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Abstract 

In this paper we review the progress in the SPH modelling of HPDC that has occurred 
over the past four years of this CAST funded project. Early examples of the filling of 
simple dies in two dimensions demonstrate the complexity of the flow pattern and 
particularly the role of free surface behaviour and breakup. The effect of the inclusion of 
heat transfer on the filling of these simple dies is shown, particularly the effect of the 
thermal boundary condition on the inside of the die and the importance of modelling the 
coupled conduction into the die itself. Two examples of validation using water analogue 
experiments are given to demonstrate the accuracy of the SPH predictions. The extension 
of the modelling to 3D and the methodology used to represent complex three dimensional 
die shapes are described. The use of this SPH system to model the filling of a realistic 
industrial component is presented. The importance of the order of the die filling is shown 
as is the role of flow separation from corners and even moderately curved surfaces. The 
degree of surface fragmentation, droplet formation and the strongly transient nature of the 
voidage are also shown. Finally the filling of the runner, gate and die for a real 
automotive piston head is shown and the difficulties inherent in such large scale 
computations are discussed.  

 

1 Introduction 

High pressure die casting (HPDC) is an important process for manufacturing high 
volume and low cost components. Examples from the automotive industry include 
automatic transmission housings, piston heads and gear box components. In this process 
liquid metal (generally an aluminium alloy) is injected at high speed (around 50 to 100 
m/s) and under very high pressures through complex gate and runner systems and into the 
die. The geometric complexity of the dies leads to strongly three dimensional fluid flow 
with significant free surface fragmentation. Crucial to forming homogeneous cast 
components with minimal entrapped voids is the order in which the various parts of the 
die fill and the positioning of the gas exits. This is determined by the design of the gating 
system and the geometry of the die.  



2 

Improvements to both product quality and process productivity can be brought about 
through improved die design. These include developing more effective control of the die 
filling and die thermal performance. Numerical simulation offers a powerful and cost 
effective way to study the effectiveness of different die designs and filling processes.  

Among the Eulerian techniques for modelling these types of interfacial flows are the 
marker and volume of fluid (VOF) methods. A basic background to these techniques has 
been presented by Hwang and Stoehr (1988) in the ASM Metals Handbook and by 
Kothe, et al. (1998). The marker method includes the marker and cell (MAC) of Welch 
and Harlow (1966) and its more recent counterparts. In this method, Lagrangian markers 
are placed on the interface at the initial time. As the interface moves and deforms, 
markers are added, deleted and reconnected as necessary. The movement of the markers 
in the velocity field tracks the evolution of the surface between the different fluids. The 
marker technique gives accurate results in 2D but it has two main drawbacks. It is 
difficult to maintain mass conservation and to determine a good surface interpolation in 
3D. However, one good feature of marker method is that it does not suffer from 
numerical diffusion.  

The VOF method of Hirt and Nichols (1981), on the other hand, employs a colour 
function (typically a Heaviside function) to represent the volume of each fluid in each 
computational cell. The interfaces occur in the cells with fractional volumes. The volume 
fractions are updated during the calculation according to the appropriate advection 
equations. For each time step, the interface is reconstructed from the cell volume fraction 
and its nearest neighbours. This reconstruction can be difficult in 3D. As the interfaces 
are represented by the discontinuities of the colour function, they can be prone to suffer 
from numerical diffusion and numerical oscillations. They can also have difficulty with 
fragmentation and coalescence of complex interfacial phenomena. The VOF method 
though remains the most popular and widely used method for mould filling simulation 
(see, for examples, Lee, et al. 2000, Xu, 2000 and Schneider, et al. 2000). The reasons for 
this state of affairs are its relative ease of implementation and its basis in volume 
fractions which lends itself well to incorporation of other physics. The VOF technique is 
used in some commercial software packages for casting simulation and analysis, such as 
MAGMAsoft and Flow-3D. Both the marker and VOF methods are undergoing 
continuous development by various researchers. Validation tests of these numerical 
schemes include Jai, et al. (1998), Scheppe, et al. (2000) and Schneider, et al. (2000).  

Smoothed particle hydrodynamics (SPH) is a special type of numerical method for 
simulating fluid flows. It uses only particles to represent the fluid and these are the 
computational framework on which the fluid equations are solved. SPH automatically 
follows complex flows and is particularly suited for fluid flows that involve droplet 
formation, splashing and complex free surface motion such as those found in HPDC.  

The SPH method has been developed over the past two decades largely for 
astrophysical applications (for examples and references see Monaghan, 1992). The 
method has also been extended to incompressible enclosed flows (Monaghan, 1994). 
Examples of application include heat conduction (Cleary & Monaghan, 1999), natural 
convection in a cavity and Rayleigh-Benard convective instability (Cleary, 1998b) and 
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high pressure die casting (Cleary, et al. 1998, Cleary, et al. 2000). Morris (2000) reported 
on simulating surface tension with SPH which could be included in casting simulations 
but is not expected to be important. SPH is somewhat related to other particle methods 
such as Particle in Cell (see, for example, Kothe, et al. 1990). In traditional versions of 
this method markers are used to keep track of the free surface by being advected around. 
Otherwise the markers have no influence on the fluid solution which is performed using 
Eulerian methods on a grid. In SPH the particles not only keep track of the free surface 
but are also used for the solution of the underlying partial differential equations.  

SPH has several advantages for modelling some industrial heat and mass flows:  

·  Complex free surface and material interface behaviour, including fragmentation, 
can be modelled easily and naturally;  

·  The Lagrangian framework means that there is no non-linear term in the 
momentum equation, so the method handles momentum dominated flows very 
well;  

·  Complicated physics such as multiple phases, realistic equations of state, 
compressibility, solidification, fracturing, porous media flow, electromagnetics and 
history dependence of material properties are easy to implement.  

These advantages make SPH particularly suited to the simulation of HPDC. Recently, 
Cleary, et al. (2000) and Ha and Cleary (2000) reported on the application of SPH to high 
pressure die casting in 2-dimensions and the favourable comparison of these SPH results 
with water analogue experiments. Note that particularly good resolution of the small 
scale fluid structures was obtained as well as accurate predications of voids in the flow. 
Ha, et al. (1999) compared SPH simulations with water analogue modelling of gravity die 
casting (GDC) for a complex die in two different orientations. Ha, et al. (2000) compared 
SPH simulations with experimental results from X-ray imaging of GDC. Their SPH 
results were able to capture the free surface wave behaviour and the fine details of the 
flow.  

