
lence or model the resulting turbulent state.

Energy Cascade : Larger eddies transfer energy to smaller ones in a cascade pro-
cess, with the smallest eddies dissipating energy via molecular viscosity. The rate
of energy dissipation is controlled by the larger-scale motions, which spread energy
across a broad range of wavelengths.

Statistical Nature of Turbulence . Due to the random, time-dependent nature
of turbulence, statistical methods are required to analyze it. Time-averaging tech-
niques, while useful, introduce new terms in the equations of motion that cannot be
predetermined, adding further complexity to turbulence modeling.

Enhanced Diusivity : Turbulence greatly enhances di usion and mixing, with
apparent stresses in turbulent ows being much larger than in laminar ows. Large
eddies play a primary role in this increased di usivity, with their persistence a ecting
ow history and properties over long distances.

Figure 2.5: The time history of the axial component of velocityJ;(t) on the centerline of
a turbulent jet From the experiment of Tong and Warhaft (1995) [57].

2.4.2. Turbulence Modelling

In a turbulent- ow simulation, equations are solved for a time-varying velocity eld that
approximates the velocity eld U(x;t) for a speci c instance of turbulent ow. On the
other hand, turbulence models solve equations for averaged quantities, suchias, hu;u; i,
and [49].

Two main simulation methods are direct numerical simulation (DNS and large-eddy sim-
ulation (LES). In DNS, the Navier Stokes equations are solved to computd (x;t) for a
single realization of the ow. Since DNS requires resolving all spatial and temporal scales,
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it is computationally demanding, with costs scaling aRe?, limiting its use to ows with
low to moderate Reynolds numbers. In LES, the equations are solved for a ' ltered' ve-
locity eld U(x;t), representing larger-scale turbulent motions, while a model is used to
account for the in uence of smaller scale motions that are not directly resolved.

Another type of methods which is used also in this project is known as Reynolds-averaged
Navier Stokes (RANS), which involve solving the Reynolds equations to nd the mean
velocity eld hUi. In one approach, Reynolds stresses are determined through a turbulent-
viscosity model, where turbulent viscosity is either obtained from an algebraic relationship
(e.g., the mixing-length model) or from modeled transport equations for turbulence quan-
tities like k and .

2.4.3. RANS Models

The Navier-Stokes equations can be averaged to derive the mean equations of uid ow,
known as the Reynolds Averaged Navier-Stokes (RANS) equations. These equations
closely resemble the original ones but include additional terms in the momentum equations
called Reynolds stress terms, which are unknown and must be modeled [49]. Generally,
there are four types of turbulence models including algebraic models (zero-equation),
one-equation models, two-equation models and stress transport models. Algebraic mod-
els apply the Boussinesq eddy-viscosity approximation to calculate the Reynolds stress
tensor by expressing it as the product of eddy viscosity and the mean strain-rate tensor
[67].

One-equation RANS models were speci cally designed to solve a single turbulent trans-
port equation, such as turbulent kinetic energy. These models are widely recognized and
commonly used in nuclear and aerospace applications. The most notable and frequently
employed one-equation model is the Spalart Allmaras model [55], being optimized for
ow over wings and airfoils. The SA model o ers signi cant advantages, particularly in
handling adverse pressure gradients and boundary layers, and requires only one additional
equation to solve [15].

Two-equation models aim to develop transport equations for two turbulence properties,
typically the turbulence kinetic energyk and either the dissipation rate of turbulence
kinetic energyk or omega, which is the speci ¢ dissipation rate, [42]. Among the most
widely recognized two-equation models are thie-! [66] and k- models [37]. Thek-!
model, which uses the turbulence frequency | of large eddies to model turbulence, was
initially proposed by Kolmogorov and later re ned by Sa man [51].
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K-Omega SST model

One of the two-equation turbulence models is thie-! SST. Menter [44] developed a two-
equation model aimed at combining the advantages of both the k epsilon and k omega
models. This hybrid model integrates the Wilcox k-omega model with the k-epsilon
model. A blending function, F1, activates the Wilcox model near the wall while using the
k-epsilon model in the free stream, ensuring that the appropriate model is applied across
di erent regions of the ow eld [49].

