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Summary 

Gas-assisted injection moulding is a process in which the molten plastic is injected in 
the mould followed by a pressurised gas, which takes care of the filling to be completed. As the 
pressure drop in the gas core of the product is almost zero, gas-assisted injection moulding 
enables the production of hollow structures with improved surface quality at lower moulding 
pressures than required in conventional injection moulding. Consequently, the pressure 
gradient in the product can be reduced significantly, leading to reduced thermal stresses in the 
surface of the product and lower clamp tonnage. 

Despite that this technique is commonly used for the production of hollow products, 
gas-polymer dynamics in the mould is not well understood. The main problem is the need to 
predict the distribution of the gas and the size of the gas core, which determine the end 
properties like the stiffness and the strength of the product. In the past, several studies have 
been done to obtain the dynamics and possibly predict these end properties. It was concluded 
that the 2.SD approach fails to give the important flow characteristics around comers, over ribs 
or in the vicinity of flow fronts and interfaces, and copsequently a 3D approach is needed. 

By developing a 3D numerical model it now is possible to predict the distribution of 
the gas and the width of the gas core. The model is based on the Navier-Stokes equations, 
while tracking of the polymer and the gas/air is done by solving a passive scalar convection 
problem; the material labels, a discontinuous scalar function, are convected with the velocity 
field to determine the position of the interface between the gas/air (labelled with 0) and the 
polymer (labelled with 1). Consequently, remeshing is avoided which is a great advantage. The 
equations of the Navier-Stokes problem, the convection problem and later the temperature 
problem are solved using a standard Galerkin finite element method, using the penalty function 
approach, while for the time integration the Crank-Nicholson time integration scheme is used. 

In order to test if the model used describes the essential phenomena in (gas-assisted) 
injection moulding, some 2D cartesian and axi-symmetric simulations have been done on the 
flow in a bifurcation, and on gas-assisted injection moulding in a tube and around a comer. 
Also, some non-isothermal axi-symmetric simulations of the filling of a tube are performed to 
obtain temperature dependent data, which can be compared with experiments. Finally, to test 
the applicability of the method used for a 3D model, a fully 3D simulation has been done. 

As a conclusion it can be stated that the method used in this model certainly is useful 
for the simulation of 3D injection moulding processes, because it has been observed that: 
• the essential phenomena in the gas-assisted injection moulding process are described very 

well in 2D (cartesian and axi-symmetric co-ordinates). 
• the results from the 3D simulations clearly show the gas-polymer distribution as observed 

in practise. 
Consequently, further improvement of this model for the gas-assisted injection moulding 
process is thought to be useful. 



Notation 

symbols 

cp 

e . , 

g; 
h; 
1 . 
~ , 

A m- f • 

- Ag +Af ' 

fi; 

P ; 
u, v; 

w· , 
x, y, z; 

A· , 
R· , 
T· , 

Greek symbols 
y; 

11; 
A; 
e ; 
p; 
't ; 

r; 

~ ; 
II; 

dimensionless numbers 

Ca= ull . 
r ' 
u2 

Ec= --; 
c p ilT 

as 
Fo = ------::

pCp R2 ' 

u 2 

Fr=-· 
gR ' 

ex 
Pe=---

pCp uR ' 

Re= puR; 
11 

thermal capacity at constant pressure 

specific internal energy 

acceleration due to gravity 

height 
length 

relative cross sectional area occupied by the fluid 

outward normal to the surface 
hydrostatic pressure 

velocities 

width 
co-ordinates 

cross sectional area 
radius 
temperature 

shear rate 

viscosity 
radius of the gas core relative to channel radius 
characteristic time 
density 

stress 
surface tension 

particle label 

[Jkg-I K-I] 

[Jkg-I] 

[ ms-2
] 

[m] 
[m] 

[ - ] 

[Pa] 
[ms-I

] 

[m] 

[S-I] 

[Pa s] 
[ - ] 
[ s ] 
[kgm-3

] 

[Pa] 
[ Pam] 

second invariant of the velocity deformation tensor [S-l] 

°11 b viscous forces cap! ary num er = 
surface forces 

Eckert number 

conduction of heat 
Fourier number = 

instationary ilenthalpy 

inertial forces 
Froude number = -------

gravitational forces 

P
' 1 b convection of heat ec et num er = -------

conduction of heat 

R Id b 
stationary inertial forces 

eyno s num er = 
viscous forces 

[ - ] 

[ - ] 

[ - ] 

[ - ] 

[ - ] 

[ - ] 

7 



8 

R 
Sr=eu 

vectors, tensors and matrices 

S h 1 b 
instationary inertial forces 

trou anum er = -----'-------
stationary inertial forces 

D ; rate of deformation tensor 

f; 

Ii; 
L; 
M; 
N; 
S ; 
a; 

cr; 

operators and functions 

V· , 
a; 

specific body force vector 

heat flux vector 

divergence matrix 
mass matrix 
stiffness matrix (convection) 
stiffness matrix (viscous forces) 

thermal conductivity tensor 

Cauchy stress tensor 

gradient operator 
material time derivative of a 

a ; vector a 

Ad = A - .x tr( A)I; deviatoric part of the second order tensor A 

AC 
• , 

1 . , 
da 
dt 

subscripts 
b' , 
f· , 
g; 
n; 
p; 
t ; 
y; 
T; 
0; 

conjugation of tensor A 
unit tensor 

spatial time derivative of vector a 

bubble 
fluid 
gas 
normal direction 
pressure 
tangential direction 
yield 
temperature 
initial, zero 

Notation 

[ - ] 

[S-1 ] 

[ ms-2
] 

[Wm-1
] 