In this paper, we review the progress that has been made in modelling the high 
pressure die casting process using SPH and present new results for the simulation of 
detailed fluid flows in a real HPDC example.  

 

2 The SPH Methodology 

Smoothed particle hydrodynamics (SPH) is a Lagrangian method for modelling heat 
and mass flows. Materials are approximated by particles that are free to move around 
rather than by fixed grids or meshes. The governing partial differential equations are 
converted into equations of motion for these particles. The particles are really just 
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moving interpolation points that carry with them (convect) physical properties, such as 
the mass of the fluid that the particle represents, its temperature, its enthalpy, its density 
and any other properties that are relevant, such as stress and strain history dependent 
rheology. The inter-particle forces are calculated by smoothing the information from 
nearby particles in a way that ensures that the resultant particle motion is consistent with 
the motion of a corresponding real fluid, as determined by the Navier-Stokes equations.  

The interpolation process is performed using a kernel to smooth information from the 
current set of disordered points (particles). In this way any smooth field quantity can be 
found from its discrete particle values. More formally, fluids and solids are discretised, 
with the properties of each of these elements associated with its centre, which is then 
interpreted as a particle. A particle b has mass mb, position rb, density r b and velocity vb. 
The interpolated value of any field A at position r is then approximated by:   
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where W is an interpolating kernel with compact support, h is the interpolation length that 
defines the area of influence of the kernel and the value of A at rb is denoted by Ab. The 
sum is over all particles b within a radius 2h of rb. W(r,h) is a spline based interpolation 
kernel of radius 2h. It is a C2 function that approximates the shape of a Gaussian function 
and has compact support. This allows smoothed approximations to the physical properties 
of the fluid to be calculated from the particle information.  

The gradient of the function A is given by differentiating the interpolation equation 
(1) to give:   
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Using these interpolation formula and suitable finite difference approximations for 
second order derivatives, one is able to convert parabolic partial differential equations 
into ordinary differential equations for the motion of the particles and the rates of change 
of their properties. In particular, the SPH representation of the hydrodynamic governing 
equations can be built from the Navier-Stokes equations. For more comprehensive 
details, see Monaghan (1992), Cleary and Monaghan (1999) and Cleary, et al. (2000).  

2.1 Continuity Equation 

From Monaghan (1992), our preferred form of the SPH continuity equation is:   
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 where r a is the density of particle a with velocity va and mb is the mass of particle b. We 
denote the position vector from particle b to particle a by rab = ra-rb and let Wab = 
W(rab,h) be the interpolation kernel with smoothing length h evaluated for the distance 
|rab|.  

This form of the continuity equation is Galilean invariant (since the positions and 
velocities appear only as differences), has good numerical conservation properties and is 
not affected by free surfaces or density discontinuities. The use of this form of the 
continuity equation is very important for predicting free surface flows such as those 
occurring in die casting and resin transfer moulding (see Cleary, et al. 2001).  

As two particles approach each other, their relative velocity is negative (as is the 
gradient of the kernel) so that there is a positive contribution to dr a / dt causing r a to rise, 
leading to a positive pressure that pushes the particles apart again. As two particles move 
apart their densities decrease creating a negative pressure that pulls the particles back 
towards each other. This interplay of velocity and density/pressure ensures that the 
particles remain ‘on average’  equally spaced and that the density is close to uniform so 
that the fluid is close to incompressible.  

2.2 Momentum Equation 

The SPH momentum equation used here is:   
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where Pa and µa are pressure and viscosity of particle a and vab = va-vb. Here h is a small 
parameter used to smooth out the singularity at rab=0, g is the gravity vector and x= 4.963 
is a model constant.  

The first two terms involving the pressure correspond to the pressure gradient term of 
the Navier-Stokes equation. The next term involving viscosities is the Newtonian viscous 
stress term. This form ensures that stress is automatically continuous across material 
interfaces and allows the viscosity to be variable or discontinuous. Multiple materials 
with viscosities varying by up to five orders of magnitude can be accurately simulated.  

2.3 Equation of State 

The SPH method used here is compressible and is used near the incompressible limit 
by choosing a sound speed that is much larger than the velocity scales in the flow. The 
equation of state, giving the relationship between particle density and fluid pressure, is:   
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where P0 is the magnitude of the pressure and r 0 is the reference density. For water or 
liquid metals we use g=7. This pressure is then used in the SPH momentum equation (4) 
to give the particle motion. The pressure P0 is given by:   
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where V is the characteristic or maximum fluid velocity and cs is the speed of sound. This 
ensures that the density variation is less than 1% and the flow can be regarded as 
incompressible. For complex flow with wide jets even lower levels of compressibility 
may be required.  

2.4 Energy Equation 

The SPH heat equation is based on the internal energy equation developed in Cleary 
and Monaghan (1999), but modified to use an enthalpy formulation for solidifying metals 
(Cleary, et al., 1998) and including contributions from viscous heating.   
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where the first summation is the heat conduction term and the second summation is the 
viscous heating. The enthalpy per unit mass is defined by:  
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where cp is the temperature dependent specific heat, L is the latent heat and fs(T) is the 
volume fraction of metal that is solid at temperature T. kb is the conductivity, r b is the 
density and Tab =Ta - Tb.  

Equation (7) has an explicit conductivity which can be temperature dependent and 
ensures that heat flux is automatically continuous across material interfaces, such as 
between the die and the liquid metal. This allows multiple materials with substantially 
different conductivities and specific heats to be accurately simulated. The accuracy of the 
conduction solutions are demonstrated in Cleary and Monaghan (1999).  
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2.5 Boundary Conditions 

To simulate confined fluid flow, such as die filling in high pressure die casting, it is 
necessary to prevent the fluid penetrating the physical boundaries. One approach that has 
proved to be flexible and applicable to many problems is to replace the boundaries by 
boundary particles, which interact with the fluid by repulsive forces that are dependent on 
the orthogonal distance of the particle from the boundary. With care, arbitrary boundary 
surfaces can readily be represented by boundary particles. They have a further advantage 
that it is easy to simulate the motion of boundary particles, such as those in a piston 
driving fluid into the runner.  