The k-omega model is particularly e ective for simulating ow within the viscous sub-
layer, while the k-epsilon model excels at predicting ow behavior in areas farther from
the wall. Authors who utilize the SST k-omega model often praise it for its reliable
performance in handling adverse pressure gradients and separating ows. Although the
SST k-omega model tends to generate slightly higher turbulence levels in areas with
signi cant normal strain, such as stagnation regions and regions with strong acceleration,
this e ect is notably less severe compared to a standard k-epsilon model [49].
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3 ‘ Numerical Methods

Fluid governing equations are typically non-linear partial di erential equations; Hence no
analytical solution can be derived from them even with the use of assumptions. Therefore,
di erent numerical methods have been developed to solve these problems. To implement
such numerical methods, it is very important to discretize the computational domain,
where the exact solution will be sought for [45]. Nowadays, there are three mostly used
discretization methods to solve uid dynamics problems:

" Finite volume method(FVM) . Nowadays, the nite element method is one of
the most widely used methods in computational uid dynamics. The current pop-
ularity of FV is attributed to its adaptation in Computational Fluid Dynamics, its
simplicity, and the ease of implementing it on structured and unstructured grids.
The software utilized in this thesis, OpenFOAM, also employs the nite volume
method [31].

" Finite Element Method(FEM) . This method is used to solve complex problems
within various shapes, boundary conditions, and loads since it o ers an approximate
solution while maintaining the inherent complexity of the problems being solved.
Various applications have taken advantage of it as an analytical tool. Finite element
analysis was rst used in aircraft design stress analysis, evolving from the matrix
engines developed for general matrix method structural analysis. Modern nite
element analysis expanded the original solid mechanics focus to include uid ow,
heat transfer, and electromagnetic elds [22].

" Finite Di erence Method(FDM) . It is widely used among engineers due to its
simplicity, which is possible since the method is based on Taylor series expansions
and the direct employment of the derivation de nitions. However, one of its key
required conditions is that the mesh must be structured; otherwise, the method is
not applicable [23].
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3.1. Finite Volume Method and Governing equation
In uid dynamics

The Finite Volume Method (FVM) is a numerical technique designed to convert partial

di erential equations (PDESs), which represent conservation laws, into discrete algebraic
equations. These equations are formed over nite volumes or elements, making FVM
particularly suitable for computational uid dynamics (CFD) and other applications that
involve complex physical processes. The process begins with discretizing the geometric
domain into non-overlapping nite volumes, then transforming the PDEs into algebraic
equations by integrating across these volumes. A distinctive feature of FVM is that it
conserves uxes across the volume faces, ensuring that the ux leaving one volume is equal
to the ux entering the adjacent one, which makes the method inherently conservative a
crucial property in CFD. This conservation is one of the reasons for the FVM's popularity

in solving problems involving uid ow, heat transfer, and mass transfer [45].

Another advantage of FVM is its exibility in handling unstructured meshes, which allows

it to solve problems in geometrically complex domains. Boundary conditions can also be
implemented more easily because FVM evaluates unknown variables at the centroid of
each volume element, rather than at the boundaries. In summary, the FVM has evolved
from a simple method designed for structured grids to a highly versatile tool capable
of simulating complex physical phenomena in a wide range of applications. Its intrinsic
ability to handle conservation laws, coupled with its adaptability to unstructured grids,
makes it a preferred choice in CFD and related elds [45].

3.1.1. Discritization of uid dynamics equations

The nite volume method necessitates the discretization of the domain into some volumes
so called control volumes, each possessing a centroid where the solution is sought. such
CVs can be in various forms including tetrahedrons, hexahedrons, prisms, pyramids, and
so on. This methodology aligns with OpenFOAM's cell-centered approach, wherein the
unknown variables are situated at the centers of these volumes or cells. The computed
value within each cell represents the average of the variable across the volume [45]. The
continuity, Navier-Stokes, and the energy equation can be generalized through the lens of
the Reynolds transport theorem and written as follows:

Z Z Z Z
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where V, is the control volume cell, may be any scalar or vectorial variable of the
continuum, is the di usivity of the variable and S is a source term. This is a second-
order equation. Hence, to achieve satisfactory accuracy, the discretization order must be
at least equal or higher than the equation's order. To retrieve the continuity, momentum,
and energy equations, it's crucial to mold the parameters listed in Table 3.1 within the
framework of the transport equation.

Equation S
Continuity 1 0 0
Momentum HH rp
Energy CoT 0

Table 3.1: Parameters for transport equation to recover continuity, momentum and energy
equation

It's crucial to emphasize that in the Finite Volume Method, the transported uid property
p Is characterized within the control volume as delineated below:

z

x) dV 3.2
., ® (32)
Observation of equation 3.2 reveals that in the FVM, a uid property is established at
the cell's center, represented as a proportion of the property's value integrated across the
cell.

