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Abstract 
This paper presents an interface tracking method for modelling the flow of 

immiscible metallic liquids in mixing processes. The methodology can 
provide an insight into mixing processes for studying the fundamental 
morphology development mechanisms for immiscible interfaces. The VOF 
method employed here utilises the piecewise linear for interface construction 
scheme as well as the continuum surface force algorithm for surface force 
modelling. A model coupling numerical and experimental data is established. 
The main flow features in the mixing process are investigated. It is observed 
that the mixing of immiscible metallic liquids is strongly influenced by the 
viscosity of the system, shear forces and turbulence. The numerical results 
show good qualitative agreement with experimental results, and are useful for 
optimising the design of mixing casting processes. 

 

 

1 Introduction 
Casting immiscible engineering alloys is a challenging problem due to metallic and 
hydrodynamic phenomena which take place during the process; various research efforts 
are still in progress to develop a process methodology for obtaining a fine and uniformly 
dispersed microstructure. Evidence shows that the liquid-liquid decomposition and 
spatial behaviour in the molten state dominate the solidified microstructure of 
immiscible alloys. However, the hydrodynamic behaviour in the molten state is not well 
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understood. Experiments encounter some difficulties to provide a complete insight into 
the process. Therefore, a computational method has been developed to investigate the 
hydrodynamic behaviour of immiscible metallic alloys in a novel casting process called 
rheomixing, based on the use of a twin-screw extruder (TSE). 

 

2 Process of microstructure evolution 
A rheomixing process was developed based on previous experience in the processing 

of semisolid metal (SSM) slurry by a TSE [1]. TSE is commonly used in polymer 
processing [2, 3], and provides sufficient shear flow in the rheomixing process to create 
a fine and homogeneous droplet dispersion, and enough viscous force in the semisolid 
state to counterbalance the Stokes and Marangoni motions. However, there are still some 
limitations for the experiments to provide an insight into the flow during the process. 

Applications of TSE in immiscible engineering alloy processing generate different 
flow mechanisms, which result in the desired solidified microstructure of the immiscible 
engineering alloy. The study of immiscible Zn-Pb binary alloys in shear-induced 
turbulent flows is important to provide more detailed information into the rheomixing 
process, to increase our control of the rheology of an emulsion and its solidified 
microstructure. An understanding of the fluid dynamics inside and around a suspended 
drop is necessary for delineating the mechanisms of microscopic transport and 
microstructure of immiscible alloys. 

 

3 Modelling approaches 
The solidified microstructure of immiscible alloys strongly depends on processing 

conditions, especially the liquid–liquid decomposition and spatial separation behaviour 
within the molten state. There have been several attempts to model at least parts of the 
microstructure evolution in the liquid state or even the whole process from nucleation 
until the formation of layers. Two approaches were described in a review paper on 
immiscible liquid alloys [4]. However, there are more numerical approaches for 
multiphase flows available to simulate possible phase segregation, coagulation, 
collision, immiscible interface, sedimentation, etc. These include the dissipative particle 
dynamics (DPD) approach for the phase segregation of binary systems at the mesoscale, 
the Euler-Euler approach for macrostructural modelling, various immiscible interface 
tracking approaches for both microstructural and macrostructural modelling, molecular 
dynamics (MD) approaches for the simulation in the atomistic scale, as well as 
combined approaches. Here, the volume-of-fluid (VOF) method is adopted in the present 
study. 

 

3.1 VOF interface tracking method 
The VOF model is a surface-tracking technique applied to a fixed Eulerian mesh. It is 

designed for two or more immiscible fluids where the position of the interface between 
the fluids is of interest. In the VOF model, a single set of momentum equations is shared 
by the fluids, and the volume fraction of each of the fluids in each computational cell is 
tracked throughout the domain.  



 

 3/10

As the VOF method provides the possibility of tracking immiscible interfaces that are 
of interest to the present study, it is employed here for the numerical investigation of the 
hydrodynamic behaviour of immiscible metallic alloys in the rheomixing process.. 