The present implementation of the normal boundary force is described in Monaghan 
(1995) and involves the use of a repulsive Lennard-Jones potential force field that 
connects the adjacent boundary particles and repels the fluid particles. As fluid particles 
approach the boundary, the repulsive force rises rapidly and prevents them from 
penetrating. This approach is very flexible allowing arbitrary, smoothly varying boundary 
shapes, but care is required at sharp inward directed corners to ensure that the force 
applied is continuous along the boundary.  

In the tangential direction, the particles are included in the summation for the shear 
force to give non-slip boundary conditions for the walls. Details are contained in Cleary 
and Monaghan (1993).  

2.6 Neighbour  Search 

The summations in the SPH equations are over all particles b within a radius 2h of rb 
(the position of particle b). One of the basic requirements of an SPH computer code is the 
identification of neighbouring particles of a given particle. In contrast to grid-based 
method, where the locations of neighbouring grid-cells are found directly, SPH is 
dependent on fast techniques for finding the neighbouring particles that contribute to the 
SPH summations. Without an efficient method, it will degrade into a direct summation 
and computational time will scale as N2, where N is the number of particles. One 
approach is to use a searching grid with linked lists. This method works well when 
constant smoothing length is used and is described in detail in Hockney and Eastwood 
(1988).  

2.7 Initial Set-up of SPH Configurations in 3D 

In an SPH calculation, one needs to initially specify particle masses, positions, 
velocities and other necessary quantities. All of these except the positions and masses are 
usually straight forward to specify according to the initial conditions of the governing 
equations. The specification of the others can present significant difficulties for complex 
geometries, particularly in three dimensions.  
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For complex industrial castings in 3D, our strategy is to obtain from the maker of the 
casting the geometric description of the cast component in the form of a three-
dimensional solid CAD model. This is used as input for a commercial mesh generator to 
produce a mesh that is converted into the initial set-up for SPH particles using an in-
house pre-processor. In this step, the nodes of the surface mesh become the positions of 
the SPH boundary particles. For the surface meshes, boundary normals are calculated and 
assigned to the resulting boundary particles. For all particles, masses are calculated, 
material properties and other state variables are set to give the complete initial set-up for 
SPH simulation.  

3 Two Dimensional Numer ical Studies 

In this section, 2D SPH simulations of the isothermal filling of a couple of very 
simple dies are presented. The liquid metal begins in a 10 mm wide shot sleeve and is 
pushed into an asymmetrical 10:1 convergent runner and through a narrow constriction 
called the gate by a piston on the left of Figure 1. This constriction increases the fluid 
pressure and accelerates it from the piston speed of around 3 m/s up to around 50 m/s 
when it enters the gate before jetting into the die. The gate width used here is 1 mm. 
Figure 1 shows an initially rectangular body of fluid being deformed as it enters the 
constricting region. It is shaded according to its velocity. At t=1.7 ms (Figure 1a) the 
deformation is still small and the velocity of the metal front has only increased to 5 m/s. 
By t=5.1 ms (Figure 1b) the leading material has passed through the gate and has 
accelerated to 43 m/s.  

Note that the asymmetric shape of the shot sleeve gives the fluid a net downward 
motion as it enters the gate. The jet reflects upwards from the lower wall of the gate and 
enters the die with a net upward component of velocity and therefore does not travel 
directly along the wall and allows the opportunity for air to become trapped underneath.  

The simulations presented in this section demonstrate that the flow in the shot sleeve, 
runner and gate is important to the filling process and needs to be modelled properly. 
Modelling just the die with a user specified inflow condition on the gate is inadequate 
because of the strong effect of the runner geometry on the fluid velocity profile within the 
gate region and therefore the filling of regions of the die near the gate. The effect of the 
runner system declines with decreasing proximity to the gate.  

Three basic die geometries with gently increasing complexity are used in this first set 
of simulations:  

  1. A rectangular die 10 mm high and 20 or 50 mm long;  

  2. A C shaped die corresponding to a 2 mm strip around the left, top and right sides of 
a 10 mm high and 25 mm long rectangle;  

  3. Similar to 2 but with an insert added into the top section of the die.  
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In all cases the density of the material was chosen to be that of water r =1000 kgm-3 
so that we could validate the simulations using water analogue experiments. The 
characteristic length scale was chosen to be the gate width L=1 mm and the characteristic 
velocity to be the velocity through the gate of around V=50m/s. The viscosity was then 
chosen to give Reynolds numbers (Re) of 500. A resolution of 90 particles were used 
across the shot sleeve. Cleary, et al (2000) examined the effects of Reynolds number on 
die filling for these cavities and found that the filling process is relatively invariant with 
Re. They also examined the effect of higher resolution on the SPH predictions and 
showed that the essential features of the high resolution results were well reproduced at 
these lower resolutions.  

3.1 Filling of a Shor t Rectangular  Die 

Figure 2 shows the filling of the short rectangular die for Re=500. The jet enters the 
cavity and separates from the lower wall of the die less than half way along. The earliest 
material to enter the die moves more slowly than the later material because it is more 
affected by viscous drag in the shot sleeve and the gate.  

By 0.89 ms, the jet has hit the right side wall of the die, filled the corner and been 
pushed up to the top right corner which has filled and then pushed the jet to the left. A 
range of fragments and droplets have been thrown from the free surface during these 
direction changes. By 1.33 ms, the jet has reached the left wall and has become more 
fragmented at the leading front.  

There is also a wave like instability in the jet along the top wall. The incoming jet 
itself is unstable and has begun to oscillate. This causes the fluid to arrive at the right side 
of the die in surges. These larger volumes of faster liquid then flow around the inside free 
surface of the fluid that is already covering the top wall. The viscous forces slow the 
outermost parts of this fluid and therefore apply a downward force on the faster moving 
material below, pushing it towards the centerline of the die. This wave like instability has 
a reasonably well defined wavelength that is presumably determined by the instabilities 
in the incoming jet.  

Once the front of the original material entering the die contacts the incoming jet near 
the gate (around 1.5 ms), then the flow recirculates. The void fills slowly as material 
enters the die. The surface waves on the inside free surface continue to be generated until 
the cavity is filled. The high speed of the incoming fluid introduces significant angular 
momentum to the system and the flow swirls around the slowly diminishing void and is 
braked only by the relatively weak viscous drag from the walls.  