Gauss Theorem

This theorem is pivotal in the Finite Volume Method (FVM), facilitating the transforma-

tion of volume integrals present in the transport equation into surface integrals. Its role
is in the discretization of gradients at cell centers, asserting that the outward ux of a
vector eld across a closed surface corresponds to the volume integral of the divergence
within the CV. This principle underlines the conservative nature of the FVM [31]. It is

de ned as followed: | 7

F ndS= r Fdv (3.3)
S \%
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This theorem is commonly utilized in the discritization of convective and di usive terms.
Using this theorem, the transport equation can be written as follws:

Z @ ) I I z
—=dV + (¢ up) nAS= r nrdS+ S dv (3.4)

\% @t S S \%
At this stage, the issue simpli es to interpolating the values from cell centers to the face
centers. In the following sections, the treatment for each of the terms in the transport
equattion will be fully described.

Temporal term

Various time discretization schemes exist, such as Crank-Nicolson, Euler, and backward,
among others. It's important to recognize that the temporal discretization order of the
transient term may di er from that of spatial terms. These terms can be addressed
separately to achieve varying levels of accuracy. Provided that each term maintains at
least second-order accuracy, the overall scheme will also achieve second-order accuracy.

" Euler : The discrete representation of the transient term, employing the rst-order
implicit Euler method for a generic conservation equation, is expressed as follows:

Z

@ Vn+1 n+1 Vn n

—dVv .
, @td : (3.5)

in which n and n + 1 are two sequential time-steps. This possesses a rst-order
accuracy level, yet it remains bounded and unconditionally stable.

backward : The Second Order Upwind Euler (SOUE) method utilizes a linear com-
bination of derivatives from the current and previous time steps, resulting in the
subsequent expression:

Z

@ 1 3 1
s dV il _Vn+1 n+1 2Vn n 4 _Vn 1 n1l 3.6
@t (y t 2 2 (3.6)

this approach provides a second-order accuracy but it is unbounded.



3| Numerical Methods 39

A

CN : This employs a linear interpolation in time following the outlined scheme:
Z

@ Vn+1 n+1 Vn n
— dv 1+ VE(" 3.7
@t 1+ ) t (" (3.7)
in which:
Vn n Vn 1 n 1 1 1 1
F(M= 1+ ) t VIRR(MY) ooy (38)

where is the o -center coe cient. This is also a second-order method but oscilla-
tory.

Convection term

As previously noted, the volume integral can be expressed as a surface integral by applying
Gauss's theorem, as illustrated below:

Z I

r (u)dvs= ds (u) (3.9)
V, @
12z O L S

convective term convective ux

and this integrant can be approximated using the midpoint rule as follows:

' X £ X X
dS (u )= dS (u ) S (u )= S (u ) (3.10)
@y £ f f f

where the term (4 )¢ is the convective ux of a variable going through the face. Ac-
cording to this approximation, the value of a quantity gradient over a volume is equal to
the sum of that quantity interpolated over the face centers. To ascertain the values at
the face centers, it is necessary to employ certain interpolation methods, which will be
elaborated upon in the forthcoming sections.

Di usion term

Similar to the convective term, the di usive term of the transport equation is addressed
by applying Gauss's theorem in conjunction with the interpolation scheme:

Z I

r ( r )dv= ds ( r ) (3.11)
" el (S

di usive ux
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This, then, can be approximated using the midpoint rule as follows:

! x £ X X
as ( r )= ds ( r ) S (r )= S (1 )

@y £ f f f

(3.12)

Source terms

The source term values are determined using the mean value theorem in this form:

Z
Sdv SpV (3.13)

Vp

the nal converted form of the transport equation can be written in the following form:

2 @ X X
v, @t . . {z
I {Z } I . .{Z } source term
convective ux di usive ux

3.1.2. Interpolation schemes

To calculate the face center values in the convective and di usive uxes, it is necessary to
do perform some interpolations, deriving these values from the cell centers of the control
volumes to face centers [45]. In the subsequent section, two of these schemes will be
explored:

" Upwind Dierencing Scheme(UDS) . This method, being rst-order, approx-
imates the value of a quantity at the face center based on the ow direction, as
described below: 8

< -
. p Ifv n>0;
gpuind = _ (3.15)
e ifv n<O:
this is the only approxamation that provides unconditionally bounded values. So,
it will never yield oscillatory solutions. However, it is numerically di usiive.

" Linear : The second approximation for the value at the face center involves linear
interpolation between two adjascent cells.

_ N gxe o Xn]

f=fx P+ f) N fx—PN— i

(3.16)
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This technique, also known as central di erencing, boasts second-order accuracy.
Nonetheless, it could induce oscillations within the solutions, leading to unbounded
values, especially when the non-orthoganility of the mesh is considerable.

