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Abstract

The subject of this thesis work is to investigate whether Computational Con-
tinuum Mechanics (CCM) can serve as a valuable tool for the casting engineer
to determine a priori whether a housing concept with inlying geometries that
so far only exists in Computer Aided Design (CAD) will have the desired coo-
ling performance and will be manufacturable with an acceptable number of
rejects.

As of spring 2019, no application in serial production of lost cores, i.e.
cores that are destroyed during deforming, in high-pressure die casting is
known. The reason for this is believed to be the absence of an engineering
tool that can tell upfront whether a concept of casting and process combined
will be viable. This thesis aims to fill precisely that void by presenting, imple-
menting and testing a CCM model inside the OpenFOAM toolbox in order to
determine upfront whether a design of a housing will be manufacturable with
lost cores. The two-phase flow of air and melt is modeled with the volume-
of-fluid-concept. Turbulence modeling is done via the Reynolds-Averaged-
Navier-Stokes (RANS) approach, mostly using the Menter SST k-ω-model.
An isotropic linear elastic model was assumed for the solid mechanics.

Industrial operators and managers like short and easy to grasp conclu-
sions. As it, however, turned out during the process of this research project,
there is no clear and easy answer to the question whether salt cores in high-
pressure die casting are a viable concept and will lead to sound castings.
First of all, it was proven that housings made with lost cores can improve
the heat transfer capabilities of castings. It was possible to produce castings
with cores up to an impact velocity of 30 ms−1. The impact velocity was
found to be the most decisive parameter. But the reader should bear in mind
that this limit is only valid for the given setup. Each configuration has to be
tested with the introduced model separately. The slamming events at first
impact of the melt were found to be not failure-critical if crack-free cores
are used. It was also found that the approach of evaluating only the peak
force does not go far enough. Effects later in the process may have a more
important impact due to larger force-time integrals. Also, different from the
original assumptions, the heat transferred from the melt to the core may
not be neglected even though filling times are below 0.1 s. Defining gene-
ral numerical constraints for conditions under which salt cores are a viable
technology is very difficult as geometry alterations play an important role
too. This underscores the power and usefulness of the presented model even
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further as the engineer is now capable of testing each setup individually.
It soon became clear that a fully comprehensive model is still for future

researchers to develop. It was found that it is not beneficial to attach the shot
sleeve to the casting model with currently available open-source CFD techno-
logy. The presented strategy in this thesis together with the developed CCM
tools can therefore provide a powerful tool for the casting or CAD-engineer
to decide case by case whether a concept for a casting will be producible or
not. The tools range from a limited CFD approach for evaluating only the
forces to a fully coupled FSI methodology describing the core deformation
over time. All models have been tested and validated with high-pressure die
casting experiments and are in line with previously published findings with
deviations of 5-10 % at maximum.

Key words: high-pressure die casting, lost salt cores, computational con-
tinuum mechanics, two-phase compressible flow, OpenFOAM, CFD, fluid-
structure interaction, volume-of-fluid method
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Sammanfattning

Fokuset i avhandlingsarbetet är att undersöka om beräkningskontinuumme-
kanik (CCM) kan användas som ett värdefullt verktyg för gjutingenjören för
att bestämma om en höljeskoncept med samhörande geometrier, som hittills
endast existerar i computer-aided design (CAD), kommer att ha den önskade
kylningsprestandan och kommer att kunna tillverkas med ett acceptabelt l̊agt
antal kassationer.

Fram tills nu, v̊aren 2019, s̊a förekommer ingen känd seriell tillämpning
av s̊a kallade förlorade kärnor”i pressgjutning vid högt tryck. Anledningen
till detta antas vara bristen av ett tekniskt verktyg som kan prediktera om en
ett tänkt gjutgods kan tillverkas genom att använda en viss gjutningsprocess.
Denna avhandling syftar till att hantera denna problematik genom att pre-
sentera, implementera och testa en CCM-modell i OpenFOAM-verktygsl̊adan
för att i förväg bestämma om en höljesdesign kommer att kunna tillverkas
med förlorade kärnor. Ett tv̊a-fas flöde best̊aende av luft och smälta är mo-
dellerat med ”Volume of Fluid”(VOF) metoden. Turbulensmodellering görs
med användande av Reynolds-Averaged-Navier-Stokes (RANS) -metoden,
mestadels med hjälp av Menter SST k-ω-modellen. En isotrop linjär elastisk
modell antogs för att beskriva mekaniken.

Industrioperatörer och chefer önskar slutsatser som är korta och lätta
att först̊a. Som det visade sig under detta forskningsprojekt finns det ing-
et tydligt och enkelt svar p̊a fr̊agan huruvida användning av saltkärnor vid
högtryckspressgjutning är ett genomförbart koncept som leder till gedigna
gjutgods. Först och främst bevisades att höljen gjorda med förlorade kärnor
(lost cores) kan förbättra värmeöverföringsförmågan hos gjutgods. Det visa-
de sig möjligt att producera gjutgods med kärnor upp till en fyllhastighet
p̊a 30 ms−1. Fyllhastigheten var den avgörande parametern. Men läsaren
bör komma ih̊ag att denna gräns endast gäller för en given uppställning.
Varje konfiguration måste testas separat med den införda modellen. Slamm-
ningsförloppet vid smältans första inverkan visade sig vara icke-kritiskt om
sprickfria kärnor användes. Det har ocks̊a visat sig att metoden att utvärdera
endast toppkraften inte g̊ar tillräckligt l̊angt. Effekter senare i processen kan
ha en viktigare effekt p̊a grund av större krafer summerade över tiden. Till
skillnad fr̊an de ursprungliga antagandena, f̊ar den värmen som överförs fr̊an
smältan till kärnan inte försummas, trots att fyllningstiden är mindre än
0.1 s. Att definiera allmänna numeriska begränsningar för förh̊allanden un-
der vilka saltkärnor är en genomförbar teknik är mycket sv̊art eftersom geo-
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metriska förändringar ocks̊a spelar en viktig roll. Detta understryker styrkan
och användbarheten hos den presenterade modellen ännu mer, eftersom in-
genjören nu kan testa varje uppställning var för sig.

Det blev snart klart att utvecklingen av en komplett modell behöver ut-
vecklas av framtida forskare att utveckla. Det visade sig att det inte är viktigt
att inkludera skotthylsan p̊a gjutningsmodellen med nuvarande tillgänglig
CFD-teknik i öppen källkod. Den presenterade strategin i denna avhandling
tillsammans med de utvecklade CCM-verktygen kan därför ge ett kraftfullt
verktyg för gjutning- eller CAD-ingenjörer för att fr̊an fall till fall avgöra
huruvida ett koncept för gjutning kommer att vara producerbart eller ej.
Verktygen sträcker sig fr̊an ett begränsat CFD-tillvägag̊angssätt för att ut-
värdera endast krafterna till en helt kopplad FSI-metodik som beskriver kärn-
deformationen över tiden. Alla modeller har testats och validerats med press-
gjutningsexperiment vid höga tryck och resultaten stämmer överens med ti-
digare publicerade resultat med som mest avvikelser p̊a 5-10%.

Nyckelord: pressgjutning, förlorade saltkärnor, beräkningskontinuum-
mekanik, tv̊a-fas flöde, OpenFOAM, CFD, fluid-struktur interaktion, volume-
of-fluid metoden
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Figure 1: The layout and components of a high-pressure die casting machine
according to DIN 24480

1 Introduction

1.1 State of the art in high-pressure die casting

High-pressure die casting is an important process in the automotive and
related industries [16, 17, 88]. Given its capability to produce near net-
shape raw geometries that require only little extra work in machining later
on [92] has made it an indispensable constituent of the global supply chain in
manufacturing [63]. Figure 1 shows a sketch of such a die casting machine.

Liquid metal, in general aluminum, magnesium or copper, is injected
via complex ingate and runner systems into a permanent mold – in high-
pressure die casting called a die – made of special high-temperature tooling
steel [128, 129] with sometimes special coatings applied [5]. Leaving out the
preparatory phase of pre-charging, the process consists of the two phases
die filling and solidification steps (see figure 2), where during the latter the
dwell pressure is applied in order to compensate for the volume shrinkage of
the metal [78]. The injection speed is typically within the range of 50 and
100 ms−1 at the ingate of the casting die. Applied dwell pressures can easily
exceed 100 MPa (or 1000 bars) depending on the complexity of the casting
and its requirements regarding media-tightness [43, 61, 112]. With respect
to the framework of figure 2, this thesis focuses mostly on the step of die
filling as this stage has been found to be more critical to the viability of lost
cores [37].
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Figure 2: Process steps during high-pressure die casting (HPDC)

The cost per unit of a casting produced by the process of high-pressure
die casting is economically characterized by the following formula:

pCasting =
IB
n

+ cinc + co. (1)

In equation (1), pCasting is the price per casting unit, IB represents the
base invest which is mostly to be spent before production starts, n is the
cumulative number of castings produced, cinc are the additional incremental
costs per unit and co represent other cost positions also per unit. Character-
izing for the process of HPDC are typically large base investment IB and then
later on small cinc-values for additional units produced, which help to refi-
nance the large base investment. A prerequisite for this cash-flow refinancing
is that the designed process proves to be indeed viable in the end.

This thesis’ research interest thus evolves around the question whether
computational continuum mechanics (CCM) can help the casting engineers
to design castings and processes and a priori assess their viability.

1.2 Motivation for employing lost cores in high-pressure
die casting

However, given all the benefits of the high pressure die casting process [92]
and recent advancements [2, 7, 43], one of its drawbacks up to this date is that
the design engineer is more limited in his freedom regarding the integration
of functionality into the housing or bracket [26]. It has to this date not been
possible to integrate lost cores in high-pressure die casting components into a
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Figure 3: Conceivable applications of lost core technology for creating inlying
channels in cast housings in the automotive industry

casting of any significant annual output in the automotive industry [59]. Lost
cores provide the possibility to include hollow sections or undercuts inside the
housing. As figure 3 shows, two main motivations can be identified for using
hollow sections or undercuts created by lost cores for later functionality of the
casting. Those are channels for oil-flow [44, 45, 60, 62] – which can be used
for controlling the shifting of the gears in transmissions – or heat transfer
[67, 103]. Even with the advent of electric power-trains in the automotive
industry, these engines will still need to be cooled to a considerable extent
to guarantee the promised performance features [6, 65].

Therefore, there will still be market demand for casting solutions with
included functionality for cooling and oil flow even if the automotive industry
undergoes its prospected transformation towards electric power-trains.
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2 The method of computational continuum

mechanics as an engineering tool

2.1 The volume-of-fluid method

Continuing the thoughts of the previous chapter, this study is mainly focused
on how computational continuum mechanics (CCM) and to one part com-
putational fluid dynamics (CFD) can be proper engineering tools for casting
parts and processes for the CAD- and process engineer.

Since the die filling is a two-phase flow problem, several different methods
exist to model this phenomenon [24, 25, 54, 108]. Given the complexity of
the problem and the circumstances that no chemical reaction takes place at
the interface, the method of choice for all simulations in this study was the
volume-of-fluid method [50].