There is a tendency for the fluid stream to reflect from the top and bottom walls of the 
die leaving gaps around half way along these surfaces which could potentially contribute 
to bubble formation. In real castings with these types of cross sections, a mirror point can 
often be found on the lower surface of castings where the surface finish changes from 
bright to dull. The intimate contact predicted between the incoming liquid jet and the 
lower wall of the die for the first 30-50% of the die length could be expected to lead to 



10 

the formation of such a mirror point. Many surface defects are observed along the top 
surfaces of such castings. These are consistent with the fragmented nature of the flow and 
the lack of intimate contact between the top surface of the die and the metal predicted in 
this region by the simulation.  

3.2 Filling of a Long Rectangular  Die 

Figure 3 shows the filling of a longer 10 mm by 50 mm rectangular die for Re=500. 
The long cavity means that the incoming jet strikes the right wall relatively higher up 
than occurred when the cavity was shorter. This produces a sizable recirculation eddy in 
the bottom right corner of the die. This larger separation from the bottom wall provides 
greater opportunity for trapping air at the bottom of the die. At 3.71 and 5.82 ms thick 
regions of metal can be observed at either end of the die.  

The essential details of the filling flow are similar to those of the shorter die. One 
important difference is that in the longer die, the wave like instabilities along the top wall 
have much longer to develop and can grow long enough to cross the mid-plane of the die 
where they can collide with protruberances from the the unstable incoming jet (see Figure 
3 at 3 ms). Such high speed collisions tend to blast fragments around the central void. As 
some filaments reach the bottom of the die they strongly perturb the incoming jet and 
propagate back along the bottom (Figure 3 at 5.82 ms). They then again collide violently 
with the new filaments travelling along the top. These collisions produce large numbers 
of elongated fragments and droplets, many of which tend to float in the middle of the 
cavity. In practice, these fragments would cool rapidly and partially solidify, packing 
together and potentially trapping volumes of air, leading to fine scale porosity.  

Once the die is around half full two recirculating eddies form, one on either side of 
the central fragment-filled void. Once filling is complete, three eddies remain. The 
complexity of the free surface behaviour and the fragment formation demonstrated here 
are the main reasons for the general difficulties experienced in trying to model these 
flows using more conventional computational techniques for fluid dynamics. It also 
demonstrates why high pressure die casting is a complex and sometimes difficult to 
control process. The ability to predict these flows then offers prospects for understanding 
how to design dies and runner systems that fill better.  

3.3 Filling of a C Shaped Die with Inser t 

Figure 4 shows the filling of a C shaped die with insert for Re=2,500. Almost 
immediately upon entering the die, the fluid strikes the right side of the left vertical 
section and is forced upwards as a coherent high speed jet occupying the right half of the 
vertical section. There is clear flow separation off the top corner of the gate and no 
possibility of a uniform filling front moving along the die cavity. By 0.31 ms, the jet has 
hit the top of the die and split into two parts. The left part travels only a short distance 
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into the top/left corner and is forced back downward. The right branch of the jet is pushed 
to the right. Several fluid fragments can be seen in advance of the main fluid front.  

The filling of the left side of the left vertical section is by a back flow from the 
corner. Depending on Re, a void can exist between the upward and downward directed 
jets in the section. As Re increases the jets narrow and loose contact allowing the void to 
last longer. Eventually enough fluid enters this section and the central void is filled. If the 
fluid were a solidifying metal, then this type of filling would generate the opportunity for 
permanent porosity generation.  

By 0.58 ms, the liquid in the right jet contacts the insert and is diverted downwards. 
Upon contact with the bottom surface of the insert the jet again divides with one part 
fragmenting and travelling to the right and the rest moving back to the left and forming a 
hollow recirculation in the left vertical segment of the insert. Part of this recirculating 
material travels back up into the bottom of the first horizontal section and forms a second 
hollow recirculation just to the right of the first bend. Both bubbles collapse as more fluid 
is supplied to fill them. The presence of air could lead to the formation of porosity in both 
areas. Evidence of back fill and cold shuts (where the flow is stopped by premature 
solidification) are found experimentally in the regions predicted here.  

Meanwhile the fragmented material moving to the right in the horizontal section 
collects at the right end of the insert and splashes upwards. At 0.86 ms a thin irregular jet 
can be seen in the horizontal section feeding fluid to the bottom right corner of the insert. 
By 1.13 ms the jet has thickened and the flow increased as the earlier parts of the die 
have filled. By this time, the jet has moved up through the right side of the insert and 
again split into two parts. The left branch has again produced a recirculation cell and is 
now feeding fluid back into the horizontal section of the insert along the top wall. The 
thin right jet has moved along the top wall of the die to the top/right corner and been 
deflected downwards. Erosion of real dies of this type is commonly observed along the 
bottom surface of the insert corresponding to the location of the high speed jet shown at 
1.13 ms.  

By 1.4 ms, the leading fluid has reached the end of the die and has started collecting 
there. Meanwhile a strong backflow has been generated along the top of the horizontal 
section of the insert. By 1.67 ms, the right vertical section of the die has filled and the 
remaining voids in the two horizontal sections are being filled by back flows.  

Although comparatively simple this die illustrates how complex these flows are. Key 
observations include:  

·  Separation occurs from all sharp corners leading to voids forming on the outgoing 
side that is protected by the corner;  

·  The filling of thin wall sections that are broader than the gate thickness is almost 
always by a back filling process that makes prediction of the order of fill of the die 
very difficult;  
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·  The complex order of fill makes predicting the location of likely void locations and 
where to connect vents quite difficult.  

3.4 Effect of Changes to the C Shaped Die, the Gate or  Runner  

One of the key advantages of numerical simulation of such flows is that the likely 
effect of changes in the die, gate and runner geometry can be simply and cheaply 
assessed. Here we examine the effect of changes in the shape of the gate and runner 
system on the filling pattern of a C shaped die during HPDC. Four different gates are 
used here. The variants are referred to as die with an inverted shot sleeve, die with 
symmetrical shot sleeve and die with a wedged inlet to the die cavity. Figures 5-7 show 
the fill patterns for the 4 gate configurations at three times during the filling process.  