The numerical methods adopted in the present simulations are based on Hirt and 
Nichols’ VOF method [5] coupled with Youngs’ piecewise linear interface construction 
(PLIC) scheme [6], Brackbills’ continuum surface force (CSF) model [7], and solved by 
an algebraic multigrid (AMG) solver [8], as well as the k-ε turbulence model [9] and the 
pressure-implicit with splitting of operators (PISO) scheme for pressure-velocity 
coupling [10].  

 

3.2 The volume evolution equations  
In the VOF method, the motion of the interface between immiscible liquids of 

different density and viscosity is defined by a phase indicator – the volume fraction 
function C, and the interface is tracked by the following three conditions: 

   0  (outside kth fluid)   
 Ck (x, y, z, t) =       1  (inside kth fluid)   

   >0, <1  (at the kth fluid interface)   
According to the local value of Ck, appropriate properties and variables are assigned to 
each control volume within the domain. 

The volume fraction function Ck is governed by the volume fraction equation: 

 0=∇⋅+
∂
∂

k
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where u is the flow velocity.  
The two-phase fluid flows are modelled with the Navier-Stokes equation 
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where F stands for body forces, g for gravity acceleration, and p for pressure. The 
velocity field is subject to the incompressibility constraint, 0=⋅∇  u . 

In a two-phase system, the properties appearing in the momentum equation are 
determined by the presence of the component phase in each control volume. The average 
values of density and viscosity are interpolated by the following formulas 

 ρ i, j = ρ1 + C2 (ρ2 - ρ1)   (3) 
 µ i, j = µ1 + C2 (µ2 - µ1)    (4) 

In multi-phase systems, the “onion skin” technique is used [11]. 

3.3 The interface reconstruction algorithm 
In the PLIC method, the interface is approximated by a straight line of appropriate 

inclination in each cell. A typical reconstruction of the interface with a straight line in 
cell (i, j), which yields an unambiguous solution, is perpendicular to an interface normal 
vector ni, j and delimits a fluid volume matching the given Ci, j for the cell. A unit vector 
n is determined from the immediate neighbouring cells based on a stencil Ci, j of nine 
cells in 2D. The normal vector ni, j is thus a function of Ci, j, ni, j = ∇ Ci, j. Initially, a cell-
corner value of the normal vector ni, j is computed. An example at i+1/2, j+1/2 in 2D is 
as follows:  

 nx, i+1/2, j+1/2 = ) C-CC-C ji,j,iji,j,i 1111(
h2
1

++++ +  (5) 
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 ny, i+1/2, j+1/2 = ) C-CC-C j,ij,iji,ji, 1111(
h2
1

++++ +  (6) 

The required cell-centred values are given by averaging: 
 ( )2/1,1/12/1,2/12/1,2/12/1,2/1 nnnn

4
1n +−++−−−+ +++= jijijijiji,  (7) 

The most general equation for a straight line on a Cartesian mesh with normal ni, j is  
 nx x + ny y = α (8) 

The normal vector ni, j is defined by the vector gradient of Ci, j, which can be derived 
from different finite-difference approximations which directly influence the accuracy of 
algorithms. These include Green-Gauss, volume-average, least-squares, minimization 
principle, Youngs’ gradients, as discussed in [12]. It is noted that a wide, symmetric 
stencil for ni, j is necessary for a reasonable estimation of the interface orientation.  

 

3.4 The fluid advection algorithm 
During an advection step, the volume fraction Ci, j is truncated by the formula: 
 Ci,j = min[1, max(Cf

i,j, 0)] (9) 
at the (n+1) time step. Once the interface is reconstructed, the velocity at the interface is 
interpolated linearly and the new position of the interface is calculated by the following 
formula: 

 xn+1 = xn + u(∆t) (10) 
The new Ci,j field is obtained according to the local velocity field, and fluxes ∆C at 

each cell are determined by algebraic or geometric approaches. Here, the simplest 
operator split advection (geometric) algorithm is used as proposed by [6]: 
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where Fi-1/2, j = (Cu)i-1/2, j denotes the horizontal flux of the (i, j) cell and Gi-1/2, j =       
(Cv)i, j-1/2 denotes the vertical flux of the (i, j) cell. That is, volume fractions are updated 
at time level n from Cn

i, j to j i,C  with an x sweep, then updated from j i,C to Cn+1
i, j with a 

y sweep. 
 