As the experienced reader knows, the basic idea of CCM/CFD in its
variant of finite volume method [55, 57, 116] is to partition the continuous
domain of interest into a swarm of geometrically defined control volumes
[22] (see figure 4), where each centroid of the volume holds the data for the
particular cell, which is in the easiest version of a flow problem the velocity
and pressure. Now, the volume-of-fluid method has the simulation for the two
phases run on the same grid with one single set of equation solved for both
phases. The different material properties are accounted for via an indicator
partial differential equation (PDE) which is additionally solved for the whole
domain; more details on the equations are to follow shortly. This volume
phase fraction is used for determining the physical properties in each cell
by blending them with the indicator variable, which is in most publications
named α or γ.

Equations (2) and (3) show this averaging in a formula using γ as the
phase indicator variable. Please note that inside the OpenFOAM code [55,
56, 58, 73, 82, 122], which was used as the basic software package for the
simulations and implementations, this phase variable is named α or alpha.
As in most of the supplements written, the phase variable was named γ, this
thesis will also apply the Greek letter γ for the phase variable.

As it is visible in figure 4 and relating to die filling as a flow problem,
cells that are fully occupied by melt (phase 1) are assigned the numerical
value 1, while cells that are filled with air carry the number 0. At the
interface, the value is within the range of 0 < γ < 1 as can also be seen in the
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Figure 4: Illustration of the volume-of-fluid method of distinguishing between
the phases via an indicator function assigning a value between 0 and 1 to
each cell

figure. From this observation follows that the interface sharpness and mesh
resolution inside the volume-of-fluid method are closely related. Depending
on the position of the interface and its orientation related to the mesh, the
interface must have at least the thickness of one mesh layer. Phase diffusion
and interface thickness are therefore issues that are known to be related to
the volume-of-fluid method and strategies have been proposed in order to
mitigate them [98, 99].

ρ = ρlγ + ρg(1− γ) (2)

µ = µlγ + µg(1− γ) (3)

2.2 Solid mechanics modeling

Two simple solid mechanics models were used throughout the course of this
thesis. The other supplements do not include the solid into the domain of
interest due to a shift of focus.

1. Euler beam theory (supplement 2)
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2. A linear elastic model inside the finite volume method (supplement 3)

The first model was used as it was easily possible already in early compu-
tations to calculate the resulting force on the salt core as a vector and adjust
its response accordingly. Euler-Bernoulli beam theory [11, 109] enables the
engineer then to calculate the stress inside the core from an attacking force.
The resulting stress inside the beam was then matched with its bending
strength limit in order to decide whether the core would hold the load it was
subjected to throughout the process. The necessary formulae are listed in
the following:

σb =
Mb · h

2Ix
(4)

In equation (4) Mb is the bending moment, Ix is the second moment of
inertia of plane area and h is the extend of the beam in the x -direction.
Please note that the coordinate system is the same as in supplement 2 as
the Euler-Bernoulli beam theory was only used there. The second moment
of inertia, in turn, is calculated via

Ix =
bh3

12
, (5)

where b is the extent of the beam in the y-direction. The bending moment
and the resulting force impacting on the core can also be calculated via the
lever rule with

Mb =
F · Z

4
, (6)

with Z being the length of the beam outside the bearing.
Based on the validation experiments it became, however, evident that

such a simple consideration could only provide a snap assessment on whether
the process parameters would have the chance to not harm the core in gen-
eral. As the practical experiments showed, the assessment also needs to
include that the core does not get deformed too much in order to maintain
the assigned casting part’s properties. Different from what was previously
assumed, the core can not only crack under the load of the melt-air interface
but also plastically change its shape. Therefore a fluid-structure interaction
approach was also tested (see supplement 3). Within this a model for the
solid side was introduced which was then part of the complete continuum
mechanics model introduced in the following section.
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2.3 A continuum mechanics model for lost cores in
high-pressure die casting

2.3.1 Fluid side

The high-pressure die casting system on the fluid side can be modeled as a
two-phase compressible flow system. The following equations describe the
physical laws of such a flow system flow inside a volume-of-fluid implementa-
tion with a single set of continuity and Navier-Stokes equations for the whole
flow field [34, 83] as a volume-of-fluid method on a finite volume mesh

∂ρ

∂t
+∇ · (ρU) = 0, (7)

∂

∂t
(ρU) +∇ · (ρUU) = −∇p

+∇ ·
{

(µ+ µtur)
(
∇U+ (∇U)T

)}
+ ρg + Fs, (8)

∂γ

∂t
+∇ · (γU) +∇ · (γ (1− γ) Ur) =

− γ

ρg

(
∂ρg
∂t

+ U · ∇ρg
)
, (9)

where t is the time, U the mean fluid velocity, p the pressure, g the gravity
vector, Fs the volumetric representation of the surface tension force and T

denotes the transpose. In particular, Fs is modelled as a volumetric force
by the Continuum Surface Force (CSF) method [15]. It is only active in the
interfacial region and formulated as Fs = σκ∇γ, where σ is the interfacial
tension and κ = ∇ · (∇γ/ |∇γ|) is the curvature of the interface. The sig-
nificance of the term Ur is explained shortly in section 2.4 as it is part of
the numerics rather than the physics. As previously stated in section 2.1,
the volume-of-fluid method requires the material properties to be averaged
via the volumetric averaging by the indicator variable of γ (see equations (2)
and 3)).

Assuming the aluminum melt of the alloy 4600 or AlSi9Cu3 or TL226D
by other names to be an incompressible Newtonian fluid [27], we take ρl, µl

and additionally µg to be constant, but use additional means to model ρg.
With acceptable accuracy, air can be considered as an ideal gas [110] and

hence the ideal gas law was applied for ρg, so that

7



ρg =
pM

RT
, (10)

where R is the universal gas constant, T is the temperature and M is the
gas relative molecular weight.

Furthermore, µtur in equation (8) denotes the turbulent eddy viscosity,
which will be calculated via the particular turbulence model. If not stated
otherwise and being a subject of a particular investigation such as in sup-
plement 2 or section 4.1.2, all studies have been conducted using the Menter
SST k-ω turbulence model [84, 86]. The Menter SST k-ω turbulence model is
a member of the family that use the Reynolds-Averaged-Navier-Stokes equa-
tions or RANS approach [93, 111] for modeling the turbulent eddy viscosity.
This model has previously been known to deliver good performance for in-
ternal geometries [77, 104] and its implementation inside OpenFOAM to be
stable and accurate [49, 97].

The equation of state (equation (10)) introduces T as a new variable into
the set of unknowns. Temperature is variable across the domain and hence its
transport requires its own PDE. It is being balanced via the energy equation
as follows [34, 83]

∂

∂t
(ρT ) +∇ · (ρTU) = ∇ · (αeff∇T )

−
(
γ

cvl
+

1− γ
cvg

)(
∇ · (pU) +

∂(ρK)

∂t
+∇ · (ρKU)

)
,

(11)

where K = 1
2
U ·U is the kinetic energy, cvg and cvl denote the specific heat

capacities at constant volume for the gas and liquid phases, respectively, αeff

is given by

αeff =
γkl
cvl

+
(1− γ) kg

cvg
+
µtur

σtur
, (12)

where kg and kl denote the thermal conductivities for the gas and liquid
phases, respectively, and σtur is the turbulent Prandtl number, whose value is
set to 0.9 [116]. Note that αeff resembles a phase-averaged thermal diffusivity
that includes the contribution of turbulence, although it lacks a density term
in the denominator.
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This concludes and completes the two-phase compressible flow model that
was used throughout the simulations in the fluid region. Some case-related
adjustments were made for the particular field of applications in particular
supplements and sections. Deviations from this model have always been
explicitly noted and justified in the particular context when applied.

2.3.2 Solid side

In the solid region of the model, the single balanced quantity is the spatial
displacement vector D of the salt core. This process is generally governed
via the stress equations, which reads as follows:

ρs
∂2D

∂t2
−∇ · [(2µs + λs)∇D] = ∇ · q. (13)

The other quantities inside equation (13) besides D are ρs for the solid’s
density as well as λs and µs as the first and second Lamé parameters, respec-
tively. The variable on the right-hand side of equation (13) is the load per
unit area q. q consists of the pressure and viscous forces from the fluid side
– more on that will be shown in section 2.4.

As the experienced reader immediately recognizes, the presented model
is one that assumes isotropic linear elastic behavior for the solid mechanics
side. One additional note has to be placed on the Lamé parameters. In solid
mechanics, there is a full set of 4 material-related parameters, of which only
2 are independent. Therefore, the parameters named in equation (13) relate
to the other two parameters, the Young’s modulus E and the Poisson’s ratio
ν, in the following way [11, 74, 101]:

λs =
νE

(1 + ν) (1− 2ν)
, µs =

E

2 (1 + ν)
. (14)

All the transport equations (PDEs) introduced in section 2.3.1 and section
2.3.2 require boundary and initial conditions in order to be solvable. Those
shall be introduced in the following section.

2.3.3 Boundary conditions and material properties

Most of the boundary conditions in HPDC situations for the fluid are wall
boundary conditions as the walls of the die make up for most of the area.
Every HPDC setup also requires an inlet where the initial velocity is set to
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fluid region

boundary pressure velocity γ
inlet n · ∇p = 0 U = [Uin 0 0]T γ = 1
wall n · ∇p = 0 U = 0 n · ∇γ = 0
interface n · ∇p = 0 U = Ui n · ∇γ = 0

solid region

boundary displacement
bearing D = 0
interface D = Di, see section 2.4

Table 1: Boundary conditions for the numerical simulations

one particular value and the phase variable γ is set to 1. Table 1 provides
an overview of the chosen boundary conditions stating their mathematical
expression. The reader who would also like to know about the OpenFOAM
nomenclature is kindly referred to supplement 3. Most of the conditions are
the zeroGradient condition or the fixedValue condition. Two conditions are a
little more special as they are directly connected to the processes taking place
at the interface. They apply to U and D at the interface in particular. More
on that will be explained when the implementation inside the OpenFOAM
environment is presented in section 2.4.

If not explicitly stated otherwise when presenting the results, the cavity
in the beginning is filled with air (γ = 0), at rest (U = 0), as warm as the
ambient air (T = Tamb) and has not been evacuated (p = pamb).

The initial conditions for the turbulence model are set via the length scale
of the largest eddies and the turbulence intensity. Those quantities were set
to 2 mm and 5 %, repectively.

What is now still missing are the material properties of the phases. Those
are presented in table 2. Please note that g may need to be transformed
for the particular coordinate system. Here the value for the orientation of
supplement 2 is given. The properties for the solid body, i.e. the salt core,
are the ones measured during the course of this PhD project and documented
in supplement 3.