At t=0.5 (Figure 5) the fluid has just entered the die and made contact with the right 
wall of the left vertical section. For this die the variations in the flow are modest. 
Inverting the shot sleeve (b) means that the asymmetry generates fluid motion that is 
directed upwards into the die cavity instead of downwards and produces a thickening of 
the jet which separates from the right wall instead of being squeezed against it. For the 
symmetric shot sleeve (c), the jet enters the cavity horizontally and travels the least 
distance vertically up the left vertical section of the die cavity. The wedged inlet into the 
die cavity (d) was also considered because of the possibility that it might cause the fluid 
to flow more easily around the first right angle bend in the die/gate intersection. This 
does actually occur, causing the leading material to splash further into the die cavity and 
away from the right wall, but it is far from clear that this is advantageous. The protected 
135

o
 bend in the bottom surface of the die adjacent to the gate again leads to flow 

separation and a small temporary void in the base of the casting. This enhances the 
chances of porosity occurring in this region.  

At t=1.5 ms (Figure 6) the main jet is moving along the horizontal section of the 
casting. All the variations are qualitatively similar, but with subtle differences. These are 
mainly the distance travelled by the leading material and the completeness of the back 
filling of the vertical section. For the inverted shot sleeve, the fluid enters the die a little 
easier so the front has travelled a little more and there is a little less back filling. For the 
symmetric shot sleeve, the fluid enters the die with a little more difficulty so the leading 
front is somewhat retarded with the displaced fluid producing a little more back filling. 
The wedged inlet improves the ease of fluid entry to the die by the largest amount, so the 
leading front of fluid in the horizontal section is most advanced. The back filling jet is 
also faster so the back filled fluid is extended further down, but is more broken. This 
increases the chances of porosity in this area.  

Figure 7 shows the flow as the jet reaches the end of the die and begins to back fill 
the voids. The differences are consistent but again quite minor. The inverted shot sleeve 
and the wedge inlet both make fluid entry easier and they have more fluid build up at the 
end of the die respectively, whilst the symmetric shot sleeve has the highest resistance 
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and the smallest amount of fluid. Similarly, the amount of back filling fluid at the end of 
the horizontal section also increases with ease of fluid entry to the die.  

Summarising, we see that the resistance of fluid entry through the gate can modestly 
affect the distribution of fluid in the die. Specifically, the easier the fluid entry is made 
the longer the distance over which the fluid is spread and the less like solid front filling 
the flow becomes. Conversely, as the resistance through the gate increases, the fluid does 
not travels as far and so better fills the regions of the die into which the fluid has entered. 
Although this trend is somewhat useful, the extent of the changes that could be produced 
by the variations considered here is modest.  

4 Validation 

Validation of the flows predicted by numerical simulations for HPDC is essential 
before they can be used reliably for industrial optimisation or die design. As part of this 
validation process we compare the results of SPH simulations for two dies with the 
experimental water flow results of Schmid and Klein (1995) and Schmid (1998).  

It should be noted that this validation is performed currently in two dimensions 
because this is the dimensionality of the flows that are currently available in the literature 
and the detailed measurement and comparision of three dimensional flows to matching 
three dimensional simulations is extremely difficult.  

The experiments were performed by Schmid and Klein (1995) using water and with 
dies that were two dimensional in cross section. These results were used in the validation 
because they are amongst the best and clearest available for comparison.  

4.1 Circular  Disc with Core 

The geometry of the first die has a circular cross-section and a circular core. The 
thickness of the die is 2 mm and the gate velocity is 18.0 m/s. Comparison of these SPH 
simulations with the corresponding experimental results of Schmid and Klein at three 
times are shown in Figure 8. The SPH solutions use the viscosity of water.  

The SPH simulation captures the fine details of the flow well. The jet enters the die, 
strikes the core and splits into two jets. These strike the outside of the die and each splits 
into two smaller jets, with one travelling in each direction around the outside of the die. 
The first frame shows the flow when the two branches of the fluid near the top are 
approaching each other. The SPH simulation captures the smooth edges of the incoming 
jet and of the two branches after splitting at the core. The SPH solution is able to capture 
the shape of the four sub-branches travelling around the outside of the die. In both the 
upper and lower pair of branches the leading edges of the jets have reached very similar 
points on the outside of the die and they have similar thicknesses.  
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At 11.76 ms, the upper two branches have merged to produce a vertical downward jet 
that strikes the core from above. The predictions of the SPH method are almost identical 
to the experimental result. These include:  

·  The shape and smoothness of the two main jets after the impact with the core;  

·  The shapes of both the upper and lower voids.  

·  The thin films around the outside of the bottom voids are well predicted including 
their diminishing thickness as the gate is approached;  

·  The shape of the merged jet above the core. Note also that the asymmetric 
buckling of this jet to the left is reproduced. The SPH solution predicts a 
symmetric pattern for the first two impacts of the jets with the die but an 
asymmetric one for the final impact of the downward jet.  

At 16.17 ms, the filling is almost complete. The SPH simulation is able to predict the 
presence of voids and gives shapes that are very similar to those found in the experiment.  

4.2 S-Shaped Cavity 

The geometry of the second die consists of a series of right angled and circular bends. 
The thickness of the die in the third dimension is again 2 mm and the gate velocity is 8.7 
m/s. The comparison of the SPH simulation results with the experimental results of 
Schmid and Klein at four times are shown in Figure 9, again using the viscosity of water.  

The experimental photographs for this configuration are less clear than for the two 
previous cases, making interpretation and comparison more difficult. In particular there 
are some structures which could be either reflections off the front of the die or stationary 
trapped air bubbles. At 7.15 ms, the SPH solution is very close to the experiment, even in 
the fine details. At 25.03 ms, the simulation is still able to capture quite well the fine 
details of the flow, but there is a slight over-prediction of the size of the void. The void 
near the lower curved region is not predicted as this is probably a captured air bubble. 
The simulation also slightly under-predicts the void width in the first horizontal section 
but is able to predict the somewhat fragmented nature of the free surface in this vertical 
section.  