9 

Chapter 1 Introduction 

Gas-assisted injection moulding is a process in which the molten plastic injected in the 
mould is followed by a pressurised gas, which takes care of the filling to be completed. This 
process can be divided into three stages (see figure 1.1). In the first stage, the polymer melt is 
injected in the mould, until it is filled to a certain fraction. The melt contacts the cold walls by 
which a solidified skin will arise. In the second stage, the gas is injected under a prescribed 
pressure or a controlled volume flux, penetrating in the direction of the least flow resistance 
while driving the melt further into the mould until it is filled completely. A significant portion 
of the final polymer skin results from molten plastic that is deposited on top of the solidified 
layer in contact with the cold surface. In the last stage, further gas penetration may occur due 
to the shrinkage of the polymer. 

melt h Itstage 
""" solid ) melt front 

~ga_s .' ~)_t_........L)~1 tsmge 
) ~ 

molten layer melt shrinkage 

rd 

____ iiil_ .... 3 stage 

Fig. 1. 1 Three stages of the gas-assisted moulding process 

The greatest advantage of gas-assisted injection moulding is, that hollow structures 
with improved surface quality can be produced at lower and more equally distributed moulding 
pressures than required in conventional injection moulding. Because the pressure drop in the 
gas core of the product is almost zero, the pressure gradient in the product will be reduced, 
leading to reduced thermal stresses in the surface of the product, and as a result of this, the 
product will be less inclined to warp. Apart from this main advantage, this technique offers 
some more advantages: 

• The hollow thick parts or the thick part sections enable large ribs and flow leaders and a 
higher stiffness to weight ratio. 

• A reduced cycle time for products made with this technique vs. products made with 
conventional injection moulding containing only solid sections. 

• The pressure reduction results in lower clamp tonnage and lower production costs. 
In the plastics industry, two different gas-assisted injection techniques are commonly 

used; nozzle gas injection, in which the gas is injected through the melt injection nozzle; and 
mould gas injection, in which the gas is injected through a separate needle into the mould. The 
latter can be used to inject the gas at more than one point at a time. In order to apply these 
techniques of gas-assisted injection moulding successfully, the products have to meet several 
design criteria. The major one is that they have to contain thick parts to lead the gas flow. The 
greatest problem in this is that the dynamics of the gas, penetrating into the polymer, is not 
known and consequently properties like the distribution of the gas, the stiffness of the 
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product and the final thickness of the polymer left on the mould walls can not be predicted 
accurately enough, although from practice the last is approximately known. 

Because it is very expensive to design a product in trial and error, simulation 
programs need to be developed that can predict these end properties. One of the latest 
developments in simulation software is to simulate the multi-component injection moulding 
process and derive properties of the final product (Zoetelief, 1995). The gas-assisted injection 
moulding process resembles the multi-component injection moulding process in the sense that 
two different materials are injected into the mould. The main difference, however, is that in 
multi-component injection moulding the difference in viscosity is at most a factor 10, while in 

gas-assisted injection moulding it is approximately a factor 107
• Consequently, the distribution 

of the injected materials shows important differences (see figure 1.2) and the modelling of gas
assisted injection moulding requires another approach than the one for mUlti-component 
injection moulding. 

2 1 

1: first polymer 

mu tI-component m]ectlOn mou mg 2: second polymer 

----1--2
_ -- -- -- -- -- -- -~ -- -_1_ --}- --1 

gas-assisted injection moulding 2. 

polymer 
gas 

Fig. 1. 2 The difference in distribution of the sequentially injected materials 

In the past, several experiments have been conducted to investigate the dynamics of a 
bubble moving in a tube filled with a highly viscous fluid: an overview will be given in chapter 
2. No analytical description of the motion of a bubble in a channel filled with a viscous fluid 
has been found so far. 

To describe this process a numerical model will be developed, which will be tested by 
simulating a number of cases that will exhibit the characteristics of the gas-assisted injection 
moulding process. Temperature effects will be taken into account as well. The model will then 
be extended to 3D, because not only in practice gas-assisted injection moulding is used for 
typical 3D geometry's such as ribs, but also the process itself does contain essential 3D effect 
which are of great influence on the final product. With this model it should be possible to 
predict properties of the final product like the distribution of the gas, the stiffness of the 
product and the final thickness of the polymer left on the mould walls. To determine residual 
stresses in the future, also the deformations in the fluid should be calculated, which can be 
compared with the results known from literature and experiments (to be) done. 
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Chapter 2 Literature review on gas-liquid dynamics 

The essence of gas-assisted injection moulding is the displacement of a viscous liquid 
by a less viscous one (see figure 1.1), which is governed by the capillary number: 

Ca = uTl f 

r 
(2. 1) 

in which u is the velocity, Tlt the viscosity of the highly viscous fluid and r the surface tension. 
This type of flow appears in a lot of processes in the industry today such as within the porous 
rock of an oil reservoir where the driven fluid is significantly more viscous than the driver 
(Saffman and Taylor, 1958; Reinelt and Saffman, 1985); in oil recovery techniques where oil in 
the system of a machine is regenerated by blowing air into the system (Ransohoff and Radke, 
1987; Kolb and Cerro, 1991); and in the coating of monolithic structures for the manufacture 
of catalytic converters (Kolb and Cerro, 1993-a; 1993-b). In these applications, the penetration 
of the less viscous fluid takes place at Ca of order < 1. However, in gas-assisted injection 
moulding only the secondary penetration of the gas takes place at Ca - 1, while the primary 
penetration of the gas takes place at Ca - 1000. 

In this chapter, several studies about the dynamics of gas penetration in a Hele-Shaw 
cell, a circular tube, a square tube and in gas-assisted injection moulding are discussed. It is 
investigated whether the results of these studies are applicable to gas-assisted injection 
moulding. 