One additional comment on the specific heat capacities cpg and cpl: the
index p means that their value has been measured and documented for con-
stant pressure, which are more commonly tabulated rather than cvg or cvl.
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g (−9.81 0 0) m s−2

Uin 20 m s−1

µg 1.8×10−5 Pa s
µl 1.62×10−3 Pa s
ρl 2520 kg m−3

ρg,0 1.2041 kg m−3

ψ 1.893×10−5 s2 m−2

σ 0.629 N m−1

E 1.5×1010 Pa
ρs 2056 kg m−3

ν 0.21 -

Table 2: Fluid and solid model parameters. The parameters for gas are
those for air; those for metal are for the alloy 4600/AlSi9Cu3 [10, 27, 70];
solid parameters according to [69]

Equation (11), however, requires cv. This conversion can be conducted via
the value of the isentropic expansion factor or heat capacity factor, which
can for air be assumed to be constant and equal to cpg/cvg = 1.4 in the given
temperature range [66, 70, 123]. For the aluminum melt, this additional step
is not necessary as it was treated as incompressible, thus cvl = cpl.

2.4 The implementation of the model inside the CAE-
toolbox OpenFOAM

As mentioned very briefly in the previous sections, the model defined via the
equations was eventually implemented within the OpenFOAM environment
[55, 56, 58, 73, 82, 122]. OpenFOAM is an acronym for Open Field Opera-
tion And Manipulation and is a C++ toolbox for solving scientific problems
that can be defined by governing partial differential equations. It has most
of its applications designed for solving fluid mechanics problems [21, 56] and
applies the finite volume method [30, 116] to solve them. In most simulations
the solver compressibleInterFoam was selected which implements exactly the
physics as they are described by the governing equations in section 2.3.1. One
additional comment is to be made. Three major fork projects exist inside
the OpenFOAM community. One is the foundation version, released by the
OpenFOAM foundation. The second is the OpenFOAM+ release distributed
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by the ESI group. Those two distributions only differ slightly in function-
ality. The third release is the foam-extend release which relies majorly on
contributions by the OpenFOAM community and therefore differs in some
occasions in functionality [20, 114]. It provides for example a toolbox that is
named the FSI-library which provides mechanisms for fluids and solids to in-
teract with each other [52]. This functionality was used to do the simulations
in supplement 3. The physics that were for this investigation implemented
inside the FSI-library differ slightly from the equations in section 2.3.1. The
most notable difference is how the compressibility of air is treated in the
two-phase flow system. The set of equations in section 2.3.1 applies the ideal
gas law for air, thus causing the need for solving an additional differential
equation for energy (equation (11)). The way the solver was implemented in
supplement 3, however, was via the approach of a barotropic fluid [105, 115].
The approach starts with the formula for the standard ideal gas law (equa-
tion (10)), but assumes M

RT
to be constant and introduces the compressibility

factor ψ for this term as shown in equation (15) [87]:

ρg =
pM

RT
= pψ. (15)

Due to these alterations in the equation of state, the computational power
required is also significantly reduced as one PDE less is to be solved. The
reader should however bear in mind that this difference exists between the
two releases of OpenFOAM – the foam-extend and the other two.

Another numerical term in equation (9) is also still to be explained. This
is the Ur term. For reasons of numerical diffusion, the interface would be
less sharp, if this factor were not be added, which artificially compresses the
interface [99]. The solver uses then the so-called Multi-dimensional Universal
Limiter with Explicit Solution (MULES) scheme for interface compression.
In doing so, it introduces a supplementary velocity field, Ur in the vicinity
of the interface. A typical form of Ur is min(U,max(U)), as shown in Ferrer
et al. [34].

Inside the FSI-library, several solvers exist that model fluid-structure in-
teraction. They differentiate between each other in how strongly the cou-
pling between the fluid and solid is modeled. The solver fsiFoam models
the strongest coupling between the two regions as even displacements and
velicities of the solid may cause the flow pattern to alter. Other approaches,
such as weakFsiFoam only account for deformations of the solid due to the
fluid and neglect any feedback to the fluid region by the solid. The solving
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procedure of the top-level solver can be seen in figure 5.

Figure 5: Solving process scheme of fsiFoam Solver

The reader is informed that the titles of the several boxes/steps of the
procedure carry sometimes cryptical names for the reason to resemble the
methods being called by the code as closely as possible. This should increase
the usability of the document when bridging between the code is required in
order to re-do the numerical simulations at a later time. The solving proce-
dure starts with the calculation of the displacement of the flow field, followed
by the simulation of the flow domain. In this step, the applied boundary con-
ditions and the impacts of the displacement are evaluated. According to a
process presented shortly, the solid and the fluid domain are then coupled and
the stress inside the solid is evolved. As the blue loop in figure 5 indicates,
these steps are repeated if either a specified residual criterion or a maximum
number of outer correctors is met. After either criterion is reached, the solver
moves on to the next time-step.

Now, as only one supplement deals with full fluid-structure interaction
(supplement 3) and already the physics of the flow domain are a rather com-
plex flow problem in the field of CFD research, it will be worthwhile to
additionally look at the flow problem and its solving algorithm a little closer.
In order to do that, figure 6 is presented, which is basically a magnifica-
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tion of the process steps, the solver conducts while it is working inside the
flow().evolve() method of figure 5. Here, the standard PIMPLE algorithm, a
combination of PISO [53] and SIMPLE [90], was modified and for this pur-
pose an additional step at the beginning was added that solved the transport
equation of the phase variable γ according to equation (9) at the beginning
of the solving algorithm, i.e. before the momentum predictor.

Figure 6: PISO algorithm before and after the adjustments

Figure 6 shows the original PISO algorithm on the left and on the right
the reader sees the newly implemented extension of it including the addi-
tional step for the phase field. The corrector loops can, analogously to the
outer corrector loop of figure 5, either be broken by a residual or a maxi-
mum number criterion. Readers that are used to this kind of flow chart for
standalone solvers may miss the time step loop in figure 6. They may be
reminded that the processes depicted in figure 6 are only the steps inside the
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method flow().evolve() of figure 5 and that the time object is controlled by
the top-level solver fsiFoam as shown in figure 5.

One explanatory comment shall also be made on the interface processes
how the fluid-solid interaction is implemented. This shall be done with the
help of figure 7. It is visible in the figure that the solid solver transfers the
incremental displacement (δDI) and velocity (uI). This data is then used as
boundary conditions in the particular equations on the fluid side. The fluid
solver, in turn, then returns the patch orthogonal pressure (δpI) and patch
parallel viscous forces (δtI) at the interface. Their values are being calculated
according to the following formula

δpI = pc · Ac,patch (16)

δtI = τc · Ac,patch. (17)

In equation (16) and (17), pc is the pressure in each cell and Ac,patch is
the area of the cell face of the particular patch. τc is the wall shear stress of
that face. Those transferred values are then used as values for the boundary
in equation (13) and it is solved accordingly as shown in figure 5.

Figure 7: Mechanism of transferring the field data at the fluid-solid interface
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3 Experimental determination of the defor-

mation of lost cores in hpdc

3.1 Die design

For the sake of validating the results obtained by the CCM simulations, a
test mold had to be designed and manufactured. The developed tool was a
highly integrative tool concept that allowed for various alternatives in the
process setup to be tested.

1. Two different ingate systems/sprue designs

2. Three different salt core thicknesses

3. Two piston diameters

In particular the opportunity to test for different thicknesses of salt cores
was challenging as it required to also manufacture 3 different ejector pins, all
with a geometry that was tailored to match the salt core’s cross section.

Figure 8 shows a picture of the tool concept that was implemented into a
tool frame. One can see the way the modularity of the concept was designed
via several interchangeable inserts. Figure 8 is separated into an (a) and (b)
part. This guarantees that both ingate systems could be tested, the straight
ingate (a) as well as the fork ingate (b).

As shall be discussed later in the text, each salt core bearing requires
a tailored ejector pin. The reason for this is that due to the brittleness of
the core material and the impossible perfect ejection, the core bearings may
break during ejection of the casting. If that happens it will be very difficult
to remove the residual part of the core that is stuck inside the core bearing.
Without these ejector pins for each core bearing, a continuous serial process
is not feasible.

Figure 8 also shows how different core geometries can be tested. The
green parts in figure 8 are special inserts that represent the negative of the
core bearing geometry. As they are completely interchangeable, they can
hold cores with different cross-sections. This was used in the experiments
since – as section 3.2 illustrated – three different core geometries were tested,
namely 3, 5 and 7 mm thick cores. Generally speaking, the shape of the core
bearings is not limited to cores with rectangular cross-sections. This concept
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Figure 8: The tool concept for validation of the simulations in high-pressure
die casting experiments. There is always a pair of inserts for the moving
side (ms) and the fixed side (fs); (a) is the setup for the straight ingate, (b)
represents the tooling parts for the fork ingate
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could also easily hold cores with circular cross-sections. All one would have
to do is manufacture a new set of inserts.

The interchangeable shot sleeve, i.e. enabling the concept also to run with
different piston diameters, is not shown in figure 8. Since this is, however,
state of the art in high-pressure die casting molds, it will not be specifically
addressed in this section.

3.2 Core design and dimensions

During the development of the core design, an emphasis was put on creating
a simple geometry that would resemble the statics of a 3-point-bending test
[28] inside an HPDC-tool. The core should be subjected to a maximum of
pressure forces from the melt in order to capture both material responses:
survival and fracture. For this purpose three different cross-sections were
evaluated in order to find the optimal setup. These were:

1. Rectangular cross-section,

2. Circular cross-section,

3. Circular ring cross-section.

The reasons why the rectangular cross-section was ultimately selected for
the experiments were twofold. At first, it was the cross-section where the
forces caused by the inflowing melt were the highest. Secondly, during the
discussion with the core manufacturer, the company Emil Müller GmbH [47],
it became evident that this geometry would lead to the most homogeneous
prototypes during production. Both of the other types would have experi-
enced heterogeneous levels of compression during manufacturing. Hence the
continuum mechanics approach would not be valid anymore.

Figure 9 shows the ultimate dimensions of the selected salt cores in an
engineering drawing. The reader may note that the three depictions of cross-
sections on the right represent one different type of core each. It is also
important to point out here that in the ultimate die design, each core was
plugged into the core bearing inside the die, which is 15 mm in depth on
each side. For this purpose, the maximum bending length of the core was
not 100 mm as one might guess from figure 9 but only 70 mm. The residual
part of the core was stuck inside the die’s core bearing.
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Figure 9: An engineering drawing of the salt core geometry of the ultimately
selected shape: a rectangular cross-section with 10 mm in width and 3, 5
and 7 mm in thickness.

3.3 Casting parameters

3.3.1 Plunger velocity

All casting experiments were conducted on a machine of type Bühler with
a clamping force of 2000 kN. As shown in the previous sections an existing
frame was re-used with new inserts in order to have the necessary geometry
for the casting trials. As it appeared from previous publications [35, 38, 39]
that the ingate velocity had been identified to be a major factor, particular
regard was given to this issue. The machine allowed for a variation of the
plunger velocity in increments of 0.25 ms−1. The starting value was put to
0.5 ms−1 and the five steps up to 1.5 ms−1 were tested. Also, a small ramp
at the start was prescribed for the piston motion.