In summary, while rst-order methods may inaccurately capture the ow physics, tran-
sitioning to second-order methods can introduce oscillatory behavior in the solution. To
mitigate this, limiters are employed. These limiters identify signi cant gradients or slope
changes and locally transition to lower resolution (upwind) to stabilize the solution. These
methods, known as Total Variation Diminishing (TVD) schemes, maintain second-order
accuracy without causing local overshoots or undershoots. Flux limiters, serving as a form
of added arti cial di usion, e ectively reduce the interpolation order. Notable methods
among these include VanLeer, Minmod, and SuperBee [45].

3.1.3. Constructing the linear system

Once all the terms of the transport equation, which are presented in integral form, have

been discretized, the next step is to express them in the format of a linear equation. N

equations (where N corresponds to the number of control volumes) need to be solved
simultaneously, with each equation being resolved for each respective control volume.
Ultimately, these can be consolidated into a system of equations [45].

AX = b (3.17)

In this system, A represents the coe cient matrix, whose components are in uenced by
the chosen discretization methods. Moreover, this matrix is closely related to the topology
of the mesh. This system can be solved directly or iteratively.

3.2. OpenFOAM: A FV-based open source environ-
ment

For the computations carried out during the project, the chosen tool was the software
OpenFOAM. OpenFOAM is a free, open-source software primarily designed for solving
computational uid dynamics (CFD) problems using nite volume method. However, it

is also applicable in other areas of engineering and science, such as structural dynamics,
electromagnetism, and more. This section provides a brief explanation of how OpenFOAM
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functions, along with details on how the case was implemented in the present project.

3.2.1. Structure of a case in OpenFOAM

To run a simulation, OpenFOAM relies on a series of les that de ne various param-
eters for each specic case, such as geometry, boundary conditions, initial conditions,
discretization schemes, and more. The gure below outlines a general setup of a test case:
It's important to note that "0", "constant,” and "system" are directories, while the other

Figure 3.1: General structure of arOpenFoarnase

elements are les. Additionally, some les are marked with an "*" symbol to indicate that
they are always required in OpenFOAM, regardless of the problem being solved. While
the "0" directory is mandatory, the necessity of other les depends on the equations being
solved in each speci c case.

The 0 Directory

The 0 directory contains all the information related to boundary conditions at time zero

and the initial conditions of the case. In these les, you should specify everything that
Is known about the elds (such as temperature, velocity, etc.) beforehand. Similar to
this directory, there are time directories that, once the program has been run, contain
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information about the elds at di erent times [27].

The constant Directory

As its name suggests, theonstant directory contains information about elds that re-
main constant throughout the simulation (e.g., gravity) and the physical properties rel-
evant to the application. Additionally, after the mesh is created using the blockMesh
command, the "polyMesh" directory appears within the "constant” directory, containing
all the information related to the mesh (points, faces, etc.).

The system Directory

This directory contains les that de ne parameters related to the solution process itself
and the control over it. Below is a brief description of the les used in this project:

A

controlDict : This le species all time-related parameters in the computation,
such as the time step, total computational time, and the creation of time directories,
among other things.

blockMeshDict: This le con gures the computational domain and all related pa-
rameters, including the size and shape of the domain and mesh, as well as the
boundary de nitions. Once the blockMeshDict le is properly set up, the mesh

is created and stored in the "polyMesh" directory inside the "constant” directory
using the blockMesh command.

decomposeParDict Since parallel computation techniques were used in this project,
with the help of a computer cluster, the decomposeParDict le is necessary. This
le de nes the parameters for decomposing the mesh and elds to be computed
separately. The decomposition should be performed just before starting the com-
putations, after the mesh and additional elds are set, using the decomposePar
command. Once the computations are completed, the solution elds and the mesh
are reconstructed using the reconstructPar command.

fvSchemes This dictionary de nes the schemes chosen for discretizing the derivative
terms. Time schemes, gradient schemes, divergent schemes, laplacian schemes, and
interpolation schemes are all de ned in this section.

fvSolution : The fvSolution dictionary contains several sub-dictionaries that con-
trol various solver parameters. The three main sub-dictionaries are:

Linear Solver Control : This sub-dictionary, labeled as solvers, speci es the
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control parameters for the linear solver. It's crucial to di erentiate between the
linear solver, which refers to the numerical method used to solve the transport
equations, and the application solver, which encompasses all the equations
and algorithms used to solve the problem. Within this sub-dictionary, some
parameters like tolerance and the preconditioner can be de ned.