§ 2.1 Gas-liquid dynamics in a Hele-Shaw cell 

Saffman and Taylor (1958) studied the penetration of a gas into a Hele-Shaw cell, 
which consists of two closely spaced parallel sheets of glass containing a more viscous fluid. 
Because it had been shown that the unstable interface between two fluids of different viscosity 
develops in such away, that long fingers of the less viscous fluid penetrate into the more 
viscous one, they took a channel narrow enough to allow only one finger within the channel 
width (l x w x h = 910 x 25.4 x 0.8 [mm]). They studied the penetration of the finger in the 
length-width plane assuming that 

• the interface between the fluid and the gas is a sharp line, 
• the pressure change due to the surface tension at the interface is ignored, 
• the gas inside the bubble is of negligible viscosity and density, 
• the gravity forces are negligible. 

They derived the following relation between the velocity of penetration of the finger and the 
description of its front shape: 

x = t: A tnG ( t +cos( n ~y ) ) J (2.2) 

where U f is the velocity of the fluid at infinity in front of the bubble, ub the velocity of the 

bubble, A the width of the gas core relative to channel width, x and yare co-ordinates relative 
to the nose of the bubble in the length and width direction respectively, as shown in figure 2.1. 
Furthermore, they related A to the capillary number. Although this solution appears to be 
mathematically non-unique, in practice just one physical solution has been observed. 
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gas: 'Tl1,P1 polymeer: 112,P2 

Fig. 2. 1 Finger moving into a channel 

§ 2.2 Gas-liquid dynamics in a circular tube 

Tay lor (1960) measured the fraction of fluid m, which was left on the wall after the 
core of the fluid was driven out by air, given by: 

m = ub - uf Af = 1- A? 
Ub Ag +Af 

(2.3) 

where Af is the cross section occupied by the fluid and Ag the cross section occupied by the 
gas. He found that with Ca increasing towards 2.0, m reaches a limiting value just above 0.56. 
He also pointed out, that when m = 0.5 the flow velocity at the centre line far from the gas 
front is identical to that of the gas front, whereas if m < 0.5 the central filament is moving away 
from it (reverse flow). In figure 2.2 possible streamlines suggested by Taylor for both 
situations are shown, which have been confirmed experimentally by Cox (1964). 

Ca) 
m> 0·5 

(b) 

rn < 0-5 

Fig. 2. 2 Possible streamlines suggested by Taylor 

Cox (1962) also studied m as a function of Ca up to 3.0. In his analysis he assumed 
that the fluid is incompressible and that both the inertia terms and the gravity force, are 
negligible, which implies that the bubble is axi-symmetric. He found that m reaches an 
asymptotic value of 0.60, and the experimental results he obtained were in good agreement 
with this. Also, the profile of the gas front travelling through the viscous fluid was measured 
and an exponential curve was fitted onto this profile. It was concluded that a large part of the 
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profile is accurately exponential in form. However, at the nose of the bubble the exponential 
curve does not match the measured profile of the gas front. 

13 

The finite difference method was used by Reinelt and Saffman (1985) to calculate the 
steady-state shape of a finger penetrating into a region filled with a viscous fluid. In this free 
surface problem they solved Stokes' equation for low Reynolds' number flow, by adjusting the 
shape of the finger to satisfy the normal stress boundary condition, which is the boundary 
condition of the pressure jump at the interface. Their numerical results were in good agreement 
with the results of Taylor (1960). For the axi-symmetric case, they found an asymptotic value 
for the fraction m of 0.55 at Ca numbers increasing towards 2.0 . 

§ 2.3 Gas-liquid dynamics in a square tube 

An extent to higher Ca up to Ca ~ 10 is performed by Kolb and Cerro (1991) who 
used a square capillary. One of the main differences between a square capillary and a circular 
one is that in the first the gas flow may not be axi-symmetric, which appears to happen for Ca 
< 0.1. This is due to that at low Ca, the bubble flattens out against the capillary walls leaving 
liquid regions in the comers separated by a thin flat liquid film. However, the most important 
observation by Kolb and Cerro was that the amount of fluid left on the walls of the capillary 
increases with increasing Ca to an asymptotic limit of 0.60. 

In their analyses, one of their major problems was that an analytical expression for the 
velocities in the film between the bubble and the square capillary walls did not exist. This is 
solved by Kolb and Cerro (1993a, 1993b) , who developed an expression which describes the 
velocity in a film between a square capillary and a bubble. 

§ 2.4 Conclusions 

In order to solve the equations, which describe the dynamics at the gas front, in all 
these studies the following assumptions have been made: 

• the fluids are incompressible, 
• there is a 'sharp' interface between the fluid and the gas, 
• there exists a pressure drop across the interface, 
• gravitational effects are neglected, 
• the inertia terms in the equation of motion are neglected. 

Although these assumptions are also applicable to gas-assisted injection moulding, 
irregularities in some studies bungle the applicability to gas-assisted injection mOUlding: 

• Saffman and Taylor (1958) made assumptions about the shape of the finger which they 
cannot justify, 

• Kolb and Cerro(1993-a, 1993-b) developed an expression for the velocity in the space 
between the square capillary and the bubble. It is not of any use in gas-assisted injection 
moulding, because the velocity of the polymer in gas-assisted injection moulding between 
the capillary and the bubble is approaching zero. 

Also in all studies an assumption has been made which bungle the applicability to gas-assisted 
injection mOUlding: 

• low velocities resulting in to low ea, indicating that surface tension is dominating, while 
in gas-assisted injection moulding Ca "" 1 000 and therefor surface tension does not have 
any influence. 

Although the results from these studies are not directly applicable to gas-assisted 
injection moulding, they do provide insight into the physics of the process, in which a viscous 
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fluid is expelled by a less viscous one. It is clear that 3D effects, such as the velocities in the 
thickness-direction, are very important phenomena in the gas-assisted injection moulding 
process (see figure 2.2). 