3.3.2 Dwell pressure

Dwell pressure was identified by previous research papers [37] on the subject
as one factor that needs to be monitored. Therefore, a series of trials was
also put in place in order to test whether it had a significant impact on the
outcoming shape of the core. In order to not confound the results evaluating
the impact of dwell pressure, all these tests were conducted with the slowest
ingate velocity, i.e. 0.5 ms−1.
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Figure 10: The geometry for investigating the slamming on a salt core in a
channel; all dimensions in mm

4 Results and Discussion

4.1 Modeling the forces on lost cores

4.1.1 The effect of slamming

The results of supplement 2 and during the early simulations showed that
a huge peak value appeared in the force plot when, the melt-air interface
first hit the core. The nature of that peak was that – although high in
value – its force-time integral was rather small. Moreover, the value was also
largely dependent on the simulations parameters such as the mesh spacing
∆x and the time step size ∆t. The question that arose from these findings
was therefore, how the correct value at this point could reproducibly be
calculated. Specifically both whether core failure happened at this impact
or whether the assumptions made were suitable for calculating the force at
this particular point in the process. In the scientific literature, these events
are known as slamming and are for example investigated during the design
of offshore wind parks [40] and other naval architecture problems [4].

With the purpose to test this phenomenon further, the illustrated geom-
etry (figure 10) was devised, resembling a simple salt core in a channel with
round edges, which was more similar to the eventual industrial design.

The boundary conditions for the geometry of figure 10 are the standard
boundary conditions for the inlet, ambient pressure at outlet and standard
conditions for walls. The salt core boundary condition was also a general
wall boundary condition, but with the addition that the force at this wall was
evaluated with the OpenFOAM function object ”forces”. The mathematical
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formulation of the boundary condition of this base case is more detailedly
documented in supplement 6. An ingate velocity of 10 and 20 ms−1 was
prescribed at the inlet. This value was derived from the experience of the
operators of standard casting simulations. They named it as an upper cap
for velocities inside a die casting mold that could possibly hit a salt core. As
for the time step control during the simulations, the OpenFOAM capacity
of controlling the time step via the Courant number [23] was used. The
solver during the simulations was restricted to an upper limit for the Courant
number of 0.8 for all the simulations in this section unless it was specifically
stated otherwise.

Following the results of supplement 2, in almost every simulation where
the core was treated as stiff, the signature peak appeared in the force plot.
The ambition was therefore to investigate its nature more in detail. This was
done by introducing the dimensionless slamming factor Cs, which is defined
as follows:

Cs =
F

ρRu2l
. (18)

The letters on the right-hand side in equation (18) are the computed force
F, density ρ, velocity u as well as the radius R and the length of the core l.
Analytical considerations have been made by von Karman [118] and Wagner
[121] to determine this slamming factor with the result that according to von
Karman the slamming factor for a cylinder was π while Wagner put it at
2π [42]. More recent studies [40, 124, 125], however, indicate that the value
according to von Karman represents a lower limit of the slamming factor,
while the Wagner model acts as an upper cap. Both models also fail at
providing a development of the value over time. Campbell and Weynberg [18,
19] present a model that offers results based on empirical data to determine
the plot over time according to the formula

Cs =
F (t)

ρRu2l
=

5.15

1 + 9.5utR−1
+ 0.275utR−1. (19)

The letters in equation (19) represent the same quantities as in equation (18).
The meticulous investigation of this phenomenon showed that with generally
used meshing standards in industry and mesh spacings in the range of 1 mm,
the CFD simulation underpredicts the value of the slamming factor. This
result is shown more in detail in figure 11. It becomes evident that the
simulation requires a mesh as fine as a spacing of 0.3 mm in order to be
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Figure 11: Mesh study of the slamming factor in comparison with models by
von Karman [118] and Wagner [121]

above the lower limit of the slamming factor according to the von Karman
model. This is a significantly lower value than the typical mesh spacing in
industry (∆x ≥ 1 mm) and requires a mesh for this rather small geometry
to consists in total of 60 000 cells albeit being a 2D-mesh. Transferring
these results onto a real world casting geometry including salt cores and
designing a 3D-mesh according to these findings will in turn produce a mesh
that is completely impractical to use with currently available computational
capacity.

While figure 11 showed that coarser meshes underpredict the peak in the
force, the stationary value of the force tends to be overpredicted the coarser
the mesh is. From a design engineer’s point of view, this is a beneficial
outcome as it includes a built-in safety factor into the design of a devised
product.

Figure 12 shows this study’s result in comparison with the findings of
previously published articles on the matter. The results are plotted for a
mesh fineness of 0.025 mm spacing. Technically, only a refinement of the
cells in the near core area would be necessary. However, given the fact that
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Figure 12: Comparison of the computed result with reference studies in pre-
viously published articles

then the structured nature and the numerical benefits that come along with
it, would have to be sacrificed, this opportunity was forgone here as the
domain was sufficiently small and calculation efficiency was not a benchmark
in this academic study.

Figure 12 shows also the values for several other models, among them the
von Karman [118] and Wagner [121] models as well as more recent models. It
can be concluded that this study’s assessment of the slamming factor is very
well in the middle of the earlier authors’ findings. One interesting observation
of the present volume-of-fluid model is that its increase is, compared to the
mostly analytical models, more gradual. The other models feature a sharp
step-like increase in value resembling the morphology of a Heaviside function
[31].

The reason for this gradual increase is to be found most likely inside the
volume-of-fluid approach itself. As supplement 2 and supplement 3 illus-
trated, the material properties are being averaged by their volume fraction
labeled γ in the supplements and this thesis or α as other publications and
the OpenFOAM code name it. Another reason for this feature is to be found
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in the numerical approach of this study, where the numerics are known to
smear out the interface of volume-of-fluid simulations [99]. Therefore, artifi-
cial interface compression terms need to be introduced into the volume frac-
tion’s PDE [70, 99]. This effect of a non-discrete interface causes additional
problems in stability of the interFoam solver-family in the sense of spurious
parasitic velocities at the interface and several strategies to mitigate the ef-
fects towards a sharper interface have since been proposed [13, 33, 98, 119].
We can conclude that, taking into account figures 11 and 12, one has at
the given parameters at least maintain a mesh fineness corresponding with a
spacing of 0.2 mm to reach a value above the limit defined by von Karman
[118], if one wants to achieve a proper result for the slamming factor. Trans-
ferring this finding to more applicable designs in industry, it underscores
the necessity of boundary layers every time the load on salt cores is to be
evaluated via a volume-of-fluid approach.

The aspect of turbulence treatment on the slamming factor in the sim-
ulations was also evaluated during the investigations. Figure 13 features
this result. Two different turbulence models were benchmarked against each
other for the given case and the different mesh spacings, as illustrated in fig-
ure 13. The benchmarked turbulence models, are Menter’s k-ω SST model
[84, 86] and the RNG k-ε model [130]. The reason why those two were picked
are that the Menter model was proven to be of excellent stability and accu-
racy proven in studies published by other authors [97] and own results in
supplement 1 [68] and supplement 2 [70]. The RNG-model was selected as it
is the standard of the commercial CFD casting software Flow-3D Cast. Both
turbulence models belong to the RANS-model family (compare figure 14).

As is evident from figure 13, the selection of the turbulence model is of
minor importance. Even with different mesh spacings, the result of the slam-
ming factor stayed more or less the same. The variation was at maximum
for all values plotted below 2 %. This is plausible as the main contribution
to the slamming results from the pressure forces on the core – an effect docu-
mented more in detail in supplement 2 [70]. For those forces, the momentum
of the melt is more important compared to other factors that happen inside
the fluid. As the reader will discover in the following chapter, the pressure
forces and the related slamming force is rather immune to changes of the
turbulence model.

For the purpose of condensing the findings on slamming, the following
bullet points can be stated:
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Figure 13: Influence of the selected turbulence model on the computed result
of the slamming factor

1. It has been shown that within the presented model a calculation of the
forces is possible. Furthermore, the predictions are in line with previ-
ously published data on slamming from marine applications. Deviation
is at most 5 %.

2. However, the parameters in particular the mesh spacing have to be
selected very carefully in order to compute the correct value for the
slamming factor. In the given setup, the spacing had to be at least as
fine as 0.3 mm with the optimal results being achieved with a spacing
of 0.025 mm.

3. The load is mainly due to the pressure forces, while the viscous shear
forces only play a negligible role. The value for the viscous forces
accounts for less than 2 % of the total force.

4. With the strong impact of the velocity of the melt-air interface at im-
pact, a customized shot sleeve parameter setup is essential for guaran-
teeing slow speeds at impact and thus a viable process involving sound
salt cores.
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Figure 14: Different strategies for calculating the turbulence in the Navier-
Stokes equations

4.1.2 Turbulence treatment

As shown in supplement 2, the aspect of the turbulence contribution to the
Navier-Stokes equations is always a subject of discussion in academic papers
on CFD [48, 85, 107, 127].

For this purpose, the intention of this section is to determine, how critical
the proper modeling of the turbulence contribution is in the thesis’ particular
field of application. Three different turbulence models were benchmarked
against each other. These models were the previously already mentioned
Menter SST k-ω-model [84, 86], the standard k-ε model [76] as well as the
empirically based Spalart-Allmaras model [106] from the aviation industry.
All of these models belong to the RANS-family within the framework of
figure 14. It is obvious that laminar flow is not suitable for the applications
as the Reynolds number is well above the cut-off value of 2500 [93] and hence
no laminar conditions can be assumed. Given the complexity of HPDC-
geometries in general and the applied and industrial nature of the projects,
the large-eddy-simulation (LES) and the direct-numerical-simulation (DNS)
strategy were not considered either.

As for the geometry, all simulations were done via simplifying the previ-
ously shown geometry (see section 3, figure 8) into a 2D-geometry (see figure
15) and having the simulation run over a longer period of time in order to
level out the differences in flow pattern caused by the differently developing
morphology of the melt-air interface in the simulations. These differences
were caused by the different modeling approaches of the turbulence term in
the Navier-Stokes equations.

This difference in flow pattern is illustrated for three different time steps in
figure 15. As already briefly mentioned, the original 3D-geometry was sliced
into a simple representative 2D-geometry. Thus, this drastically reduced the
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size of the computational grid. Mesh independence with respect to the force
on the core was found to be attained for a mesh with 36708 cells with edge
lengths between 0.2 and 0.5 mm. A constant melt speed at the inlet of
1.5 ms−1 was employed. y+-values obtained at walls varied between 30 and
35.

Due to the model-specific calculation of the eddy viscosity, the acting
force on the salt core differs. Therefore, the relationship between the force
on the core and the selected turbulence model was studied more in detail. For
this purpose, an outlet was constructed into the 2D-geometry, via which the
melt could flow out during the filling of the mould thus eventually leading to a
steady state flow situation. The outlet was placed adjacent and perpendicular
to the core surface. For each of the three mentioned turbulence models, the
flow was then computed over a time interval of 0.6 s which is much greater
than the die filling time, calculated to be 0.03 s. The result of this averaged
force over the stated period of time is shown in figure 16.

The forces can result from either viscous shear or pressure. As already
found in section 4.1.1, the viscous forces were in this study also found to be
of only small if not even of a negligible importance. All forces in directions
other than along the x-direction were also negligible. Thus, figure 16 only
shows the forces Fx. The k-ε model gives and average value of 88 N, while the
k-ω-SST and Spalart-Allmaras models give around 96 N or 98 N, respectively,
as the average force.