Relaxation Factors : Labeled as relaxationFactors, this sub-dictionary man-
ages under-relaxation, a technique described earlier in this chapter that en-
hances solution stability. Di erent relaxation factors can be applied to di erent
solution variables.

Algorithm Selection : This section allows you to select the method for cou-
pling the transport equations, choosing between SIMPLE, PIMPLE, and PISO
algorithms. Additionally, other parameters related to solution control can be
speci ed here.

3.2.2. OpenFOAM: interFoarsolver

It is a solver for 2 incompressible, isothermal immiscible uids using a VOF (volume of
uid) phase-fraction based interface capturing approach, with optional mesh motion and
mesh topology changes including adaptive re-meshing. The solver is ideal for situations
where the focus is on observing the interaction between two uids, such as water and air
[4].

The solver employs the PIMPLE (a combination of PISO and SIMPLE) algorithm for
pressure-momentum coupling, capitalizing on the strengths of both methods to enhance
pressure-velocity coupling, particularly in transient ows with large time steps. To ensure
convergence stability, the algorithm is further supported by under-relaxation techniques.
It accommodates Multiple Reference Frames (MRF) and porosity modeling and facilitates
the easy integration of passive scalar transport equations and source terms [4].

Its ability to model complex uid interactions makes it highly versatile and valuable in
di erent applications like simulating mold lling process in HPDC.

3.2.3. OpenFOAM: DPMFaaiaer

DPMFoaim a transient solver designed for dense particle ows, incorporating the e ects
of particle volume fraction on the continuous phase. The solver accounts for four-way
coupling, including uid-to-particle interactions, particle-to- uid feedback, and particle-
particle collisions. It is capable of handling both laminar and turbulent ows, and it
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supports the modeling of Newtonian as well as non-Newtonian uids [2].

Belonging to the Eulerian-Lagrangian solver categoryDPMFoamneats the uid phase

as continuous and the solid phase as discrete. The uid dynamics are modeled using
the time-averaged Navier-Stokes equations, which are solved via the PIMPLE algorithm.
To determine isothermal particle motions, the solver solves a set of ordinary di erential
equations, taking into account all relevant forces acting on the particles, such as drag,
gravity, buoyancy, and pressure forces.

For particle-particle interactions, DPMFoam utilizes the soft sphere model, also known as
the Cundall and Strack model. This model simulates collisions between particles using a
spring to represent elastic deformation and a dash-pot to account for viscous dissipation.
The contact force between particles is divided into a normal component, following Hertzian
contact theory, and a tangential force. The same approach is applied to the contact forces
between particles and walls. It is worth mentioning that in this project the collision
between the particles is neglected for simplicity since the number of particles are huge,
making the computations super expensive [2].

The applications of the DPM model are extensive. In this project, it is used to simulate
the die lling process in HPDC and then compare the results obtained with VOF model
simulation.

3.2.4. OpenFOAM: myLPTV@Fsolver for simulating splashing in
HPDC

In the context of air splashing in High-Pressure Die Casting (HPDC), a specialized Open-
FOAM solver has been developed that combines the Volume of Fluid (VOF) method with
Lagrangian particle tracking. In other words, functions and libraries present in DPM-
FOAM are added to interFoam solver. This solver is developed in o cial version 9 of
OpenFOAM. Knowing this, it can be explained how to obtain the modi ed solver:

" Modi cations on interFoam.C
to handle of parcels in a cloud, it is needed to includparcelCloudList.H to
interFoam.C sourcce code. In the context of OpenFOAM, parcels are used to
represent discrete particles in a Lagrangian particle tracking simulation. These par-
ticles can represent droplets, bubbles, or solid particles, depending on the type of
simulation being run. In the gure 3.2, another part which is added tanterFoam.C
is depicted. These are taken from DPMFoam.
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Figure 3.2: added section to interFoam.C

" Modi cations on pEqgn.HIn this le, there are no further changes with respect to
interFoam solver.

" Modi cations on UEqQn.HIn this le, there are no further changes with respect to
interFoam solver.