§ 2.5 Gas-liquid dynamics in gas-assisted injection moulding 

Poslinski and Stokes (1993) focused on understanding the flow of the gas and the 
melt during primary gas penetration in the gas-assisted injection moulding process, because the 
gas front determines the extent of gas penetration and the wall thickness around the hollow 
core in gas-assisted moulding parts. By studying the displacement of a liquid in a tube by a gas 
they developed a description of the penetration of a gas in a polymer melt. In their experiment 
they injected a gas at a constant pressure in a tube filled with silicone and registered the gas
liquid motion. In these experiments, four parameters were varied independently: the gas 
pressure, the initial amount of liquid in the tube, the tube radius and the viscosity. In their 
model they assumed: 

• the bulk of the liquid downstream of the bubble to move with an average velocity, which 
is the familiar result for steady tube flow of Newtonian liquids and viscoplastic liquids at 
high deformation rates, 

• the fraction of the fluid left on the mould walls m after the gas front has passed to be 
constant. 

From the average velocity of the bulk of the liquid downstream of the bubble and the fraction 
m they can predict the time needed by the gas front to reach the polymer front (the blow-out 
time). 

Good agreement for their model with the experiments was obtained when Ca 
approaches 10. At low bubble velocities disagreement was expected because more liquid was 
pushed in front of the bubble, thereby reducing the coating thickness and delaying blow-out. 
They concluded that at higher penetration rates the thickness distribution becomes uniform and 
m approaches 0.564 as with Newtonian fluids. This means that m does not depend on the 
velocity of penetration at high Ca. 

Poslinski, Oehler and Stokes (1995) improved the model ofPoslinski and Stokes 
(1993). They assumed that: 

• the average liquid velocity in front of the bubble is related to the instantaneous pressure 
drop given by the Buckingham-Reiner equation for the steady tube flow of a viscoplastic 
fluid (Bird, Armstrong and Hassager (1987», 

• the gas pressure reaches its final value instantaneously and is fixed during the entire 
process. 

After introducing dimensionless parameters they defined the dimensionless yield stress 1":., 

which determines whether gas penetration is possible, and the characteristic capillary ratio c * , 
which determines the effect of the bubble velocity on the liquid coating: 

* 2 10 1" 0 
1" y = 

R tube Mo 

* Rtube2 Mo c = --"'=---"--

(2.4) 

8 r 10 c= 
in which to is the initial liquid length, 1" 0 the magnitude of the yield stress, Rtube the radius of 

the tube, Mo the applied pressure drop, r the liquid surface tension and c= an experimentally 

obtained constant. These govern the isothermal gas-assisted displacement of viscoplastic 
liquids in tubes. The dimensionless yield stress has to be smaller than 1 for the gas pressure to 
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overcome the liquid yield stress and to initiate gas penetration. For small values of the 
characteristic capillary ratio, the coating thickness is sensitive for variations in the bubble 
velocity and for values much larger than 1, the asymptotic thickness ratio will be reached. 

According to them, computer simulations show the temperature distribution in the 
bulk of the molten core to remain fairly uniform and to a first order the temperature problem 
can be modelled by the cooling of a hot plastic melt in a cold cavity without any flow effects. 
However it is to be expected that in this way the cooling rate and the thickness of the solid 
layer are overestimated, because heat convection and shear heating tend to raise the 
temperature of the flowing melt. 

15 

Poslinski et.al. claim that the model is a good description of the gas-liquid dynamics 
and the final thickness distribution, however the need to determine the experimentally obtained 
constant c= is a weakness in their analyses. From the results they obtained, it is concluded that 

at higher gas pressures, an asymptotic value of m z 0.578 is reached and a uniform thickness 
distribution is attained over the entire tube. Also, the bubble attains its final shape within a few 
diameters of the gas injection point and is very stable. 

Halpern and Gaver (1993) presented a boundary element method to investigate the 
isothermal, time dependent translation of a bubble between two plates (2D). They aimed to 
extent the range of capillary numbers investigated to values of O( 104

). According to them, the 
fraction of the fluid left on the wall approaches a constant value of m = 0.583 [-] for Ca > 100. 
Also they derived the following regression formula for m, which clearly provides a good fit to 
the computational predictions they obtained: 

m = 1- 0.417 (1- e-1.69Ca05025) (2.5) 

Khayat, Derdouri and Hebert (1995) were mostly interested in predicting the 
evolution and location of the melt and the gas-melt front, and in the fraction of the fluid left on 
the mould walls. In their boundary element method based model, they doubted if heat transfer 
should be incorporated because of the influence of the solid skin in the immediate vicinity of 
the cavity walls. However, they neglected the non-isothermal effects because the gas 
penetration rate is much higher than the rate of cooling of the molten plastic. Other 
assumptions are that the gas pressure is assumed to be constant and the free surface of the 
polymer is assumed to deform according to the instantaneous velocity field at the fronts. 

It is concluded by them that a Hele-Shaw like 2D approach fails to give the important 
flow structure around comers, over ribs or in the vicinity of flow fronts and interfaces. 
Consequently a 3D approach is crucial! In the 3D simulations they did however, a relatively 
coarse mesh is used resulting in flow phenomena, which are doubtful: 

• at gas penetration, the gas caused the melt front to deform sharply in the centre, 
• at gas penetration, the gas also penetrates in the lateral direction. 

They concluded that local curvature should be determined for surface tension 
calculation although it is to be doubted that this does play an important role in gas-assisted 
injection moulding. Also, according to them the gas flow should be calculated as gas pressure 
may vary in space, but the assumption that the gas pressure is constant is not in contradiction 
with practise. 

Turng and Wang (1991) considered gas-assisted injection moulding a variant on co
injection moulding. According to them the only difference between both processes is that in 
gas-assisted injection moulding the inertia terms become important at the end of the process, 
because the polymer melt ahead of the gas front tends to accelerate in this stage. The model 
they used is based on the 2.5D approach, however Khayat et.a!. (1995) considered the 3D 
approach crucial because of the essential flow structure around comers etc. The failure of their 
2.5D model is expressed by one of the simulations they did in which the thin layer of polymer 
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along the boundary of the midplane can not be predicted. From earlier work done by Zuidema 
(1995) the failure of the 2.5D approach for the use in gas-assisted injection moulding also is 
shown. 