The plotted error bars indicating the standard deviation also show that
the variation in force is the lowest for the Spalart-Allmaras model. The rea-
son for this observation is believed to be found in the fact that the way, it
models the eddy viscosity. Compared to the other two, it only solves one
equation where the other two solve two. To sum up the results in figure 16,
one may state that the physical quantity of force which was plotted here does
not differ more than 6 % depending on the turbulence model chosen. This
value is below the regime indicated by the error bars in figure 16 of 10 %
for the k-ε-model. This echos the findings of Higuera et al. [49] who also
benchmarked the k-ε and the Menter SST k-ω RANS models in their Open-
FOAM implementation against each other and experimental data. They
found a stable implementation and good agreement with experiments, i.e.
only deviations below 3 % [49].

The study involved also an evaluation of the computational resources
needed for the different turbulence model. Figure 17 shows this result. The
study was done using only one core of the processor. It becomes evident from
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Figure 15: The flow pattern on the 2D-mesh at three different time steps,
illustrating the influence of the selected turbulence model on the morphol-
ogy of the melt-air interface: (a) k-ε; (b) k-ω-SST; (c) Spalart-Allmaras.
Red areas characterise the melt, blue areas the air and the mixed colours
(white/orange) regions are the interface between melt and air
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Figure 16: Comparison of the effective mean pressure force in the x-direction
when using different turbulence models; the vertical bars show the standard
deviation

studying the figure that the computation times with the k-ε, k-ω-SST and
Spalart-Allmaras models were 92, 89 and 81 minutes, respectively.

One of the reasons for the shorter solution time for the Spalart-Allmaras
model is that it is a one-equation model. Solving only one partial differential
equation takes less computing time than solving two, as in the case of the k-ε
and k-ω-SST models. The results of this time comparison analysis plotted
in figure 17 are therefore well in line with algebraic reasoning.

To conclude this section on the importance of turbulence modeling within
the framework of these salt core casting simulations, the following conclusions
can be drawn.

1. Within the framework of the RANS-family, 3 turbulence models were
tested. The results illustrate that with particular regard to the engi-
neering question, i.e. the modeling of the load on lost cores, all three
turbulence models produce with minor deviations the same values for
the force and hence the selection of the correct model is less important
than for example in aerodynamics simulations.

2. Even a model that was not particularly designed for this kind of cases,
i.e. the Spalart-Allmaras model for external aerodynamics, only showed
minor deviations from the results of one (Menter SST k-ω), which is
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Figure 17: Comparison of the necessary computational time in minutes when
doing the simulations with the particular turbulence model

very suitable for internal geometries, according to the academic discus-
sion at this date.

3. The results of this study do therefore not echo the general academic
opinion that the turbulence model has to be selected and even cali-
brated very carefully in order to get physically good results. Contra-
dictory to this opinion, the findings here show, that the general case
is much more sensitive to other boundary conditions such as ingate
velocities or cross-section dimensions.

4. Based on the result of this study no other strategies of turbulence
modeling were considered (LES or DNS). The reasoning for this was
two-fold: The ultimate aim of this study is to develop a robust and effi-
cient model for industrial geometries. None of the two advanced studies
would be able to compute these geometries without tremendous efforts
of super-computing. Secondly, the turbulence model affects directly
only the viscous forces. Those are of minor importance as shown by
the results. It was due to these reasons concluded that other scientific
questions were more pressing and promising than a further study into
the impact of more advanced turbulence treatment strategies.

30



Figure 18: Benchmarking of the presented OpenFOAM model with previ-
ously published data by Korti and Aboudi [71]; the figure shows the interface
positions at various time steps

4.2 The importance of including the shot sleeve into
the model

It has been an ongoing discussion on whether it is ultimately necessary to
simulate the shot sleeve as part of the HPDC process simulation or whether
its optimization can take place separately [64]. Due to this interest of the
scientific community as well as the industry, a study on whether OpenFOAM
can also be used for this calculations was conducted. For a detailed overview
of the results, the reader is redirected to supplement 5. The main conclu-
sions from this study were that the implemented solver that accounts for
the proceeding piston and the shrinking fluid domain is very well capable of
reproducing the data of previously published publications [32, 71, 75, 80] in
the field with deviations of at maximum 13 %. This is illustrated in figure
18, where the solver was benchmarked against one particular study with the
commercial solver FLUENT.

After this plausibilization of the results and a additional benchmarking of
the solver on a 2D-geometry with the diameter of the later application case
with a model from Reikher and Barkhudarov [95], the solver was then applied
to study whether it could also produce reliable result on 3D geometries with
actual ingate systems for serial casting products of Volkswagen power-trains.
For this purpose the EA211 crank case was selected. The results for the
different first phase velocities are shown in figure 19.

In fact, the results in figure 19 show that such cumbersome modeling
is in the end not eventually necessary. The results of the CFD modeling
showed that the least air was entrapped behind the melt-air interface at the
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Figure 19: The fraction occupied by air after the melt-front has propagated
into the ingate; the numerical values represent the different piston velocities
in ms−1

ingate when the plunger propagated with a velocity as close to the critical
velocity measured by Garber in as early as 1982 [41] and in later publications
[16, 88]. Even a plunger acceleration law with a simple linear ramp to the
critical velocity produced good results.

After these findings, efforts were made to join the simulations of supple-
ment 2 and supplement 5. The aim was to study the melt flow inside the
test body that was documented in supplement 2 when the processes inside
the shot sleeve were attached to the model. The simulation would start with
a melt at rest inside the chamber before the plunger was about to move.

The findings here were that it was indeed possible to join these two to-
gether. However, the simulation time that was required increased exorbi-
tantly as the shot sleeve chamber required many cells to be solved and the
high speeds in the thin areas at the ingate required small time steps in order
to keep the Courant number [23] at an acceptable level, i.e. below the value
of 0.8. For the qualitatively best results, there was a factor of 10 between
doing the simulations jointly as opposed to doing them separately, as shown
in the supplements. Perhaps a tailored solver that treats the two regions
separately in terms of required accuracy would help. At this point, however,
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one would have to conclude that the engineering benefit of the joint model
does not outweigh the increased cost in terms of lag time and computational
power.

Based on the findings the conclusions regarding the inclusion of the shot
sleeve are as follows:

1. OpenFOAM is very well capable of handling the shrinking fluid domain
during the shot sleeve modeling while the plunger is propagating. The
moving mesh can be either modeled by shrinking all cells as well as
successively removing layers from it.

2. With respect to the ultimate aim of this study, the importance of the
shot sleeve inside the fluid domain is negligible. It is much more suitable
to transfer the plunger acceleration law that shall be used in later
production into a corresponding boundary condition for velocity at an
ingate such as shown in the geometry of supplement 2.

3. The eventual recommendation is therefore mainly due to economical
and response time reasoning, to treat the optimization of the slow phase
in process design in a separate CFD project.

4.3 Validation of the CCM simulations on a simple
HPDC geometry

Based on the die design illustrated in section 3, the results computed by the
solver were compared with practical experiments inside a test die. The find-
ings there were extraordinary. It was revealed via the experiments that the
previously assumed material behavior during die casting only insufficiently
described the response of the salt core to the in-flowing melt. In the be-
ginning it was, based on previous findings [38, 39], envisioned that the cores
would either crack under the load of the melt stream or withstand the stresses
and with negligible deformations keep their shape.

Figure 20 shows that this is not the case. Illustrated in figure 20 is
a core shape after casting with an ingate velocity of 30 ms−1. The result
clearly shows that the approach of calculating only the forces on the core
such as done in supplement 2 and supplement 6 does not reach far enough.
Even when the core will withstand the stresses applied by the contact of
the melt, it may still be subjected to a bending in the opposite direction.
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This is important to note when looking at the shape of the core in figure
20. Opposite from what one would assume when thinking of the experiment
described in section 3, the final shape of the core will be in the other direction.
The shape of the core that is shown in figure 20 is representative for a batch
of 30 cores with that ingate velocity (30 ms−1) and the same parameters.
Please note that no alteration of the shape was found when different dwell
pressures ranging from 10 to 80 MPa were applied.

Figure 20: The deformation of the salt core in a casting experiment; Uin =
30 ms−1

With ingate velocities higher than the value of 30 ms−1, the findings of
Fuchs et al. [38] could be repeated. While the cores that survived the process
showed a similar shape as shown in figure 20, there was a significant share
of cores that did not and cracked. Such an example of a cracked core is
shown in figure 21. This share increased for ingate velocities from 40 ms−1

to 60 ms−1 (compare the boundary conditions in supplement 2) from 10 %
to over 50 %. It can therefore be assumed that minor cracks in the material
become of increasing importance at higher ingate velocities. Thus, this may
determine whether the core will survive the first punch of the melt in the
process. This finding will without a doubt bring the approach of modeling
the process with a continuum mechanics approach to the fringes. This is
due to that one central assumption of this methodology is that the material
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properties are more or less evenly and homogeneously distributed inside the
continuum body.

Figure 21: The deformation of a cracked salt core in a casting experiment;
Uin = 50 ms−1

Based on the findings of the numerous casting trials, we may therefore
draw the following conclusions:

1. The approach of deciding a priori, only based on the forces, whether a
process will be sufficiently stably designed in order to produce sound
castings does not reach far enough. The reason for this is that the core
failure may also appear in the shape of deformation, not only cracking,
as it was previously assumed.

2. All cores see deformation. The deformation was in this experiment
towards the other direction than the direction of the inflowing melt.
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3. At higher velocities, the share of cracked cores increases. This suggests
that random factors such as irregularities in the core material are the
cause of failure.

4. For a complete engineering discussion a more sophisticated approach
than only modeling the forces needs to be developed in order to a
priori determine that the plastic deformation of the cores will be within
acceptable limits.

4.4 An FSI approach for determining the core defor-
mation during die filling

Based on the findings in section 4.3, the necessity emerged of modeling the
interaction between the fluid and the solid over time. Given this require-
ment of additional complexity, an FSI-approach [52] had be be developed.
The mathematics and numerics of this approach were already introduced in
section 2. This approach involved an additional meshing of the solid domain,
that had previously been left out, and a coupling between the two regions
shown in section 2.4. The physics for this approach on the fluid side had
not previously been implemented inside the OpenFOAM framework. Only a
top-level solver for solving two-phase compressible flow existed [1]. It had to
be rewritten in order to account for the requirements of a solver class inside
the FSI-library.

Upon successful implementation and benchmarking with the top-level
solver on the standard dam-break case [12, 72, 82], the FSI-solver with the
two-phase compressible fluid flow model was applied on the test case resem-
bling the three-point bending test inside the mold cavity. The result of this
testing at several time steps is shown in figures 22 and 23. One observes
there that the initial force vector by the melt that is flowing in bends the
core towards the upper end of the die – i.e. in the positive x-direction in the
given orientation. The flow continues then to fill the two arms of the casting
and the bending direction changes towards negative x-values.

Figure 23 shows the evaluation of the melt flow pattern and the displace-
ment of the core at 95 % fill fraction. There the bent shape of the core
matches the one of the casting results shown in section 3. However, if one
continues to let the solver run to 100 % fill fraction one observes that the
core returns to its original shape as the melt comes to a complete standstill.
Since the force at the core-mold interface is mostly momentum-driven, the
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core displacement / m

Figure 22: The deformation of the salt core after 0.016 s, as predicted by the
CFD simulation; Uin = 30 ms−1

force returns to 0. Furthermore, since the implemented material model for
the salt core (see section 2.3.2) is fully linear, this has the salt core return to
its straight position in the end. Supplement 3 therefore concludes with the
recommendation to evaluate the model at 95 % fill fraction as this matches
the eventual shape of the core.

