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Abstract 

In order to effectively model filling processes encountered in injection molding, an 
accurate and computationally efficient method for tracking the fluid interface is essential. 
In this work, several methods for interface tracking and mold filling are discussed in 
reference to three dimensional viscoelastic filling problems. This discussion emphasizes 
the interface tracking techniques in the context of the finite element method. A detailed 
outline of a level let method is presented. This method entails solving for the advection 
of a continuum variable and its subsequent reinitialization as a distance function. 

Numerical simulation of viscoelastic flows is a computationally expensive endeavor. The ad- 
dition of many time dependent free surfaces further increases the complexity as well as the 
computational cost. With solution of the viscoelastic fluid flow equations being so costly, 
methods for free surface tracking that take up only a small fraction of the total CPU time are 
needed if useful, full-scale simulations of injection molding are to be feasible. 

A variety of numerical techniques are available to model flows with free surfaces. The two 
classes of approaches are Lagrangian and Eulerian techniques. In the Lagrangian approach, 
liquid regions are represented by a finite element or finite difference mesh, with the mesh being 
moved and deformed according to the liquid motion. Such an approach can yield highly accurate 
results, however, a robust, unstructured mesh generator is required. This poses problems in 
three dimensions due to meshing complexity and computation time. Also, in the event of 
breakup or coalescence of fluid regions, these approaches have limitations associated with the 
need to combine or separate discretized interfaces. 

In the Eulerian approach, the mesh remains fixed and the liquid regions change in shape 
and location on the mesh. Most Eulerian methods allow for coalescence and breakup of the 
fluid. There are several techniques available for Eulerian solution of free surface problems. The 
method chosen for the work presented here is the level-set volume of fluid (LSVOF) method 
[L, 2, 3, 41. This method allows direct implementation on structured or unstructured meshes. 
This paper describes an algorithm for solving the fluid flow equations and advecting the fluid 
interface. Our aim is to remove any mystery surrounding the method and present the algorithm 



with attention to speed, accuracy and physical issues such as conservation of mass during front 
advection. Using object-oriented programming methods, algorithms for equation solving and 
front smoothing are linked together to provide a fast and efficient code to model filling processes 
as well as general fluid dynamics and heat transfer computations for Newtonian and viscoelastic 
fluids. 

LSVOF method 

The LSVOF method defines a continuous scalar function, f (x, t ) ,  over the computational do- 
main whose level-set isovalue contour indicates the position of fluid interfaces. At each location 
x, f(x,t) equals the positive or negative of the normal or shortest distance from the fluid 
interface. The pure advection equation which conserves this “distance” function f (x, t )  is 

af -+u.Vf = o  at 
with the initial condition, f (x, 0) being equal to the positive of the distance to the fluid interface 
for wet regions and the negative of the distance to the fluid interface for dry regions. The 
velocity field needed to advect the fluid front is obtained by solving the equations of motion 
and continuity. The momentum, continuity, and advection equations are solved on a general 
two or three dimensional mesh by the finite element method. After the continuum field variable 
f(x, t )  has been advected, it must be smoothed so that it is again a distance function. Without 
this smoothing, f can become irregular after some time. Also, maintaining f as a distance 
function is essential for providing the interface with an effective width that does not change in 
time [a, 51. This procedure consists of finding the level-set value contour through each partially 
filled element, calculating that element’s fill fraction, and subsequently resetting the nodal 
values in the computational domain to be a signed distance from the front. While this may 
appear trivial, developing an efficient algorithm which conserves mass during the smoothing 
operation requires attention to some geometric and contouring details. First, application of the 
method in two dimensions is explained. Thereafter, some considerations that arise in 3D are 
mentioned. 

Determination of the fluid interfaces is an element by element procedure. If an element 
is found to contain the level set value a contouring procedure is invoked to find the level set 
contour. This involves sub-dividing the element into a number of linear triangles on which 
the intersection points where f = “level-set value” me determined. If a sub-triangle has two 
intersection points, that line segment is stored in a quadtree-based storage structure [GI. This 
procedure is continued for all elements until the entire level set contour has been determined and 
stored. This contour is the position of all the existing fluid interfaces. During the contouring 
process, the wet area of each element is found so that the fill fraction of the element can 
be determined. This is needed so that material properties can be assigned to partially filled 
elements . 

After the level-set contour has been calculated and stored, the smoothing process begins. For 
any node in the computational domain, finding the contour point and its associated segments 
nearest that node is a trivial process because of the quadtree-based storage structure. The 
smoothing process involves calculating the signed distance from the level set contour of all nodes 



in the computational domain. However, those nodes which contribute to the determination of 
the level-set contour are not smoothed in order to maintain the initial contour and to conserve 
mass. 

In three dimensions, the process is much the same as in two dimensions with the elements 
being divided into tetrahedrons for contouring. Contour points are found by looping over the 
triangular faces of the sub-tetrahedrons, and the contour is stored in an octree-based storage 
structure [GI as triangles in three dimensional space. Wet volumes of the sub-tetrahedrons are 
found by analytical solution of the divergence theorem, J x n were the summation extends 
over the number of faces of the wet volume. 

During the solution of the fluid flow equations, those elements which are partially filled are 
given averaged material properties on an ad hoc basis according to 

m = F ’ mliqu id  + (1 - F )  ’ mpseudo-fluid (2) 

where F is the fill fraction of the element. This allows for a smooth transition from the fluid to 
the void or pseudo-fluid. The benefit of smoothing and property averaging is that it gives the 
fluid interface a finite thickness which is less susceptible to numerical instabilities than a step 
function. 

R- 

The use of quadtree and octree storage of spacial contour data makes the method extremely fast 
and efficient. Also, the object-oriented structure of the code allows changes to be easily made 
in the number of nodes and elements active in the computations as well as the introduction of 
new boundary conditions. The use of a continuum field variable allows for element by element 
location of the fluid interfaces and advection of that variable by standard solution techniques 
with no restriction to structured meshes. Averaging of the material properties works well 
for Newtonian fluids. However, for viscoelastic fluids a more efficient method of weighting 
material properties is currently being investigated. Results for standard benchmark problems 
for Newtonian fluids, and in particular, viscoelastic fluids will be discussed in the presentation. 
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