§ 2.6 Conclusions 

These studies for the gas-liquid dynamics in the gas-assisted injection moulding 
process differ from the previous studies by the value for Ca, which is > 0(102

). 

The improved model by Poslinski, Oehler and Stokes (1995) seems to be a good 
description of the gas-liquid dynamics and the final thickness distribution for the isothermal 
process, however the need to determine the experimentally obtained constant c~ is a 

weakness. From the results they obtained for the isothermal process, it is concluded that at 
higher gas pressures, an asymptotic value of m z 0.578 [-] is reached and a uniform thickness 
distribution is attained over the entire tube. Also, the bubble attains its final shape within a few 
diameters of the gas injection point and is very stable. In their non-isothermal analyses 
however, it is to be expected that the cooling rate and the thickness of the solid layer are 
overestimated. 

According to Halpern and Gaver (1993), the fraction ofthe fluid left on the wall for 
the isothermal process approaches a constant value of m = 0.583 [-] for Ca > 0(102

), which is 
in accordance with the conclusions from Poslinski, Oehler and Stokes (1995). Consequently, it 
is to be concluded that the fraction m z 0.58 for Ca > 0(102

). 

Also, it is to be concluded (Khayat, Derdouri and Hebert ,1995; Zuidema, 1995) that 
the 2.5D approach fails in simulating the gas-assisted injection moulding process, because: 

• it fails to give the important flow structure around comers, over ribs or in the vicinity of 
flow fronts and interfaces, which are typically 3D. 

• it is necessary the assume a result in the thickness direction like the fraction of the fluid 
left on the mould walls or the shape of the gas front (Turng and Wang, 1991). 

Consequently, an analytical approach of gas-assisted injection moulding is not feasible and 
henceforth emphasis will be put on a fully 3D numerical approach. 
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Chapter 3 Modelling aspects 

A mathematical model of the gas-assisted injection moulding process is needed to 
enable a simulation of this process by which end properties of the final product (such as the gas 
distribution in the product and the final thickness of the polymer left on the mould walls) can 
be predicted. This model is based on the equations which describe the flow of the fluids in the 
mould: the equations of balance, together with equations describing the material behaviour: the 
constitutive equations. Generalised Newtonian fluid behaviour leads to the Navier-Stokes 
equations, which together with the boundary conditions forms a complete set of equations to 
describe the process. A passive scalar convection problem has to be solved in order to keep 
track of the type of material in every point in the mesh. Finally, a temperature equation has to 
be solved. After discretization, these equations can be implemented in the FEM-package 
SEPRAN. 

§ 3.1 The equations of balance 

From continuum mechanics, which deals with the determination of fields of density, 
temperature and motion, the equations of balance can be determined. This leads to the 
following equations (in their local form): 

• the continuity equation (balance of mass), 

p + p V. 17= 0 (3. 1) 

where V denotes the gradient operator and v the velocity vector, 
• the balance of momentum, 

V. a C + p J = p 17 
where a denotes the Cauchy stress tensor and f the specific body force, 

• the balance of moment of momentum, 

a = a C 

• the balance of energy, 

pe=a:D-v.li+pr 

where e is the specific internal energy, D is the rate of deformation tensor, Ii the heat flux 
vector and r the specific heat source. 

§ 3.2 Constitutive equations 

(3.2) 

(3. 3) 

(3.4) 

Next, it is necessary to define the relations for the stress tensor a, the heat flux vector 

Ii and the specific internal energy e as a function of the density p, the temperature T and the 
velocity vector v . These relations, called constitutive equations, are formed using many 
different models, and consequently many different relations exist. Generalised Newtonian fluid 
behaviour is assumed for the Cauchy stress tensor a which reads: 
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cr = -pI+211 nd 
11 =11 (p, T,rr) 

nd = ~ [V V + (V 17r] 

rr = ~ (V V + V 17 C )(v V + V 17 C 
) 

(3.5) 

where p is the hydrostatic pressure, nd the deviatoric part of the rate of deformation tensor 
and II the second invariant of the velocity deformation tensor, which is equal to the shear rate 

raised to a square y 2 for a pure two dimensional shear flow. The only parameter left in this is 

the viscosity 11 for which several models are used. For the heat flux vector tz , Fourier's law is 
used: 

h=-a. VT=-aI. VT (3.6) 

where a is the thermal conductivity tensor. The specific internal energy e can be expressed as: 

. T' p. T (a p) . e = c + - p + - - P (3. 7) 
P p2 p2 aT 

P 

under assumption that the elasticity has a negligible contribution to the mechanical dissipation. 
In this C p is the thermal capacity at constant hydrostatic pressure. 

§ 3.3 Formulation of the equations governing gas-assisted injection moulding 

§ 3.3.1 The Navier-Stokes equations and boundary conditions 

The continuity equation (3.1), the balance of momentum (3.2), and the balance of 
moment of momentum (3.3), together with the generalised Newtonian fluid model and the 
assumption that the fluids are incompressible lead to the Navier-Stokes equations: 

p [~ ~ + (ii 0 V)ii] ~ P 1- (v opI)+2(VTlD) 

V.17=O 
When dimensionless variables (x') are introduced, these equations become (Appendix A): 

(3.8) 

Re Sr a v + Re (v . V' )v + _1 V'. p' I - V' .11' [ V' v +( V' v r] = Re l' a t' Ca Fr (3. 9) 

VI.17'=O 
Since for injection moulding of highly viscous fluids Re is typically 0(10.3