The entire displacement of the core over time is also of interest for the
engineer and possible with a function object called pointHistory inside the
FSI-library. The result of such a point history evaluation is shown in figure
24. In the figure the reader sees the position of the center of the core beam
over time. Looking at the plot, the reader can once again reconstruct the
movement the core undergoes during die filling. First, the melt pushes the
core towards the upper end of the die because of the change in pressure
forces when the phase with the high density (melt) replaces the air with
the same velocity in front of the core. As soon as the melt stream is being
redirected by the upper end of the die, the direction of the force also switches.
The integrated force is now working in the opposite direction completely
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core displacement / m

Figure 23: The filling pattern of the melt and core displacement at a fill
fraction of 95 %; Uin = 30 ms−1

reversing the initial displacement of the core and pushing it into the opposite
direction. Shortly before the die is at 100 % fill fraction and at standstill,
the displacement of the core is at 1.1 mm, matching the eventual shape that
was also observed in the casting tests (1.2 mm on average).

Based on the results presented and the experiments with the modeling of
an FSI-approach, we may draw the following conclusions:

1. It is possible within the FSI-library of OpenFOAM to couple a com-
pressible two-phase model with a solid mechanics model and run it in
a sufficiently stable manner.

2. The model is capable of reproducing the bending of the core, which
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Figure 24: The displacement of the salt core centre in the x-direction over
time

is in the ”assumably” wrong direction from what one would a priori
believe.

3. The still largest drawback of the model is its reversibility. The core
returns to its original position if the melt comes to a standstill. It is
therefore not yet possible to retrieve the final shape of the core when
evaluating the model at 100 % fill fraction.

4. Stability on industrial geometries remains a subject of concern as well
as solution times. Additional efforts should also account for the heat-
transfer-induced plastic deformation found in section 4.3.

4.5 The importance of including heat transfer between
melt and core

As the results documented in sections 4.3, 4.4 as well as supplement 3 suggest,
heat transfer from the melt to the core is a phenomenon not to be neglected
when assessing the deformation of the core over time when larger force-time
integrals are involved. For this purpose, a follow-up study was conducted to
evaluate whether even in the short time intervals present, a contribution of
heat transfer to a potential temperature rise could be measured.
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Supplement 1 already introduced a CFD model that can be applied for
this kind of engineering question and validated its implementation inside the
OpenFOAM library [68]. The model used in the supplement was a conjugate
heat-transfer approach [29, 81, 91, 120]. This model was now also applied
to this engineering problem with the material properties altered. The ma-
terial properties are shown in table 3. The material data is the same as in
supplement 2 for the liquid aluminum alloy. The thermodynamical data for
the solid, i.e. the salt core, here is new, as this aspect of salt cores was not
previously discussed.

Table 3: Material parameters of the salt core for the heat transfer model

parameter abbreviation value, solid value, liquid unit

Temperature T 300 - K
solidus temperature TS 588 - ◦C
liquidus temperature TL 640 - ◦C
density ρ 2330 1800 kgm−3

specific heat capacity cp 1050 1650 Jkg−1K−1

heat conductivity λ 2.2 1.6 Wm−1K−1

As there is currently no solver implemented inside neither OpenFOAM
distribution that solves for conjugated heat transfer with a multi-region ap-
proach and a two-phase flow model, the tested geometry was simplified in
order to be solvable by the existing solver that was thoroughly documented
in supplement 1.

The idea was to simulate the heat transferred by the by-flowing melt
into the core in the very short times during die filling. Additionally, the
author wanted to get an idea of whether this transferred heat actually leads
to a measurable and important rise in the core’s temperature. A sketch of
this simulation geometry can be seen in figure 25. As previously stated, the
geometry is highly simplified as this was a supplementary test as the core
plasticity that was seen (section 4.3) could otherwise not be explained. While
looking at the sketch, it is important to keep in mind that this is no two-
phase simulation even though the melt velocity vectors that are drawn may
indicate otherwise. At the beginning the entire fluid domain is filled with
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melt and is at rest. The flow is then induced via the boundary condition at
the inlet, where the ingate velocity was prescribed.

The tested velocities ranged from 2.65 ms−1 to 4.65 ms−1 with 3.65 ms−1

as the base case. The increment by which the ingate velocity was raised was
0.5 ms−1. These values were derived from the filling time and cross-section
parameters of the previously shown geometry. The zero gradient condition
was applied for the velocity at the outlet, while most of the other patches
were walls with the corresponding boundary conditions. The heat interface
was naturally put to be a boundary of conjugate heat transfer. The physics
implemented for this boundary condition are shown in supplement 1.

melt

125

20

5

5

x

y

Figure 25: Sketch of the simplified simulation; note that the entire domain
is filled with melt as this is a single-phase flow model

According to Popovac and Hanjalic [94], the mesh spacing is particularly
critical for heat transfer applications as the boundary layer has to be precisely
modeled and also the dimensionless wall distance y+ [8] has to be maintained
in a particular range to make sure that the wall functions for the turbulence
model yield the correct values. For this purpose, a mesh independency study
was conducted starting with 98 cells in the fluid and 2 cells in the solid.

Figure 26 shows the result of this mesh study. The mesh was successively
refined to reduce the cell spacing by half for every new run in both regions
– the fluid and the solid. The reader may note that only the increasing cell
number of the solid’s cells are noted in figure 26. In consequence the cell count
quadrupled as this was a 2D-mesh. Figure 26 also shows the corresponding
y+-values. Each of the lines represents a single simulation of the heat transfer
problem shown in figure 25 with a different version of mesh refinement. The
reader can easily see that the solution converges towards a limit with the
incremental improvement in accuracy decreasing with each refinement step.

One additional note, the y+ value should decrease with an increased mesh
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fineness. However, if looking at the results presented in figure 26, this is not
true for each step. Going from 128 cells to 512 cells led to an increase of the
y+-value. This is most likely due to a change in the flow pattern as the mesh
gets finer.

y+ =
u∗y

ν
(20)

Equation (20) reminds the reader how y+ is calculated. The formula has
the two variables u∗ and y as the wall friction velocity and the distance to
the nearest wall. Obviously, y changes as the mesh becomes finer, but due to
this refinement u∗ may also change. The kinematic viscosity ν is presumed
to be constant.

In order for the wall functions in the turbulence models to work properly
Popovac and Hanjalic [94] suggested a minimum value of 30 for y+. We see
in figure 26 that the difference here between 512 cells and 2048 cells with the
corresponding y+ values of 137 and 79, respectively, only show a difference
which is within the thickness of the graph. Thus, this difference lacks a
significant improvement in the result quality when making the mesh even
finer. Due to these findings, all of the following simulations were done using
the mesh with 512 cells in the salt core and 25,088 cells in the fluid region.

It is also of interest to see how the geometry of the core heats up in detail
and not only to study the average value. This can be done by evaluating the
color plot of figure 27. There, the core’s cross-section is shown including the
particular temperature in each region. Also, the smooth transition between
the temperatures in the different regions is an indication that the mesh reso-
lution is sufficiently fine. If not, a checkerboard-like structure would appear.

The reader can see in the figure that the heat needs some time to travel
through the salt from the surface. While a very thin outer layer heats up
immediately to the melt temperature, the temperature in the middle of the
core will not rise before a time interval of 1 s has elapsed.

Although it is plausible that the melt will heat up the outer layers of
the core first, this has interesting consequences for the ultimate engineering
questions, i.e. to simulate the material behavior as precisely as possible.
Remembering the Euler beam theory that was for example applied in sup-
plement 2, the outer parts of a beam generally contribute the most to the
resistance of the beam against deformation caused by an external force. A
decrease in material strength in the outer parts will therefore be more influ-
ential with respect to the likelihood of core viability than in the middle of
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Figure 26: Result of the mesh independency study
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Figure 27: Temperature in salt core at times t=(0.1s, 0.5s, 1s, 1.5s, 2s) from
left to right

the core.
To get a better feeling of the temperature profile that develops inside a

core, plots along a line were also evaluated. The result of this study is shown
in figure 28. The numerical results are the same as in figure 27, but only the
way of visualization is different. What the reader can see very well in this
figure is that the core sees a slowdown in rise of temperature from the early
to the later times, i.e. with the same ∆t, in the beginning the difference in
temperature ∆T will be smaller at later time steps as seen in the figure.

For the given case, it is possible to do a benchmark study with a special
case for which an analytical solution exists. This benchmark case is that of a
plate of thickness 2s heated from both sides (see [14]) with the temperature
at the ends of the plate kept constant.

According to Böckh and Wetzel [14], the spatial temperature profile inside
the plate over its thickness can then be calculated with the Fourier Series
[36] formula for the dimensionless temperature θ.

θanalytical =
4

π
·
∞∑
n=1

· 1
n
· e
−
n2 · π2 · a · t

4 · s2 · sinn · π · x
2 · s

, with n = 1,3,5,.. (21)
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Figure 28: Spatial temperature distribution in x-direction through the middle
of the core

a =
λ

ρ · cp
=

2,2
W

m K

2330
kg

m3
· 1050

J

kg K

≈ 8,99244 · 10−7
m2

s
(22)

In theory, this formula is an infinite sum in order to describe the perfect
resolution of the temperature profile. Practically speaking, it was more than
sufficient to evaluate the terms up to n = 19. At n = 19, the order of
magnitude of the summands was already as small as 10−7 and they made
thus no more visible contribution to the plot.

In order to compare the result of the dimensionless temperature from
equation 21 with the numerical values it will be necessary to transform the
simulation results into the dimensionless temperature. This can be done via
the presented formula:

θnumerical =
Tcore − Tmelt

Tcore,0 − Tmelt

(23)

The result of this comparison study is shown in figure 29 and figure 30. It
follows from the results that the numerical values for the spatial temperature
distribution are overlying each other with the analytical results. Omitting
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the boundary layers, the values deviate only at worst in the third decimal,
i.e. below 1 %. Some anomalies at the boundary are most likely attributed
to the mesh resolution at the interface being to coarse to capture the steep
and rapidly changing gradients and phenomena at all times. In general the
results are in good agreement with the analytical benchmark, underscoring
the physical validity of the cht-Solver of the OpenFOAM toolbox.
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Figure 29: Dimensionless temperature distribution through the salt core at
time t=1 s

Putting all the achieved results together one can draw the following con-
clusions in general.

1. Although only short time periods are involved in HPDC, the shell of
the core at the boundary heats up very quickly.

2. It will therefore not be as resistant to an external force as previously
assumed since the outer shells of a beam carry more load according to
Euler’s beam theory.

3. A future work on the model shall therefore include a more sophisticated
material model for the solid; either including temperature or adjusting
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Figure 30: Dimensionless temperature distribution through the salt core at
time t=2 s
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the material properties for its heated-up state.