3.3. Problem set-up for VOF simulation

3.3.1. Geometry

In this project, three distinct cavity geometries are analyzed. The rst two are straight-
forward validation cases with existing experimental or numerical results available in the
literature, while the last one involves a complex CAD part (GIDASH), belonging to the
Husqgvarna group. Figure 3.3 shows that the geometry of the rst die cavity consists of a
series of corners and circular walls. The thickness of the die in the third dimension is 2
mm and the gate velocity is 8.7 m/s, which is much higher compared with typical lling
process in HPDC. The valve which is shown in the top of Fig 3.3 is designed to be very
small, so the gas entrapment phenomena can be observed obviously during water lling
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Figure 3.3: Validation Case a Figure 3.4: Validation Case b

Figure 3.5: GIDASH case

3.3.2. Mesh

n computational uid dynamics modeling, a volume is lled with small cells or elements
to simulate uid ow. These cells create a mesh, each representing a speci c area where
the ow is locally analyzed. Mathematical equations describing the ow physics are then
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applied to each cell in the mesh. Creating a high-quality mesh is crucial for obtaining
reliable solutions and ensuring numerical stability. To generate mesh, di erent strategies
are used which are discussed in this section:

Case a

Given the simplicity of this case, the blockMesh utility is used, as it provides the best
quality when applicable. It is important to note that the mesh is three-dimensional to
prevent simpli cations.

Figure 3.6: Mesh in validation case a Figure 3.7: Magni cation of Case a grid

Case b

In this case, the snappyHexMesh utility is used for meshing, which requires a background
mesh composed of hexahedral cells. To create this background mesh, the Salome utility is
employed. Additionally, due to the high velocity in the gating section, the grid is locally

re ned to better capture the gradients.

Figure 3.8: Mesh in validation case b Figure 3.9: Magni cation of Case b grid
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GIDASH

This geometry features a large number of thin walls and signi cant complexities, so the
mesh quality is not expected to be high. To address this, the Ansys meshing capability
Is utilized, with local re nements applied in the thin wall regions. The mesh consists of
approximately 8.5 million cells, a number determined after a mesh independence analysis.
Due to the large cell count, the computational time will be signi cantly high.

Figure 3.11: Magni cation of GIDASH
Figure 3.10: Mesh in GIDASH grid

3.3.3. Boundary Conditions

Boundary and initial conditions, abbreviated as BC and IC respectively, are crucial for
solving a problem. These conditions provide the necessary starting point for computing
the solution of a problem in both space and time using discretization equations. This
section outlines the boundary conditions used in this project. In all three cases, there are
three primary boundaries: the inlet, outlet, and walls.

A

Inlet : The inlet boundary velocity is known for each case

~ Walls : In Computational Fluid Dynamics (CFD), two common methods are used
for treating the solid- uid interaction on the walls: applying a wall model or fully
resolving the wall. There is a key parameter, y+, which is a non-dimensional wall
distance used to characterize the ow regime near the wall in wall-bounded ows.
This parameter is crucial for analyzing turbulence caused by solids within the do-
main or if there is ow separation.
For fully resolving the wall, the y+ value should be kept below 1, with the rst
cell center positioned within the viscous sub-layer. When using a wall model, the
y+ value should be maintained between 30 and 300. In wall modelling methods,
it is recommended that the rst layer not to be positioned in the bu er layer since
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the regime of the ow is not speci ed obviously. In this project, wall modelling is
employed to reduce the computational time and cost. To do so, it is needed to take
advantage of some wall functions. Since the turbulence model used here is k-omega
SST, the associated wall functions are applied.

Outlet : Valves are required to allow the uid to exit the domain; otherwise, the
solution will diverge because the uid is treated as incompressible.

The tables 3.2, 3.3, 3.4, 3.5, and 3.6 show the general form of the boundary conditions in
each of the studied cases:

Table 3.2: Velocity Boundary Conditions for three cases

Case a Case b GIDASH
Inlet type: xedValue type: xedValue type: xedValue
value: uniform 8.7 m/s value: uniform 1.33 m/s | value: uniform 1.5 m/s
Walls type: noSlip type: noSlip type: noSlip
Outlet type: zeroGradient type: zeroGradient type:zeroGradient
Table 3.3: k Boundary Conditions for three cases
Case a Case b GIDASH
Inlet type: zeroGradient type: zeroGradient type: zeroGradient
Walls type: kgRWallFunction type: kgRWallFunction type: kgRWallFunction
value: uniform 11353.5 value: uniform 0.004 value: uniform 30.75
Outlet type: zeroGradient type: zeroGradient type: zeroGradient
Table 3.4: omega Boundary Conditions for three cases
Case a Case b GIDASH
Inlet type: zeroGradient type: zeroGradient type: zeroGradient
Walls type: omegaWallFunction | type: omegaWallFunction type: omegaWallFunction
value: uniform 61758.068 value: uniform 27.9 value: uniform 2053.81
Outlet type: zeroGradient type: zeroGradient type: zeroGradient




