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1

Introduction

High-pressure die casting (HPDC) is an important process for manufacturing high volume and low cost automotive
components, such as automatic transmission housings and gear box components [1, 2]. Liquid metal, generally aluminium
or magnesium, is injected through complex gate and runner systems and into the die at high speed, typically between 50
and 100 ms−1 , and under very high pressures up to 100 MPa. However, it has up to date proven difficult to employ lost
salt cores within the process [3]. The basic idea of using salt cores is to create undercuts or hollow sections with them,
which may then later act as cooling or oil-flow channels [4, 5, 6]. Given this process constraint in design freedom for the
CAD-engineer, the idea of using salt as the material for lost cores has been put forward by machine manufacturers, as well
as automotive companies [7, 8]. One way to determine whether this is indeed viable is to employ numerical simulation
[9].

2
2.1

Model equations
Fluid side

We model the two-phase flow of molten metal and air in high pressure die casting by using the VOF method [10],
wherein a transport equation for the VOF function, γ, of each phase is solved simultaneously with a single set of continuity
and Navier-Stokes equations for the whole flow field; note also that γ, which is advected by the fluids, can thus be
interpreted as the liquid fraction. Considering the molten melt and the air as Newtonian, compressible and immiscible
fluids, the governing equations can be written as [11, 12]
∂ρ
+ ∇ · (ρU) = 0,
∂t
∂
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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 [13]. 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 term Ur is a supplementary velocity field
for compressing the phase-interface introduced by the solving scheme for the γ-field (MULES) [11, 14]. The material
properties ρ and µ are the density and the dynamic viscosity, respectively, and are given by
ρ = γρl + (1 − γ) ρg ,
µ = γµl + (1 − γ) µg ,
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(4)
(5)
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where the subscripts g and l denote the gas and liquid phases, respectively. We take ρl , µg and µl to be constant, but
use the approach to assume air as a barotropic fluid, i.e. its density changes linearly with pressure and the process to be
isothermal and hence the equation of state for our model reads
ρg =

p
= pψ.
Rs T

(6)

where Rs is the specific gas constant and T is the temperature. Since R1s T is taken as constant, we introduce the constant
compressibility factor ψ for the gaseous phase. Furthermore, µtur in equation (2) denotes the turbulent eddy viscosity,
which will be calculated via the Menter k–ω-SST model [15]. The implementation of the Menter k–ω-SST model inside
the OpenFOAM framework has shown to be robust and also in excellent agreement with experimental data [16].

2.2

Solid side

On the solid side only the stress equation is evaluated for calculating the displacement of the salt core in space. This
process is physically governed by the following equation
∂2D
− ∇ · [(2µs + λs )∇D] = ∇ · q.
(7)
∂t2
In equation (7) D represents the displacement vector, ρs denotes the density of the solid, λs and µs denote the solid’s
first and second Lamé parameters, respectively and q is the load per unit unit area. q consists of the pressure and viscous
forces from the fluid side. There are no body forces taken into account for the selected approach.
ρs

3

Solver development and testing

Given the complexity of the physics involved and also the niche nature of the application, the C++ toolbox
OpenFOAM [17, 18] was used to implement the model as it is freely available, rather suitable for being extended by
the user and very well scalable for industrial application as extra cores in parallelisation do not require additional licenses.
The solver that was used for the simulations in this paper does not yet exist in neither the OpenFOAM foundation release
nor the foam-extend project. However, the foam-extend release offers a toolbox called the fsi library [19]. Inside the fsi
library several solvers are available depending on the intensity of the coupling between the fluid and the solid. Here, as
we expect to see rather large deformations, the solver fsiFoam was used. It follows a process chain depicted in figure 1.
The names of the steps closely resemble the names given to the methods that are being called while the code is running.
It may thus be easier to bridge between the code and the chart. One sees clearly that at first the displacement of the flow
domain is evaluated, then the flow field according to the displacement and boundary conditions is evolved and then its
eventual impact on the stress field in the solid is calculated. The blue loop indicates that this entire process is repeated
until the specified residual is reached. After that the solver moves on to the next time step.

updateDisplacement()

updateForce()

runTime

flow().evolve()

nOuterCorrector

moveFluidMesh()

stress().evolve()

Figure 1: Solving process scheme of fsiFoam Solver

As outlined in the previous section, already the fluid side is a rather complex fluid flow problem. There was thus
previously no solver class available that could solve such a problem within the framework of the fsi library. It however is
available as a top level solver inside the normal OpenFOAM solver toolbox. The first step was therefore to implement the
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same methodology of the solver compressibleInterDyMFoam into a class that fits the requirements of an fsi fluid solver
class. The standard pimple algorithm was for this purpose modified and an additional step at the beginning was added
that solved the transport equation (equation 3) at the beginning of the process chain, i.e. before the momentum predictor.
This newly coded solver class inside the fsi library was benchmarked against the standard version of the solver
compressibleInterDyMFoam with the simple standard damBreak tutorial case (figure 2) with the coupling between the
fluid and the solid as well as the mesh motion switched off. Figure 2 shows the result of this benchmark study. As
the reader can easily see the results for the phase field are entirely identical in the two pictures indicating that both the
standard compressibleInterDyMFoam as well as the newly developed solver class FSI::compInterFluid produce the same
flow field result.

(a) compressibleInterDyMFoam

(b) FSI::compInterFluid
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Figure 2: γ-field comparsion of compressibleInterDyMFoam and FSI::compInterFluid at 0,4 s

In addition to this graphical comparison the solver has also been tested for mass conservation, volume conservation
and conservation of γ in the process on simple geometries and benchmarked with analytical models.

4

Results and validation

The ultimate goal is to simulate the deformation of lost cores during the high-pressure die casting process. A simple
structured mesh was constructed for this purpose that resembles the setup of a three-point bending test within a casting
mould. Figure 3 shows a picture of the produced casting without the core in the upper part and also a picture of the
deformation of the core in the lower part. The result is written out for the time step of 0.1 s shortly after the first drops of
melt hit the core. Note that the geometry does not have an outlet. The die is initially filled with air and melt is flowing in
at a constant velocity from the inlet.
It can be observed in figure 3 that the salt core undergoes a deformation in the range of 2.5 mm as soon as the melt hits
the core and hence the momentum of the melt gets redirected due to the core blocking the initial channel flow. The core
vibrates initially due to an observable spike in the force when the interface hits the core and is then displaced constantly
by the bypassing flow, when the flow pattern around it becomes stable.
For the sake of validating the solver an experimental die was constructed and manufactured that resembles the
geometry of the meshed body shown in figure 3. The die was then tested on a high-pressure die casting machine with the
same process parameters that had previously been used for the simulation. One result of the so cast prototypes is shown
in its cross-section in figure 4. One sees in this picture that analogously to the shape that we saw in figure 3 the core also
gets symmetrically bent by the inflowing melt. The displacement is also in the order of magnitude of more than 2 mm
and thus produces a comparable result as previously seen in the CFD-simulation (figure 3). Previously so far unpublished
research by the authors also shows that the highest expectable impact on the core also occurs at the transition from the air
phase to the melt phase at the core interface.
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Figure 3: The deformation of the salt core as result of the CFD simulation.
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