3.5 Surface force model  
Surface tension along an interface arises as the result of attractive forces between 

molecules in a fluid. In a droplet surface, the net force is radially inward, and the 
combined effect of the radial components of forces across the entire spherical surface is 
to make the surface contract, thereby increasing the pressure on the concave side of the 
surface. At equilibrium in this situation, the opposing pressure gradient and cohesive 
forces balance to form spherical drops. Surface tension acts to balance the radially 
inward inter-molecular attractive force with the radially outward pressure gradient 
across the surface. 

Here, surface tension is applied using the CSF scheme [7]. The addition of surface 
tension to the VOF method is modelled by a source term in the momentum equation. 
The pressure drop across the surface depends upon the surface tension coefficient σ,  

 )11(
21 RR

p +=∆ σ   (12) 
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where R1, R2 are the two radii, in orthogonal directions, to measure the surface 
curvature. In the CSF formulation, the surface curvature is computed from local 
gradients in the surface normal at the interface. The surface normal n is defined by 

 j i,j i, C∇=n   (13) 
where Ci, j is the secondary phase volume fraction. 

The curvature κi, j is defined in terms of the divergence of the unit normal n̂ : 
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where 
n
nn =ˆ   (15) 

The surface tension can be written in terms of the pressure jump across the interface, 
which is expressed as a volume force F added to the momentum equation 
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where the volume-averaged density ρi, j is given by Equation (3). 
 

4 Application of PLIC-VOF for immiscible alloy flows 
Numerical simulation seems to have some advantages to investigate immiscible flows 

at the microscopic level. Therefore, a computer modelling technique based on 
computational fluid dynamics (CFD) coupled with a PLIC-VOF module is applied to 
solve the problems of decomposition, spatial phase separation and microstructural 
evolution during the cooling of an alloy through the liquid miscibility gap. 

The thermophysical properties of immiscible metallic Pb-Zn binary alloys are taken 
from [13], while phase equilibrium data are taken from [14]. Shear rate is estimated by 
the equation γ  = 2n π (rs / δ –1), where rs is the screw radius, n is the screw rotation 
speed and δ is the gap between barrel and screw surface [15]. Simulations are conducted 
on simplified flow fields under shear-induced force, which was implemented as moving 
boundaries in the computational domain coupled with imposed initial flow field 
condition. The breakup scale factors (BSF) ~ ( , , )t

n d pK f L L t  (Ld, Lp - characteristic 
length scales of daughter droplet and parent drop, respectively) are proposed here to 
measure the size of the daughter drop with t = ξ, t = ψ, t = ζ  the time for first daughter 
drop formation, full breakup up of parent drop, and good distribution of daughter 
droplets, respectively. 

 
4.1 Tracking droplet formation 

The results of numerical simulations for one-sided shear-induced flow are shown in 
Figure 1. The first droplets were formed around 3.6 ms, and the size of the smallest 
droplet is quite small. The droplet formation occurred in the sheared layer, the wave of 
the Pb phase appeared first at the time 2.0 ms, followed by a protruding finger at the 
time 3.2 ms. The protruding finger then broke up, and droplets formed at the time 3.6 ms 

The simulations ended after the formation of the first few droplets, due to the 
limitations of computational facilities. For further simulations, a single drop in shear-
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induced flow is considered in order to examine the microstructural mechanism of drop 
break-up, which will be discussed in the next section. 