) the inertia term is 
negligibly small compared to the other terms and therefor may be omitted, just like the 
instationary term in which Re Sr« 1. Also RelFr« 1 and consequently the force term is 
negligibly small compared to the other terms and may be omitted as well. The thus obtained 
Stokes equations for incompressible fluids read: 

V.pI-V.Y\[ Vv+(VvrJ=o 
(3. 10) 

V.17=O 
Due to the low viscosity of the gas, the 'shear stress' in the gas does not have any influence on 
the polymer. Consequently, the velocity field in the gas is not important to know and can also 
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be calculated using (3.10) with the viscosity of the gas. However, if simulations of gas-assisted 
injection moulding are done with a difference in viscosity of a factor 107

, the Reynolds number 
will be too high and can give some problems in the numerical approximations. This is why the 
simulations are done with a difference in viscosity of a factor 104 

, resulting in a viscosity for 
the gas of 0(10.1

): a so called 'computational' gas. 
Two different types of boundary conditions complete the total description of the 

process; the essential boundary conditions, which give the components of the velocity on some 
part of the boundary and the natural boundary conditions, which give the stress tensor 
components on some part of the boundary. Of these conditions, the following combinations are 
used: 

• no-slip condition: v =0 t 

• free-slip condition: cr = 0 t 

• symmetry condition: Vn = 0 and cr I = 0 

• impermeable wall: Vn = 0 

• instream condition: vt = 5 and Vn = v 

• outstream condition: cr t = 0 and an = 0 

where Vn , Vt denote the velocity in the normal and tangential direction of a surface respectively 
and CJn , CJt the stress components in these directions. Across the interface between the polymer 
and the gas, the velocity and the stress components are continue. 

When simulating the gas-assisted injection moulding process it is necessary to know 
one fluid from another, which can be done by only modelling the polymer and using the gas 
pressure as a boundary condition by which a remeshing technique is needed. However, the 
increase in complexity of the simulation program and the increasing computing time (especially 
in 3D) is not desirable. A better option is to model both the polymer and the air/gas and keep 
track of both by the materiallabe1s c: 

• c = 0, gas 
• c = 1, polymer 

If in case of the interface between the mould and the air, a physically correct no-slip 
condition is applied, the mould walls will always be covered by a layer of air and are not 
attainable for the polymer. This is solved by applying a slip boundary condition at the interface 
between the mould and the air which results in two different boundary conditions of the 
velocity at the same wall: in the polymer a no-slip condition will occur while at the gas the 
velocity is modelled with a slip condition (Reijnierse, 1995). This can be done by applying a 
Robin boundary condition at this wall: 

ct VI +CJ t = I; (3.11) 

Now, the boundary condition depends on the value of the coefficients for Ct and Tt : 

• slip for Ct = 0 and Tt = 0 (air), 
• no-slip for Ct » 1 and Tt = 0 (polymer). 

The only problem involved in this is to know whether the gas or the polymer is present at the 
wall, the so called moving contact line problem, which means that the interface of the polymer 
and the air moves along the wall when filling the mould. This is dealt with in § 3.3.2. 
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§ 3.3.2 The convection problem 

As mentioned in § 3.3.1, a remeshing technique is not desirable to solve the moving 
contact line problem. Therefore the particles entering the flow domain are identified with a 
unique set oflabels ~k (k = L.N), which does not change during flow (see figure 3.1) . 

.::.-.:. 

Fig. 3. 1 Conservation of identity of a particle (labelling). 

This set of labels ~k consists of a material label and an injection time label, and by using the 
formal definition of a material derivative with the Eulerian approach, the conservation of 
identity can be expressed as: 

. d~ 
~ =_k +v.V~ =0 

k d t k 
(3. 12) 

where v is the solution vector of the velocity of all particles in the domain. Using the material 
parameter it is possible to trace the moving contact line and the coefficients in the Robin 
boundary condition can be set in each point of the boundary (Reijnierse, 1995). The injection 
time label is used to show the deformation pattern in the flow. 

§ 3.3.3 The temperature problem 

The temperature problem can be solved by eliminating the specific internal energy e 
from the balance of energy (3.4) using the expression for the specific internal energy (3.7) 
together with Fourier's law for the heat flux (3.6) and leads to: 

p c,T+ ~ P + ~ [~ i]/ ~ (-PI +T1( Vii +(Vv n}(vv r + div (a h)+ p r (3.13) 

Assuming a non-reactive material, no influence of radiation, no temperature dependence for 
the density and incompressible material behaviour this equation reduces to: 

pCp t = ( -pI + r{ V v + ( V v r ) ): ( V v r + div (a . V T) (3. 14) 

Using the balance of mass (3.1) to simplify the temperature equation (3.14) leads to: 

pCp dd~ +PCp17.VT-div(aVT)-[l1(V17+(V17r)}(V17r =0 

where u and v are the velocities in the x- and y-direction respectively. Introducing 
dimensionless variables (x') like in the Navier-Stokes equation with T = T' !J..T leads to: 

(3. 15) 
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Re Sr dd ~ + Re V' . V' T - Re Pe div( V' T ) - Ec [11' ( V' v' +( V' V' r) J (V' V' r = 0 (3. 16) 

where Pe is the Peelet number of 0(10-3
) and Ec the Eckert number of 0(10-7

). From this 
dimensionless equation it is to be concluded that no term is negligible. Together with the 
boundary conditions, equation (3.15) describes the temperature problem in the domain. 

§ 3.4 The method of discretization 

In order to simulate the (gas-assisted) injection moulding process, the flow domain is 
subdivided into Crouzeix-Raviart elements, in which the velocity is treated as a quadratic 
polynomial with an extra third order term (Cuvelier et. aI., 1986). Characteristic for this 
element is that the velocity in the centroid is only internally used and the pressure is 
discontinuous across the element borders. With this element it is possible to decouple the 
pressure and the velocity with the penalty function method, thus reducing the system of 
equations to be solved. 