At 39.34 ms, the SPH solution is again close to the experiment. In particular, it 
predicts a void beside the first vertical wall of the die. In the experiment there are two 
bubbles near the bottom wall of the horizontal section of the die. The solution does have 
a void corresponding to the left most of these bubbles. The prediction of the separation 
point at the corner of the second vertical section and the shape of the free surface as the 
fluid rounds the corner into the second horizontal section is close to those in the 
experiment. Near the tip of the jet, the simulation result has material approximately in the 
correct positions. It also correctly predicts the distance travelled in the die.  
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At 53.64 ms, the recirculation bubble on the first vertical section has disappeared. 
This is correctly predicted by our simulation. The separation bubble at the second vertical 
section is also well predicted. There appears to be some sort of void structure in the first 
horizontal section. The SPH result predicts small amounts of voidage here. The larger 
bubble is likely to result from entrained air gathering in this region and cannot be 
predicted by our model. The SPH solution again captures the shape of the separation void 
around the third vertical section and of the free surface in the final horizontal section. The 
fluid behaviour at the end of the die is difficult to determine from the photograph of the 
experiment, but the SPH result again predicts the correct progress of the front of the jet.  

5 The Inclusion of Heat Transfer  

The effect of the inclusion of heat transfer and a simple temperature dependent 
viscosity solidification model allows us to study the effect that solidification has on die 
filling. A comprehensive study of the filling of the C shape die with solidification is 
given in Ha and Cleary (2000). In this study many aspects of the heat transfer physics and 
assumptions made in the solidification modelling were examined. The two most 
important effects were from latent heat and the nature of the thermal boundary condition 
used on the inside die surface. The simulation results for these two most important effects 
are given below.  

There are two approaches reported in the literature to account for the physics of the 
evolution of the flow at the solid/liquid phase change interface. One is the enthalpy-
porosity model (see for example, Voller and Prakash, 1987) and the other is the varying 
viscosity model (see for example, Gartling, 1980). In the enthalpy-porosity model, the 
mushy region is assumed to be a porous medium with the porosity decreasing from 1 to 0 
as the enthalpy of the material decreases from the latent heat of the phase change to 0. In 
other words, the velocity value arising from the solution of the momentum equations are 
inhibited by prescribing a “Darcy”  drag term, reaching values close to zero on complete 
solid formation. In the varying viscosity model, the viscosity is a function of temperature 
(or enthalpy). When the temperature decreases from the liquidus temperature (T) to the 
solidus temperature (Ts), the value of viscosity increases to a large value to simulate the 
zero velocity condition as the liquid turns to solid.  

In this paper, the varying viscosity model is used to simulate the liquid-solid phase 
change. The following Thomas equation (Thomas, 1965) is used to define the 
dependence of viscosity on temperature. 

µ= 4.5×10-6 r m (1 + 2.5 fs + 10.05 fs2 + 0.000273 exp(16.6 fs) ) 

where µ denotes the dynamic viscosity in m2/s, fs denotes solid fraction and r m = (r s + 
r l)/2 = 2623.0 kg/m3 is the mean of the solidus (r s) and liquidus (r l) densities of an Al-
1 Cu-10 Si aluminium alloy. We have assumed that this temperature-viscosity relation 
holds for the materials of interest in HPDC. It is shown as curve (a) in Figure 10.  
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To allow the flexibility of using different liquidus and solidus temperatures as well as 
different limiting viscosities (free flow and solid) the basic variation of viscosity with 
temperature (and hence solid fraction) is scaled and translated using cubic spline 
interpolation and appropriate scaling of the temperatures and viscosities to give a new 
viscosity curve. For example, if the solidus temperature Ts is 527oC and the liquidus 
temperature T is 590

o
C for a given alloy and the associated solidus (µs) and liquidus (µ) 

viscosities are 100 and 0.03 respectively, then the viscosity-temperature curve used by 
SPH is curve (b) shown in Figure 10. In other words, the viscosity-temperature relation is 
mapped onto that of curve b at 1

o
C intervals.  

5.1 Filling of a C shaped Die with Heat Transfer  

The coupled heat and mass transfer SPH model is applied to HPDC for the C shaped 
mould. Figure 11 shows the temperature distribution of the liquid metal at four times 
during the filling process for a viscosity ratio of µr=100 between the free flowing and 
viscous material and the free flow viscosity (which corresponds to Re=2500). The 
particles are shaded according to their temperature with the lightest grey being the hottest 
temperatures.  

Figure 12 shows the same simulation with the particles shaded according to their 
viscosity. The dark material is free flowing while the light grey material is very viscous 
(effectively solid). In this simulation the inside walls of the die are maintained at 27

o
C). 

The adjacent liquid metal cools quickly and this slows the filling considerably. At t=0.5 
ms the jet of hot metal has filled much of the vertical section on the left. The free flowing 
material is still fragmented with complex free surface behaviour, but the filling pattern is 
substantially different to that of the isothermal case. The solidifying material on the lower 
right wall of this section pushes the free flowing jet into the middle of the mould section. 
This eliminates the back flow along the left wall of the mould.  

Once the metal fills the left section (t > 0.5 ms) and begins to travel along the 
horizontal section the front of the jet becomes rounded and surface breakup is inhibited. 
The thermal boundary layers are narrow near the front but increase steadily with distance 
from the front. Between these cold boundary layers is a central jet of hot metal that is 
pushed from the gate to the front and then flows to the sides, solidifying upon contact 
with the walls. By 1.7 ms, the viscosity of the fluid is almost uniform light grey 
signifying that all the metal has ceased to flow freely and is effectively solidified without 
reaching the end of the die. This is a cold shut and is a sensible prediction since the die 
internal temperature of room temperature is very cold.  

This HPDC configuration was studied extensively in Ha and Cleary (2000) with the 
effects of several modelling assumptions and different aspects of the physics on the 
filling process tested. In the next two sections we describe two of the more important 
modelling considerations.  
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5.2 Effect of Thermal Boundary Conditions 

The thermal diffusivity of the steel die walls is around 10 times lower than for the 
liquid metal. This means that isothermal die walls (with effectively infinite conductivity) 
remove far too much heat from the flow. A more realistic configuration involves 
simulating the heat conduction in the die, which is represented by five layers of SPH 
particles with the properties of steel and an isothermal boundary condition of T=350

o
C on 

the outside all coupled to the heat and fluid flow of the metal inside the die.  