3| Numerical Methods

51

Table 3.5: prgh Boundary Conditions for three cases

Case a Case b Case c
Inlet type: xedFluxPressure type: xedFluxPressure type: xedFluxPressure
value: uniform O value: uniform O value: uniform 0
Walls type: xedFluxPressure type: xedFluxPressure type: xedFluxPressure
value: uniform O value: uniform O value: uniform 0
Outlet type: xedValue type: xedValue type: xedValue
value: uniform O value: uniform O value: uniform O
Table 3.6: Volume fraction Boundary Conditions for three cases
Case a Case b GIDASH
Inlet type: xedValue type: xedValue type: xedValue
value: uniform 1 value: uniform 1 value: uniform 1
Walls | type: zeroGradient| type: zeroGradient| type: zeroGradient
Outlet | type: zeroGradient| type: zeroGradient| type: zeroGradient
3.3.4. Discritization schemes

This section outlines the discretization schemes applied to various terms in the partial
di erential equations (PDEs) solved by OpenFOAM. These schemes are crucial as they
determine how the numerical solution is approximated across the computational mesh.

Table 3.7 shows the discritization schemes for validation cases a and b. As it can be seen
in the table, the rst-order forward Euler method is used for time discretization. This
method is deemed su cient for preliminary analysis, as the project's objective does not
require highly precise calculations, such as drag force. Cell limiters control the variation
of values between cells, with multi-directional (dimensional) limiters (e.g., cellMDLimited
and faceMDLimited) applying the limiter independently in each face direction. In con-
trast, standard limiters (cellLimited and faceLimited) apply the limiter uniformly across

all gradient components. A blending factor of 0.5 is chosen to balance accuracy and
stability.

For divergence schemes, second-order methods like limitedLinear or linearUpwind are
mandatory for velocity discretization. In contrast, rst-order methods like upwind can be
valid for turbulence quantities. In gidash case, the upwind scheme is employed for the k
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and omega parameters, as using second-order methods resulted in unphysical, unbounded
negative values. Itis important to note that in all cases, the simulation begins with robust
rst-order methods for all quantities to ensure stability, and after several time steps, these
methods are switched to second-order schemes to climax accuracy.

For Laplacian term discretization, the Gauss method is the only available option. Here,
the blending factor must be set according to the mesh's non-orthogonality. For gidash,
where the non-orthogonality is relatively high (around 70), the blending factor is set to
0.33. However, in Cases a and b, where the mesh quality is better, this factor is set to
1, equivalent to using the corrected method. The approach used for Laplacian schemes is
also applicable to surface-normal gradient discretization.

Table 3.7: Discritization Schemes for cases a and b

Schemes

Time discritization Euler

default cellMDLimited Gauss linear 0.5
grad(U): cellLimited Gauss linear 1
div(rhoPhi,U): Gauss linearUpwindV grad(U)
div(phi,k): Gauss limitedLinear 1
Divergence Terms div(phi,omega): Gauss limitedLinear 1
div(phi,alpha): Gauss interfaceCompression vanLeer 1
div(((rho*nuE )*dev2(T(grad(V))))): Gauss linear
Laplacian terms Gauss linear limited 1

Gradient Terms

Interpolation default linear

Surface-normal
gradient scheme

limited 1

3.3.5. Solvers

As previously noted, the fvSolution le is a crucial con guration le that de nes the
solution controls for the solver. It contains settings that dictate the numerical methods,
solver parameters, and convergence criteria required to solve the equations in a given
simulation. The speci ¢ values used in this project are presented in Table 3.8.

Consistent solver controls are applied across all cases, with slight variations. For example,
in gidash case, the number of non-orthogonal correctors is set to 2 due to the relatively high
degree of non-orthogonality, whereas it is set to 1 for the other two cases. The PIMPLE
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algorithm, which combines the SIMPLE and PISO methods, is chosen for pressure-velocity
coupling. This approach is selected to accommodate the unsteady nature of the ow
across all test cases. The nOuterCorrector parameter is set to 1, aligning with the PISO
algorithm, while nCorrectors is uniformly set to 3 for all cases.

Table 3.8: Solver Control

Parameters Values

nAlphaCorr 2
nAlphaSubCycles 2
MULESCorr yes
nLimiterlter 6

alpha.water
solver smoothSolver

smoother symGaussSeidel
tolerance le-7
relTol 0.01
solver GAMG
tolerance 4e-6
prgh relTol 0.02
smoother DICGaussSeidel
miniter 3
solver GAMG
tolerance le-6
relTol O
smoother DICGaussSeidel
solver PBIiCG
preconditioner DILU
U, k, omega tolerance le-8
relTol O
minlter 2

prgh.Final

3.3.6. Mesh convergence Study

Mesh de nition is critical in solving a numerical case. If the mesh is not appropriately
con gured such as being insu ciently re ned the solution may either fail to converge

or deviate signi cantly from the exact solution. Additionally, a ner mesh increases the
number of cells in the geometry, leading to more computations per time step and conse-
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guently extending the simulation runtime. Therefore, the goal of studying convergence is
to identify a mesh that achieves su cient accuracy while minimizing computational costs.