Using the penalty function method for the Stokes equations (3.10) leads to (Cuvelier 
et. aI., 1986): 

-(V.ll V)v + V.pI=O 

Ep+Y'.V=O 

in which Ep has to be of O( 10-6
). After spatial discretization and applying the Galerkin 

formulation the following set of differential equations is derived (Appendix B): 

S( )- 1 LTM-1L- 0 11 v +- p v = 
E 

- 1 M-1Lp=-- v 
E p 

where S(l1) denotes the stiffness matrix (viscous forces), L the divergence matrix, p the 

pressure field and Mp the pressure mass matrix. The solution obtained with the penalty 

function method converges to the solution of the direct method for E in the limit to zero. 

(3. 17) 

(3. 18) 

For the convection equation, the time integration is performed with a finite difference 
S-method (Reijnierse, 1995), resulting in (Appendix C): 

(3. 19) 

with ~;+I and ~; the labels on the respective time steps t+l and t, M the mass matrix and N 

the stiffness matrix (convection). The temperature equation leads to (Appendix D): 
fn+! + fn 

MT I1t +SNT(Vn+l,fn)fn+1 +(1-S)NT (vn,fn)fn =In+fi (3.20) 

with f n+1 and f n the temperature on the respective time steps t+l and t, MT the mass matrix 
and NT the stiffness matrix (temperature). 
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§ 3.5 

Modelling aspects 

Implementation of the discretized equations in the FEM-package SEPRAN 

The essential parts of the numerical process are presented in the next flow scheme: 

I Start the SEPRAN package I , 
IStart the Vlp3D program j , 
IBuild the finite element system I , 
IFill boundary conditions and problem coefficients I , 
ICompute derived quantities I , 
IPlot initial configuration I 

L.r-start new time step L .. , 
!
Adapt boundary conditions for Navier-Stokes problem ! 
to take care of the moving contact line 

ICopy previous solutions to old solutions I 

L.r-start new iteration step , L .. 

IModify viscosity and thermal conductivity for gas ! 
land polymer 

ISolve the Navier-Stokes problem I , 
ISolve the temperature problem I , 
ICompute derived quantities I , 
ICopy current iteration solutions I 

yes ~~'-----------------------------------'I no 
YrconVerged ? 

ISolve material label convection problem I 

ISolve time label convection problem I 

IPlot solutions if neseccary I 
no ~~'-----------------------------------, yes 'rmore time steps JI------'--------------------' 

IFinish the program I 
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Chapter 4 Numerical simulations of gas-assisted injection moulding 

This chapter shows the results of simulations of gas-assisted injection moulding that 
have been done with VIp3D. Essential phenomena like the gas taking the way of the least flow 
resistance, the influence of the viscosity on the size of the gas core and the constant pressure in 
the gas have to be described properly by the model. Also, the model has to give a proper 
description of the moving contact line problem. In order to check these, the following 
simulations will be performed: 
~ In practice, all models used in simulating (gas-assisted) injection moulding have problems 

with the preservation of identity of particles in the flow in a bifurcation of the midplane. 
This situation appears when stiffener ribs are perpendicular to the flow and consequently 
the flow has to be splitted to fill both branches. By simulating this, the description of the 
model of the moving contact line problem can be tested, just like the influence of closing 
one branch, when it is filled completely with polymer, on the numerical stability of the 
model. 

• The gas-polymer distribution in the mould is characterised by labelling the particles that 
enter the domain, which should make it possible to determine the fraction m of the fluid left 
on the mould walls. Because m depends on the viscosity model used, the model has to lead 
to different values for m by varying the parameters in the Power Law viscosity model when 
simulating the isothermal filling of a cylinder (Poslinski, 1995). In this way the convection 
problem and the modelling of the viscosity can be tested. 

• Because of the influence of the difference in viscosity between the polymer and the gas on 
the Reynolds number (see chapter 3), the gas is modelled with a viscosity of -0.1 [Pa s], in 
which the pressure should be constant just like in practice. From the simulations to test the 
convection problem, the pressure in the mould is studied to check this. 

• Because in practice the gas penetrates the polymer in the direction in which the pressure 
gradient in the leading polymer is larger, it takes the shortest way around a corner, as a 
result of which the fraction m will be less at the inside of a corner. This situation will be 
looked at more closely, because this is a critical point in making products with the technique 
of gas-assisted injection moulding and consequently the model has to describe this 
phenomenon well. 

• When a bifurcation of the gas channel occurs, the gas will start penetrating both branches 
equally. Any disturbance in the flow will cause one of the gas channels to take a very small 
lead, thus increasing the pressure gradient in the leading polymer and further penetration of 
the gas will take place at that particular gas channel. With the model such a situation will be 
simulated to check the influence of small disturbances in the flow on the distribution of the 
gas in the product. 

After these 2D simulations, two different ways of continuation are needed: 
• A pilot study for non-isothermal, axi-symmetric experiments has to be done to make it 

possible to compare the results of simulations done with experiments (to be) done in order 
to obtain information about the temperature effects on the width of the gas core. 

• It is necessary to check if the methods used in this model are also applicable for 3D 
simulations of gas-assisted injection moulding, which can be done by simulating the 
isothermal filling of a rectangular strip by a polymer followed by a gas. In this simulation the 
gas-polymer distribution, as observed in practice, clearly has to be present. 

Whenever possible, the results of these simulations will be compared with the results known 
from the literature as described in chapter 2. 
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§ 4.1 Modelling the essential phenomena in (gas-assisted) injection moulding 

§ 4.1.1 Simulation of polymer flow in a bifurcation 

By simulating the flow in a bifurcation of the midplane, the description of the model 
of the moving contact line problem can be tested, just like the influence of closing one branch 
on the numerical stability of the model. This problem appears when the upper branch has been 
filled completely with polymer and all polymer to be injected continues to fill the other one. 
Another numerical problem in this is that unlike the polymer, the air in the mould must be able 
to leave the mould (air vent). 