The filling process, shown in Figure 13, confirms that substantially less heat is 
removed by the die and the fluid remains much more free flowing allowing much more 
surface breakup and splashing (more in line with the previous isothermal simulations). 
The jet flow up the left vertical section is again confined to the right half and the left half 
is filled by a back filling process from the corner above.  

At 0.9 ms, the free surface behaviour is quite complex with a reasonable amount of 
fragmentation. The solidifying metal can be seen by the light grey regions of fluid that 
are in long term contact with the die walls. By 1.3 ms, most of the horizontal section is 
filled and some material has stuck to the end wall. The feeding of new hot metal between 
the solid layers of material along the walls is clearly visible. By 1.7 ms, the die is almost 
filled, but there is still new hot metal being fed to the free surface. This demonstrates that 
the inclusion of heat transfer and simple solidification makes the filling pattern even less 
like a front filling one, because material moving near the walls is frozen in place and new 
material is fed through the center of the different sections until it reaches the front and is 
pushed sideways to the walls.  

This flow demonstrates that the choice of thermal boundary conditions on the inside 
of the die is critical to the solution and that the heat transfer into the die limits the rate of 
cooling of the cast metal and the rate of solidification and therefore cannot be neglected. 
Applying a spatially variable heat sink along the inside walls of the die would be feasible 
if this were known, but the complexity of this specification is very difficult even in 
simple two-dimensional models. This means that modelling the conduction into the die is 
essential if one hopes to predict the filling accurately.  

5.3 Effect of Latent Heat 

The latent heat released during solidification of the aluminium alloy used is 495 
kJ/kg. This is comparable to the heat lost in cooling from Tl to Ts and is therefore quite 
important to the solidification process. The latent heat release was tested by solving a 
Stefan problem and was shown to be highly accurate (Cleary, 1998a). A linear release of 
latent heat within the mushy zone was assumed and this model was used to simulate the 
same configuration as in the previous example.  

The flow is shown in Figure 14 with particles again shaded by viscosity. The overall 
filling pattern is reasonably similar, but there are some modest differences. The amount 
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of solidified metal layered on the inside walls of the die are reduced modestly. More 
importantly, the latent heat release narrows the extent of the mushy zone (shown as 
intermediate greys) since the latent heat release maintains higher temperatures and 
therefore lower viscosities closer to the solidification front. This significantly sharpens 
the region of large viscosity variation - the mushy zone - concentrating it at the edge of 
the solid metal. Also observable are a sprinkling of low viscosity (partially solidified) 
particles within the central hot jet. This is caused by the shear at the edges of the hot jet 
stripping some already solidified material from the now much more exposed solid 
surfaces. The latent heat requirement then prevents this material from rapidly re-melting, 
thus leaving these particles to form a ‘slurry’  of solidified particles in the free stream of 
liquid metal. This ability to naturally track the history dependence of the state of 
individual sections of fluid is one of the advantages of a Lagrangian method like SPH for 
solidification modelling.  

6 Isothermal Flow in a Gener ic Component 

The biggest challenge to modelling real industrial HPDC is the complexity of the die 
geometries in three dimensions and the huge scale differences between the gate width 
(generally the smallest one) and the component dimension (the largest). In section 2, we 
described our methodology for constructing our three dimensional HPDC systems. This 
involves the use of CAD for geometry construction, mesh generators for producing 
uniform meshes and an in-house pre-processor for producing the required input file for 
the simulations.  

As an example of full 3D HPDC modelling we simulate the filling of a relatively 
simple component involving a slotted annular extension of a base plate with a series of 
cylindrical holes and a long rounded slot at one end. The geometry of the die, the gate, 
runner and cylindrical shot sleeve is shown in Figure 15. In real die casting, the cylinder 
orientation would generally be horizontal and the part vertical, but since gravity has little 
influence on these flows it is convenient to use a reference orientation as shown here. The 
fluid initially fills the cylindrical column and is pushed downward by a piston at the top 
of the fluid that moves at 15 m/s.  

In the simulation shown here, a resolution of 1 particle per millimetre was used 
giving a total of 292,931 particles. The Reynolds number was 27,875 based on a gate 
height of 5 mm and an average gate speed of 44 m/s. The component itself measures 
around 200 mm long.  

Two perspective views of the filling pattern at selected times are shown in Figure 16. 
The left column shows the view from the top with selected horizontal surfaces removed. 
The right column shows the view from the side with selected vertical surfaces removed. 
The figure shows the fluid as rendered surface mesh computed from the SPH particles.  
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At 4 ms, the runner is almost filled and the leading liquid metal has begun to fill the 
die cavity. The leading material has reached the three vertical cylindrical obstacles in the 
die and has just starting to flow between them.  

The frames at 5.0 ms show that the runner is now totally filled and the leading fluid 
can now be seen flowing between the cylindrical obstacles with empty voids clearly 
visible behind them. The leading material consists of fast moving fragments and droplets 
generated by splashing when it enters through the gate and collides with the cylindrical 
cut-outs. Some fluid is just starting to flow up into the top annular section of the die.  

The frames at 6.0 and 7.0 ms show that progressively larger volumes of the die cavity 
are filled. There is preferential flow around the curved outsides of the die with substantial 
voidage created by the free surface fragmentation. The voids behind the central 
cylindrical obstacle are filled by 7 ms but the voids behind the ones to either side are long 
lived. At 7 ms, significant vertical flow up into the upper annular extension is visible. The 
free surface is again very broken with substantial voidage.  

At 8.0 ms, more than 50% of the die cavity is filled. Fluid flows predominantly 
around the curved outer parts of the die cavity towards the rear, separates from the sides 
halfway along the curved surfaces and strikes the long central cut-out section near its mid 
point. Voids can still be seen behind the cylindrical obstacles on either sides of the central 
one. Splashing droplets are visible in most of the non-filled parts of the die. Significant 
voids still exist between the annular central section and the elongated cut-out at the end 
of the die cavity.  

At 9 ms, the die is substantially filled. The remaining voids are behind two of the 
cylindrical obstacles, between the annular extension and the elongated cut-out and in 
three parts of the end region of the die cavity where flow separation has occurred. Note 
that the filled regions are not uniformly or densely filled but have many voids. This is 
clearly seen in the right frame. At 10 ms, the uniformity of the filling has improved and 
the voids near the end of the die have finally filled. The filling of the die is almost 
completed at this time. Separation can still be seen as the fluid flows around the lower 
curved walls and into the straight rear section of the die. These two voids and the region 
between the annular top section and the rear slot are clearly amongst the last parts of the 
die to fill and are candidates for porosity created by entrapment of air in the casting. The 
final voids to fill are behind the second and fourth of the cylindrical cutouts at the front of 
the die and small spaces on either side of the gate, just at the point of entry into the die.  