4. An additional idea would be to activate the heat transfer model only
in a special zone of the simulated die, so the evolution of the inflowing
melt can for the majority be treated as isothermal.
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Figure 31: A strategy proposal for designing castings with lost cores and the
corresponding manufacturing process

5 Concluding discussion

5.1 An engineering strategy proposal for designing a
hpdc process with lost cores

This thesis shall analyze all findings in context and end with a strategy pro-
posal on how computational continuum mechanics can support the casting
engineer in designing products for the automotive and related industries and
the corresponding process. The entirety of all supplements combined shows
that a simultaneous model or engineering tool that covers all aspects of in-
terest at once is still unavailable for the foreseeable future. The ultimate
result of all research undertakings throughout the course of this PhD-project
is therefore the following segregated strategy for designing castings with hol-
low, inlying geometries that serve the purpose to provide a suitable heat
transfer. This proposed strategy is illustrated in figure 31.

Supplement 1 has shown that in some situations designing housings with
lost cores can lead to substantial improvements in the part’s benefit for the
customer such as increasing its heat transfer performance, reducing costs or
bringing advantages in terms of packaging. The paper in particular proved
that the presented model is suitable and reliable and its implementation in-
side the OpenFOAM toolbox is stable and yields proper results. The fact that
the code is freely available also guarantees excellent scalability. It also makes
it easily implementable for small and medium sized enterprises. Supplement
1 also proved that the CFD approach is very well suited for determining the
heat transfer capabilities of complex geometries, while standardized formulae
based on analytical or experimental models may in particular cases lead to
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wrong conclusions.
Once the suitability of a housing concept with inlying channels is proven

based on its heat transfer or in other fields oil flow characteristics (see figure
3), the engineer may proceed to design the process accordingly. This may
sometimes lead to a review of the original design for optimal heat transfer if
this proves not to be manufacturable. In order to reach this goal, a volume-
of-fluid model inside the OpenFOAM toolbox has been proposed and tested
in supplement 2 on a simple casting geometry. An additional aspect of this
particular piece was to single out the effect of the selected RANS turbu-
lence model on the predictions. The treatment of turbulence is without a
doubt a field of vast discussion in the academic and industrial community
[85, 86, 93, 97, 107, 126]. However, the findings of supplement 2 are some-
what different for this particular field of application. The results show that
it is majoritively the momentum of the melt that determines the order of
magnitude, i.e. making the melt’s density, which is mostly fixed. Further-
more, the ingate, i.e. the piston velocity of the die casting machine, is the
majorly decisive input parameters that determine the cores’ viability. The
aspect that the turbulence treatment did not particularly matter in the in-
vestigated setup was also echoed in the finding that the shear forces on the
cores are of negligible importance compared to the pressure forces, i.e. they
make up at most 0.5 % of the total force. However, turbulence is majori-
tively a phenomenon that relates to the shear forces in a fluid. Therefore,
its particular modeling is negligible as the pressure forces govern the load on
the lost cores in high pressure die casting.

Throughout the course of the research undertakings, the author found
that the model is of good accuracy as far as the steady-state flow of melt
around salt cores is investigated. It has its flaws especially when determining
the slamming factor, i.e. the point in time of first impact of the melt-air
interface on the core. The assumption of treating the core wall here as a stiff
interface is in this context somewhat flawed as it causes the observed spike
in the force as seen in the results in supplement 2 and supplement 6 to tend
to reach an infinite value if the mesh spacing and the time step approach
zero. It was therefore decided to investigate this issue more thoroughly in
supplement 6. As the findings there show, it is rather easy to underestimate
the force value in the slamming regime and thus underestimate the forces
that the core is exposed to at first impact. Commonly applied mesh spacings
for industrial calculations in the regime of about 1 mm tend to yield a force
which is 50-70 % below the physically correct value. As it was shown the
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value is related to the force in the steady state flow situation and can thus
be derived from this value.

Supplement 2 also proposed a model for transferring the forces on the
core and thus giving an indication of the likelihood of core failure. It has
to be noted that the model here is fully one-directional and there was no
backwards coupling between a core deformation and an impact on the flow
pattern modeled. This issue was further investigated in supplement 3.

Supplement 3 shows the implementation of the model into a fully and
strongly coupled fluid-structure-interaction framework inside the OpenFOAM
environment. The evidence in supplement 3 shows that this FSI-model is in-
deed very well capable of reproducing the bending of the core in the two
different directions that was observed when the validation experiments were
done on a high-pressure die casting machine. One limitation, however, is
that the solid models that are currently implemented inside the OpenFOAM
library do not model the plastic deformation of the core. Hence, the core
returns to its original position in the center of the die when the melt is at
a standstill inside the CCM-model. Apart from these findings, the model is
very well capable or reproducing the shape of the deformed geometry if it
is being evaluated at 95 % fill fraction as shown in supplement 3. The fact
that so far, the model presented in supplement 3 does not yet include heat
transfer from the melt on the core and also no plastic deformation of the
core, does definitely leave plenty of space for future research undertakings in
this field.

While with the supplements discussed so far, the process parameters de-
termining the melt flow inside the casting die as well as the design parameters
of the die are set and evaluated regarding their process viability, supplement
5 focuses on the processes that happen while the melt is pre-charged in the
shot sleeve of the casting machine. The results show that the ubiquitous
assumption that slower piston velocities will always lead to better quality
records in the casting is flawed. The computational implementation was
slightly more challenging than in the other supplements as the mesh did un-
dergo a large shrinkage of the domain caused by the advancing piston. It was,
however, proven that also here the OpenFOAM toolbox was able to repro-
duce previously published results [32, 51, 71, 75, 80] and also make a valuable
contribution to solving the engineering problem. It was also proven that it
did in this application not matter whether the air in the melt-air system was
modeled as a perfect gas or a barotropic fluid. An optimal acceleration law
was proven and also how it could be approximated on an older machine. The
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economical benefit of increasing the speed from 0.2 ms−1 to 0.45 ms−1 in the
slow phase of the plunger was also underscored.

Referring back to figure 2, the entire process step of die filling is fully
covered by the presented supplements 2,3,5 and 6. As it became evident
early on during the experimental validation, the dwell pressure that is applied
during the solidification phase is only of minor importance in determining the
ultimate shape of the core – provided that as in this research no hollow cores
are assessed. The cores do get compressed as the results show, but only
within the order of magnitude of common tolerances for high-pressure die
casting raw parts, which are usually in the range of ± 0.65 mm. Nonetheless,
the presented model in supplement 4 is a milestone in the computational
continuum mechanics modeling of high-pressure die casting. The question
of necessary dwell pressure strictly correlates with the size of the die casting
machine that is needed and also the extent of the mushy zone due to the
volume shrinkage during solidification. This mushy zone has to be controlled
meticulously as having it in regions that shall later carry pressurized oil or
coolant will produce leakage resulting in rejects. With regard to modeling
lost core viability, the model enables the engineer to also predict the volume
compression of the core due to dwell pressure and shrinkage of the solidifying
aluminum alloy.

To conclude the discussion of all the findings, one may consider the im-
possible target triangle of CCM modeling in high-pressure die casting shown
in figure 32. As it is the nature of impossible triangles which is for example
known from project management, one cannot reach all targets at the same
time. Figure 32 also shows the positioning of the supplements in this target
triangle. It is important to point out here, that only the supplements that
cover the step of die filling (see figure 2) are positioned here. The other sup-
plements involve a completely different set of physics thus rendering them
incomparable within the framework of figure 32. As mentioned, supplement
3 is the most comprehensive work. It has by far the widest scope of physics
included into the model. However, as it became evident during the applica-
tion of the model, it is also highly unstable and consumes numerous hours
of computational time. The engineer spends plenty of idle time until the
results come back. It is therefore very helpful in terms of efficiency to test
some of the critical issues in die filling with the models presented in supple-
ment 2 and supplement 6 and only do a limited number of simulations with
the comprehensive model of supplement 3. The same is true for supplement
5. Although it is possible to combine the algorithms of supplement 5 with
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Figure 32: The impossible triangle of computational continuum mechanics
in high-pressure die casting

the ones of supplement 3, the benefits do at current state of available com-
putational capacity not outweigh the additional costs in terms of time and
computational resource. The eventual recommendation at the end of this
PhD study is therefore to follow the segregated process approach presented
in figure 31 and test for the identified critical issues separately.

5.2 Contribution of the research to sustainable devel-
opment and global goals

As the KTH Royal Institute of Technology is a research organization commit-
ted to support the sustainable development of mankind each research project
which is undertaken is also supposed to make a contribution to the 17 global
goals for sustainable development issued by the United Nations [46, 100].

Based on the research conducted and the results presented, this PhD-
project contributes to the following 6 global goals for sustainable develop-
ment:

4 Quality education: All supplements as well as the thesis document were
written with the greater intention of not only focusing on presenting
results but also on the methods and how they can be practically imple-
mented. The disseminated papers shall therefore make a contribution
particularly for young researchers on how to apply the employed meth-
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ods practically. All models and algorithms were implemented inside
the freely available software package OpenFOAM, so the obstacles for
reproducing the results should be fairly low. In addition, ten Bachelor
and Master students were supervised and achieved their graduation as
part of the supervision activities of this project.

8 Decent work and economic growth: As motivated in section 1.2, the
prospective application of lost cores is for producing housings for elec-
tric power trains with inlying channels for cooling. This will immedi-
ately reduce the costs for electric power trains as well as improve their
performance [68]. Thus, although there will most likely be cannibal-
izing effects towards conventional power-trains observable [3, 113], the
advent of electric cars is without a doubt a future field of growth in the
automotive industry [89].

9 Industry, innovation and infrastructure: Obviously, the project will
bring an advance for the European and global automotive industry as
well as produce innovations. Proof for this are the issued patents that
followed from the project work [67, 96, 103] and the funding it received
from the Volkswagen Innovation Fund.

11 Sustainable cities and communities: The electrification of the power
train in the automotive industry will improve air quality in cities as
there are no longer local emissions of the cars if the power-train is elec-
tric. Since there is currently a discussion on driving bans for diesel cars
in German cities [131], the promotion of electric cars via this research
will help to improve air quality in cities.

13 Climate change action: A similar reasoning also supports goal 13. If
the electrical energy for those cars is harvested 100 % from renewable
resources, electric cars will support the fight against climate change.

17 Partnerships for the goals: As the dissemination list echoes, this project
enabled many fruitful cooperations. It started already as a European
project when a German car-manufacturer and a Swedish research insti-
tution joined forces. Throughout the course a partial research project
with a company based in London, one from northern Bavaria, the Uni-
versity of Zagreb and the Kassel University evolved. In the end, the
work ultimately sparked a future cooperation between Chemnitz Uni-
versity and Kassel University.
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6 Conclusion

This thesis proves that Computational Continuum Mechanics is indeed a
very powerful tool in supporting the casting engineer to design high-quality
castings and robust processes to deliver them in high annual numbers. Par-
ticular attention in the research was given to its usefulness when involving
lost cores in the process – a technology which is as of February 2019 still some
time away from industry-wide state of technology. It tells the design engineer
in the early stages of designing a power train, whether the designed cooling
performance will be sufficient for the application. Moreover, it can also tell
whether a core, die and process design will lead to a high-fraction of sound
castings and low number of rejects. As the concluding discussion indicated,
the fully comprehensive ”fire-and-forget” model is still out of access as it was
proven more useful to do the trade-off of the segregated approach shown in
figure 31 and save valuable project time. All the findings underscored that
the ingate velocity as well as the core diameter and the cross-section of the die
at the site of the melt’s first impact are the most determining factors. Over
time, the heat of the melt transferred to the core is also important. With
regard to the supplements, the following sub-conclusions can be drawn.