 
4.2 Tracking a drop breakup into droplets 

The breakup scale factor (BSF) Kξ
r is defined as the ratio of the capillary number of 

daughter drop to parent drop, Kξ
r = Cad / Cap = (γ  rdd µm / σ) / (γ  rd µm / σ), in which rdd 

denotes the daughter drop radius. 
The breakup scale factor (BSF) LK ξ is defined as the ratio of the elongative length of 

the parent drop to the original parent drop diameter, /
L D dK L Dξ = , at the time the first 

daughter drop is formed.  
For one-sided shear-induced flows, case 1, rK ξ  =0.083, while the ratio of the 

elongative length to the parent drop radius is LK ξ  =2.167. For two-sided shear-induced 
flows, results of the simulations are similar to case 1.  

Daughter drops were born on both sides as shown in Figure 2, case 2 and case 3. The 
ratio of the first daughter radius to the parent drop radius rK ξ  is equal to 0.0125, while 
the ratio of the elongative length to the parent drop diameter LK ξ  is equal to 3.417 for 
case 2. For case 3, the ratio of the first daughter radius to the parent drop radius rK ξ  is 
0.333, the ratio of the elongative length to the parent drop diameter LK ξ  is 5.542. Case 1 
and case 3 need longer for breakup than case 2 

The effect of viscosity is illustrated in Fig. 3 through case 4 and case 5. The initial 
breakup factor rK ξ =0.167, LK ξ =3.833 for case 4, and rK ξ =0.125, LK ξ =2.667 for case 5. 
Case 4 reaches the full breakup much faster than case 5, and the shape of daughter drops 
in case 5 is longer than in case 4. It appears that the breakup is easier in thin viscous 
fluids than in thick viscous fluids. This means that the breakup should be completed in 
the fluid state with low viscosity of the matrix phase in order to obtain fine droplets and 
short processing time. 

 
4.3 Tracking droplets mixing flow 

The breakup scale factor (BSF) max
tK  is defined as the ratio of the largest size of 

daughter drop to parent drop diameter at each time interval, max max /t
dd dt i

K r D
=

= , rddmax 

denotes the largest daughter drop size, Dd denotes the diameter of the parent drop. min
tK  

is similar. The interaction behaviour of daughter droplets involves coalescence and 
refinement as shown in Figure 4 for case 1 and Figure 5 for case 2. . It is noted that the 
range is narrower in one-sided shearing flow (case 1), which is the main flow 
characteristic of the TSE process. 

 

5 Conclusions 
Numerical simulations have been conducted as simplified problems through the VOF 

method with the PLIC scheme, AMG approach and k-ε turbulence model. The metallic 
drop deformation and rupturing, the essential microscopic mechanisms of the 
rheomixing process, were investigated to increase our understanding of the basic 
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behaviour of immiscible metallic drops in a prototypical rheomixing process. The results 
show that numerical methods are capable of simulating the rheological behaviour of an 
immiscible Zn-Pb binary alloy in shear-induced mixing processes, which reflect the 
fundamental flow features of twin-screw rheomixing process.  

 
Acknowledgements: We are grateful to researchers in the CFD group in SAMME, 
RMIT University and SED, Brunel University for helpful discussions on numerical 
approaches and the TSE rheomixing casting process. 
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Figure 1:  Numerical evaluation of droplet formation in a 2D one-sided shear-

induced flow. 
 



   

   

 
 
 
 

 
 
 

Figure 2   Tracking a drop breakup, grid 128×32, domain 16×4, case 1 and case 2 
are for λ=1, Ca=3.2 for one side shear-induced flow and double side shear-induced 
flow respectively and with enhanced initial shear rate near wall. Case 3 is for 
Ca=1.17, Re=0.0 initial flow field. 

 
 

 
Fig. 3:  Tracking a drop breakup, grid 128×32, domain 16×4, Ca=2.5. Case 4 is for λ=1, 

case 5 is for λ=0.5 
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Figure 4:  Schematic illustration of Kt range for case 1 
 
 

 
Fig. 5:  Schematic illustration of Kt range for case 2 