Figure 17 shows two perspective views of the final filled die at 14 ms. Overall, the 
filling process is complex, non-front filling with significant splashing and fragmentation. 
It clearly demonstrates that the order of fill does not occur according to proximity to the 
gate.  

In addition to external views of the die, filling flow visualisation can be done from 
positions within the die. Essentially ‘ virtual cameras’  can be placed in the die to observe 
the flow in detail in selected locations. Figure 18 shows two such examples. The picture 
on the left shows the view from a point around halfway to the back of the die looking 
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back towards the gate. Highly fragmented fluid flows around the larger annular extension 
on the left and passes the right most of the cylindrical cutouts. The second view is from a 
similar location, but is looking towards the rear of the die. Fluid can be seen flowing 
around the outer edge of the die coming into view from the left from behind the camera 
and flowing towards the rear and the long slot cutout on the right.  

7 Filling of a Piston Head 

The final example of HPDC filling is of a real production component. This is a piston 
head and is the circular part in the center of the casting configuration shown in Figure 19. 
As usual fluid is initially located in the cylindrical shot sleeve on the left and is pushed 
down into a convergent and curved runner with a close to right angle bend in it. This 
tapers in both directions to a 3 mm wide by 38 mm long curved gate. At the other end of 
the casting is the real venting system. The top of the piston is cylindrically symmetric, 
but relatively simple. The underneath view reveals a more complex geometry with eight 
ridge extensions from the side wall and a non-symmetric central attachment.  

Figure 20 shows the filling from an oblique upper view. It takes around 24 ms for the 
leading fluid to reach the gate from the shot sleeve. It enters the die and travels 
unimpeded until it strikes the vertical surface of the annular upward part of the die. Here 
some fluid flows up onto the top surface of the piston, but most is pushed sideways 
around the vertical walls of the annular section. Note that there is flow separation off the 
sides of the die and that the free surface is quite fragmented. The degree of fragmentation 
is shown in the side view in Figure 21. Here the irregular and broken nature of the fluid is 
clearly evident.  

By 40 ms, the sideways moving fluid has reached the side of the base plate of the 
piston and fluid is flowing over the top of the piston towards the center. The side views 
shows that the earlier parts of the die to be partially filled are becoming more solid, but 
the leading parts of the fluid are still very fragmented.  

By 45 ms, the fluid has reached the center of the piston at the top and is well past this 
in the base plate. The side view shows that the left half of the part is becoming 
increasingly solid. There are still substantial voids on either side of the gate and some in 
the upper section.  

By 65 ms, the fluid fills a large portion of the piston die and the amount of voidage 
has diminished substantially, with even the voids on either side of the gate having been 
filled. This is a result of the increasing back pressure from the increasingly well filled die 
cavity reducing the fluid flow rate within the die below that of the flow rate through the 
gate. This allows the voids in the mostly filled part of the die to be filled and voids 
squeezed out.  

By 85 ms, the die is almost filled with only a small region near the main vent opposite 
the gate still to be filled. By 105 ms, the vents are more than half filled. At 160 ms the 
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side vents are completely filled and fluid flows only down the central vents towards the 
corrugated end section.  

8 Conclusion 

Several aspects of modelling the high pressure die casting process using Smoothed 
Particle Hydrodynamics have been described. Two dimensional isothermal modelling of 
very simple geometries demonstrated that the filling was not a uniform front fill. The 
order of fill was found to be strongly dependent on the die geometry with back filling 
being responsible for filling much of the thin wall sections. Flow separation of corners 
provides significant opportunities for porosity formation. The capacity of numerical 
simulation to easily examine the effect of changes in gate and runner geometry on filling 
pattern was demonstrated.  

The inclusion of heat transfer and solidification via a temperature dependent viscosity 
were described. The importance of the choice of the die wall thermal boundary conditions 
was found to be particularly important with a clear necessity for modelling the coupled 
conduction into the die since this limits the rate of cooling and therefore of solidification. 
The role of latent heat release in reducing the amount of solidification predicted and in 
narrowing the mushy regions and allowing a slurry of solid metal to form in the free 
stream were examined.  

Finally, the use of the SPH package to model two real complex geometry components 
in three dimensions was demonstrated. In each case flow separation and significant 
fragmentation of the free surfaces lead to large transient void formation. The importance 
of the order of fill of the die was confirmed for these more complex components.  
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Figure 1: View of the shot sleeve and piston used to accelerate the metal through the gate 
and into the die.  
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Figure 2: Filling of a short rectangular die for Re=500.  

 



26 

 

Figure 3: Filling of a long rectangular die for Re=500.  
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Figure 4: Filling of C shaped die with insert for Re=2500  

 

 

Figure 5: Fill patterns for a C shaped die with different gates at time 0.50 ms.   
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Figure 6: Fill patterns for a C shaped die with different gates at time 1.50 ms.  

 

 

Figure 7: Fill patterns for a C shaped die with different gates at time 3.00 ms.  
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Figure 8: Filling of the circular die with a solid core using µ= 0.001 kg/ms  
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Figure 9: Filling of the S shaped die using µ= 0.001 kg/ms  
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Figure 10: (a) Original input viscosity data versus (b) modified viscosity temperature 
relation used in the SPH simulations with a finite value of µ below Ts representing 
solidified metal.  
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Figure 11: Temperature distribution in the liquid metal during the filling of an isothermal 
C shaped die for µr=100. Light grey corresponds to hot metal above the liquidus 
temperature and dark grey to colder metal.  
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Figure 12: Viscosity distribution in the liquid metal during the filling of an isothermal C 
shaped die for µr=100. Dark grey corresponds to low viscosity and shows liquid metal 
while light grey corresponds to high viscosity and represents solid metal.  
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Figure 13: Viscosity distribution when the conduction in the mould is also simulated.  
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Figure 14: Viscosity distribution when the conduction in the mould is also simulated and 
latent heat is included.  