Model heat transfer performance of castings (Supplement 1)

1. The presented and implemented model runs very stably in the Open-
FOAM environment and produces results that are in excellent agree-
ment with experimental data even for the tested industrial geometries.
The deviation between the thermocouples and the simulation values
was at max 2 K or below 0.7 % for all points of evaluation in the
experiment.

2. Therefore it provides a reliable tool for the casting engineer to give
an a priori indication of the cooling performance of a given cooling
structure.

3. As for the structure of the lost cores to produce those structures: Cores
with a high surface area to volume ratio are beneficial. Also superior in
performance (an increase in the heat transfer coefficient α of over 50 %
was observed) are structures that at low Reynolds number flow provide
many obstacles to the mean flow. This will enhance the formation of
vortexes and create turbulence.
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4. Turbulence provides beneficial mixing of the temperature thus main-
taining steep gradients in the boundary layer that fuel high heat trans-
fer efficiency.

5. Analytically or empirically derived formulae may lead to wrong conclu-
sions regarding the best heat transfer performance, in particular, the
more complex the geometries become.

6. An increased heat transfer performance (α +50 %) comes in many cases
at the cost of increased pressure loss (∆pv +250 %).

The importance of turbulence treatment and modeling forces on
the core (Supplement2)

1. As this was the first application of OpenFOAM on a high-pressure
die casting case, it could be shown that the results are in agreement
(deviations at maximum below 5-10 %) with previously published data
and conclusions.

2. A model was presented to allow the CAE-engineer to estimate the forces
of a core, die and process design upfront, i.e. before significant money
for tooling and machinery would need to be spend.

3. The major motivation was to determine the sensitivity of the model
caused by different turbulence models of the RANS field. It was proven
that with respect to the ultimate aim to calculate the forces on lost
cores, running the model with a different model out of the RANS family
did not yield to altered results on a significant level, with deviations
below 5 %.

4. With regard to the forces, they can be split into a viscous and a pressure
fraction. For the engineering problem at hand it is by far the pressure
component that makes up more than 99 % of the total force on the
core.

5. A simple evaluation of core viability can be done by transferring the
forces and using Euler beam theory to evaluate whether the bending
stress corresponding with the forces is below the bending strength of
the salt cores.
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An FSI-model to evaluate the deformation of the core over time
(Supplement 3)

1. A two-phase compressible volume-of-fluid model was presented and suc-
cessfully implemented inside the OpenFOAM kit foam-extend. As for
the solid part, the core’s response on the forces applied by the fluid was
modeled to be linear-elastic. The compressiblitity was modeled via the
approach of a barotropic fluid.

2. It was shown that, even with this rather simplistic solid mechanics
model, the deformation of the core caused by the inflowing melt can be
predicted to a certain degree of filling.

3. Contrary to the hidden assumption of supplement 2, it is not the spike
in the force that causes the ultimate deformation of the core. The char-
acteristics of the flow in the geometry have the core after first impact
return to its original position and bend towards the other direction as
the side parts fill up.

4. If evaluated at 95 % fill fraction, the model yields proper results. Since
the deformation is 100 % reversible due to its linear nature, the core
returns to its original position if the melt comes to a standstill at 100 %
fill fraction.

5. The physical experiments showed that the core, albeit being of brittle
material behavior outside the casting process and filling times in the
range of milliseconds, displays plastic deformation during the casting
process.

6. If the model was to yield proper results at 100 % fill fraction still,
the physical effects of plastic deformation and heat transfer need to be
included. Although it remains questionable if the so produced elasto-
plastic model’s benefits will outweigh the along-coming downsides such
as increased computational power needed and reduced model stability.

Numerical modeling of solidification and residual stresses (Supple-
ment 4)

1. The paper shows that it is possible to model the solidification of liquid
metal using a single mesh approach with pressure and velocity as the
working variables.
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2. The model in the solid accounts for non-linearities and avoids the Lamé
coefficient singularity at Poisson’s ratio of 0.5. The mush-like behaviour
inside the solidification interval is accounted for via the non-Newtonian
flow model.

3. The blending between the fluid and solid model is done by an approach
mimicking the volume-of-fluid method.

4. During testing it became evident that, similar to the results in the
experiment, neither the dwell-pressure nor the shrinkage during so-
lidification are a concern for the casting engineer with regard to the
application of lost cores.

5. The pressure induced change in shape of the cores was in the range of
0.4 mm thus below the common tolerances for HPDC (± 0.65 mm).

Modeling the slow phase in the shot sleeve (Supplement 5)

1. OpenFOAM can also be extended to handle moving meshes and in par-
ticular mesh layer additon and removal. The solver is able to reproduce
previously published research.

2. There is one correct shot sleeve velocity for different diameters and
fill-fraction combinations.

3. Going slightly slower than the ideal velocity produces worse results with
regard to the entrapped air (+30 %) than going slightly faster (+3 %).

4. Given time constraints, it is believed to be right now beneficial to sim-
ulate the shot sleeve separately from the rest of the casting and also
the casting itself separately.

On the effects during the slamming of the melt on the core (Sup-
plement 6)

1. The first impact of the melt-air interface produces a spike in the force
on the core. The reason for this is the steep gradient in density at the
interface.

2. If evaluated with commonly used mesh spacings in industrial CFD one
underestimates the force by 50 to 65 %.
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3. Evaluating the force-time integral and the kinetics that govern the
transmission of the impact via the salt core, the reasoning supports
the evidence that the short-timed spike in the force is not failure criti-
cal.

4. In general the assumption of treating the core as a continuum may be
flawed as the spike may cause it to crack still if initial cracks are present
that exeed a critical length.

5. The effect of turbulence modeling on the peak in the force is negligible,
i.e. makes the values differ by only 1-2 %.

7 Future Work

Based on the concluding discussion in the chapter where the engineering
strategy for salt cores was presented, several future research undertakings
can be thought of due to the findings the conducted research proposes. In
particular if one perceives that Moore’s law [102] will still be valid in the
future, the enhanced computational capacity will grow. This will give room
for running more complex models in shorter periods of time.

1. CCM model stability: As supplement 2 showed in the comparison
with MAGMA5 and what also became evident in the modeling work
for supplement 3, the reliability in terms of running smoothly until the
end of the implemented model provides still room for improvement, so
specifically, that users on an experience level below experts also can
use it properly.

2. Expanding the solid model for salt cores: Supplement 3 concludes
with the recommendation to evaluate the model at 95 % fill fraction
in order to a priori know the ultimate shape of the core. However,
for future industrial applications, it is desirable that the model also
still predicts the correct shape at 100 % fill fraction. A prerequisite for
this is the implementation of a more advanced solid mechanics model
tailored for salt cores. A very sophisticated version of this model may
even account for a potential core fracture.

3. Include heat transfer into the fsi-model: Due to the strong differ-
ence in temperature between the melt and the core in its initial state,
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the material properties of the core are highly susceptible to changes in
temperature over time during die filling. So, the core’s response to a
pressure field by the melt will certainly be different at later time steps
than at earlier time steps. In a future version of the model, it will
be interesting to see whether the implementation of heat transfer will
yield to significant improvements if the predictions or whether this can
be covered by a meticulously tailored solid mechanics model for the
salt (compare with item 2 above). This will basically mean that it is
necessary to join the presented models of supplement 1 and supplement
3 into one combined CCM model.

4. Advance production technology for salt cores: So far only one
supplier is known that can supply salt cores in an annual amount ac-
ceptable for the automotive industry [47]. Several other ideas exist
[44, 45, 117], but no supplier for serial applications is known at this
date. The supplier of [47] only operates the process of pressing and
sintering, which gives limited degrees of freedom in designing a core.
Perhaps the application of the model in supplement 4 can be applied
to model solidification of salt and lead to a new process such as casting
of salt cores using low-pressure die casting.

5. Measure the slamming force: So far only the final shape of the core
after casting could be evaluated. This leaves out the actual force value
and shape during slamming. It will be interesting to include sensors
into the die, which can measure the deformation of the core over time.
This, in turn, would further provide information to validate the model.
Future research may also investigate the slamming in combination with
a critical crack length in the solid.

6. Experiments and numerical simulations of industrial geome-
tries: Apply the presented models and algorithms on industrial ge-
ometries and also compare those results with a real world industrial
application of housings with salt cores.
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[32] F. Faura, J. López, and J. Hernández. On the optimum plunger ac-
celeration law in the slow shot phase of pressure die casting machines.
International Journal of Machine Tools and Manufacture, 41(2):173–
191, 2001.

[33] R.P. Fedkiw, T. Aslam, B. Merriman, and S. Osher. A non-oscillatory
Eulerian approach to interfaces in multimaterial flows (the ghost fluid
method). Journal of Computational Physics, 152(2):457–492, 1999.

[34] P.J.M. Ferrer, D.M. Causon, L. Qian, C.G. Mingham, and Z.H. Ma.
A multi-region coupling scheme for compressible and incompressible

XII



flow solvers for two-phase flow in a numerical wave tank. Computers
& Fluids, 125:116–129, 2016.

[35] P. Fickel. Hohl-und Verbundguss von Druckgussbauteilen-numerische
Auslegungsmethoden und experimentelle Verifikation. 2017.
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[77] S. Lecheler. Numerische Strömungsberechnung: Schneller Einstieg
durch anschauliche Beispiele (German Edition). Vieweg + Teubner
Verlag, 2011.

[78] P.D. Lee, A. Chirazi, and D. See. Modeling microporosity in aluminum–
silicon alloys: a review. Journal of Light Metals, 1(1):15–30, 2001.

[79] G Logvinovich. Gidrodinamika teÄ[U+008D]enij so svobodnymi grani-
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[96] A. Ries, S. Kohlstädt, C. Wohlfeld, and M. Rauchschwalbe. Gehäuse,
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FOAM Finite Volume Solver for fluid-solid interaction. Trans. FA-
MENA, 42:1–31, 2018.

[115] E.H. van Brummelen and B. Koren. A pressure-invariant conserva-
tive godunov-type method for barotropic two-fluid flows. Journal of
Computational Physics, 185(1):289 – 308, 2003.

[116] H.K. Versteeg and W. Malalasekera. An Introduction to Computational
Fluid Dynamics: The Finite Volume Method. Pearson Education Lim-
ited, 2007.

[117] K. Vollrath. Herstellung hochwertiger salzkerne durch warmkammer-
druckgießen. GIESSEREI, 103(1):32–37, 2017.

[118] T.H. Von Karman. The impact on seaplane floats during landing.
National Advisory Committee on Aeronautics, 1929.
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[129] S.H. Wüst, A. Gebauer-Teichmann, and B. Scholtes. Charakterisierung
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