To conduct a mesh independence analysis, four levels of mesh re nement were selected:
the coarsest mesh with 48,032 cells, the second with 85,896 cells, the third one woth 188400
cells, and the nest with 370,880 cells. The quantity used for this analysis is turbulent
kinetic energy, which is calculated during post-processing. This value is obtained at
a point in the domain where physical properties remain relatively constant during the
lling process.

Table 3.9: TKE values for di erent levels of mesh re nement

Level 2 | Level 3 | Levevl 3 | Levevl 4

TKE value 22.50 13.6 13.69 13.70

As shown in Table 3.9, from the level 3 grid onward, the value of TKE remains nearly
constant, with a variation of less than 1%. Therefore, for the upcoming simulation of
Case a, the mesh with 188,000 elements will be utilized.

3.4. Problem set-up for LPT simulation

This section presents the problem setup for the Lagrangian Particle Tracking (LPT)
simulation. The results obtained will be compared with those from the Volume of Fluid
(VOF) case. At this stage, only Case a has been selected for LPT simulation, although
the simulation can also be extended to the other two cases.

The "0" and "system" directories are identical to those used in the previous simulations,
but some additional con gurations are required to manage particle motion. These adjust-
ments are made within the cloudProperties le, located in the "constant” directory.

For particle-wall interactions, some Boundary conditions must be set. Those for walls is
set to "rebound" to facilitate particle ow within the domain. Additionally, the "escape”
condition is applied to outlet patch, allowing particles to exit the domain, consistent
with the behavior observed in the continuum environment. The maxCo parameter, which
dictates the number of times the Eulerian time step is divided into Lagrangian time steps,
is set to 0.3, in accordance with established literature.

To simplify the simulation and reduce computational time, particle collisions are neglected
in this project. The injection properties are detailed in Table 3.10.



3| Numerical Methods

Table 3.10: Injection properties in LPT

values

Number of particles 18e6

Diameter of particles 8e-6 m

Time of injection 7e-4 s
Velocity of injection (000) m/s
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4 ‘ Results and Discussions

In this chapter the di erent results from the computations performed, with the use of the
OpenFOAM solver, are presented and discussed. A special focus is made on the evolution
of water in di erent domains. Thus, the next computations serve as the highlight of all
the theory and background developed during the earlier chapters of the project.

4.1. Results of simulations using VOF

41.1. Case a

Figure 4.1 presents a detailed comparison between the available experimental data, nu-
merical simulations from the literature, and the results obtained in this study at various
lling instants. The numerical simulations include the distributions of the water volume
fraction and gas-liquid velocity. The comparison reveals that at 7 ms, the experimental
data shows a sharp water front in uenced by the curved inlet, a feature that is well cap-
tured by the simulations in this study. At 25 ms, both the experimental and numerical
results depict a large gas bubble in the lower right section. However, some minor discrep-
ancies are observed. For instance, the width of the incoming water at the rst horizontal
line is greater in the numerical results than in the experimental data. Additionally, the
simulated water volume slightly exceeds the experimental measurements, a discrepancy
also noted in previous numerical studies. By 38 ms, the water ow begins to contact
the upper right wall, and the bubble in the lower right diminishes in both experimental
and simulated results. At this time step, the simulated progression of the water ow is
marginally more advanced compared to the experimental observations. Finally, at 53 ms,
the water front reaches the valve, and the water ow distribution shows strong agreement
between the experimental and simulated results. In both the experimental and numerical
results, separation bubbles originating from the sharp corners are observed and persist as
time progresses. Throughout the lling process, the air is driven forcefully by the advanc-
ing water, as indicated by the gas-liquid velocity distribution. These ndings validate the
accuracy of the model used in this study for simulating high-speed lling processes.
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Experimental Numerical (Ref paper) Numerical (this project)

T=7 ms

T=25 ms

T=38 ms

T=53 ms

Figure 4.1: Comparison of obtained numerical results for lling of case a with experimental
data and numerical results of the reference paper [11] at di erent times (t=7 ms, t=25
ms, t=38 ms, and t=53 ms).
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