The geometry of the bifurcation is taken from Zoetelief (1995) consisting of three 
branches with a different thickness (see figure 4.1). 

. .. ~ 
.. ········ ... ~1.5 

2.5 

............ ~ 

Fig. 4. 1 Schematic drawing of the T-shaped strip (dimensions in mm). 

The flow enters the cavity at branch 1 with a parabolic velocity profile and because the 
polymer will flow in the direction of the least flow resistance, it is to be expected that during 
filling branch 2 will be filled faster than branch 3. Consequently, branch 2 will be filled with 
polymer material that has been injected earlier than the material in branch 3. 

Air vents are created by applying the Robin boundary condition for the velocity in the 
outflow direction at the end of branches 2 and 3, similarly the boundary condition for the 
slip/no-slip condition (see § 3.3.1). Although it is not in accordance with the conclusion from 
appendix 6 that the thickness should be modelled with 20 elements, for branch 3 16 elements 
are used, because an increase of the number of elements in this branch to 20 will increase the 
number of elements in the total mesh drastically, which will result in a very long computing 
time. To model the thickness of branches 1 and 2, 20 elements are used. For this isothermal 
simulation the material dependent properties are listed in table 4.1 and for the integration 
scheme 8 = 0.5 is used (see appendix E) with a time step ~t = 0.0025 [s]. 

Table 4. 1 Material dependent properties 

Results 
In the region of the cavity where the flow actually is splitted, the material distribution 

is given in figure 4.2 for a filling percentage of 70% and 90%: 
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Table 4.5 The fraction m resulting from simulations done by Poslinski (1995) and in this thesis. 

For both n = 0.5 and n = 1.0 the error ilm is approximately 6.5% in relation to the results 
obtained by Poslinski (1995), which possibly could be due to small extrapolation errors during 
label convection by which the interface between the gas and the polymer is not exactly known 
any more. However, the tendency that for decreasing n the fraction m will decrease as well, is 
clear. 

Conclusion 
The method used to model the gas with a viscosity of 0(10-1

) is a good one with 
relation to the tracking of the gas-polymer interface, although the fraction m is not calculated 
exactly correct in comparison with the results obtained by Poslinski (1995). However, this 
small error has not much influence on the effect of the parameter n in the Power Law viscosity 
model. 

§ 4.1.3 Verifying the pressure drop in the gas core 

One of the biggest advantages of the gas-assisted injection moulding process is the 
constant gas pressure in the core of the product and consequently in the polymer melt left on 
the mould walls. When simulating, this phenomenon clearly has to be present. The same 
simulations done in § 4.1.2 are used to obtain information about the pressure. 

Results 
For a filling percentage of 50%, which is just before gas injection, and 80%, the 

pressure is given in figure 4.7, together with the gas-polymer interface. From these results it is 
clear that the gas pressure in both the air in the mould and in the injected gas is nearly constant, 
although these values are not constant during the process, because at the entry the flow is 
prescribed in stead of the pressure. Consequently, with a decreasing amount of polymer in 
front of the gas front, it is correct that the pressure drop across the polymer decreases as well. 
This means that in case of a prescribed pressure at the in stream boundary, the gas front is 
expected to accelerate during the process. 

Conclusion 
The method used to model the gas with a viscosity of 0(10-1

) is a good one with 
relation to the pressure in the mould, because the pressure drop in the 'computational gas' is 
negligibly small compared to the pressure drop in the polymer. In this respect, the model is 
consistent with gas-assisted injection moulding practice. 
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i i i i 

x ---£l> x ---£l> x ---t:» x~ 

LEVELS LEVELS 
6 5.000E+03 8 6.579E+03 
7 1.500E+04 9 1.395E+04 
8 2.500E+04 10 2.132E+04 
9 3.500E+04 11 2.868E+04 
10 4.500E+04 12 3.605E+04 
11 5.500E+04 13 4.342E+04 
12 6. 5 00E+04 14 5.079E+04 
13 7.500E+04 
14 8.500E+04 
15 9.500E+04 
16 1.050E+05 
17 1.150E+05 
18 1.250E+05 
19 1.350E+05 

Fig. 4. 7 The pressure and the gas-polymer interface in the tube for a filling percentage of 50% (left) and 80% 
(right). 

§ 4.1.4 Simulation of gas injection around a corner 

Because in practice the gas penetrates the polymer in the direction in which the 
pressure gradient in the leading polymer is larger, it takes the shortest way around a comer, as 
a result of which the fraction m of the fluid left on the wall will be smaller at the inside of a 
comer. This should also show up in the simulation of the filling stage of the gas-assisted 
injection moulding process of the mould given in figure 4.8, in which the expected final 
position of the centre of the gas channel is shown too. Both the polymer and the gas are 
injected with a parabolic velocity profile over the total cavity height, while an air vent is 
present to prevent the air in the mould from being trapped in the cavity comer. For this 
isothermal simulation the numerical parameters are listed in table 4.6, the material dependent 
properties in table 4.7 and process parameters in table 4.8. 
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This situation is modelled by initially filling the cavity with polymer and start the gas 
injection to drive out the polymer. The gas is injected with a parabolic velocity profile over 
60% of the cavity width. For this isothermal simulation the numerical parameters are listed in 
table 4.9 and the material dependent properties in table 4.7. 

Table 4. 9 Numerical parameters 

Results 
The gas/polymer interface is shown at two stages of the process in figure 4.11: 

t t 

x~ 

Fig. 4. 11 The gas-polymer interface in the mould after 0.4 (left) and 0.8 [s] (right). 

From this figure it is clear that first, both gas channels penetrate with almost an equal speed 
into the polymer while second, the influence of the small disturbance becomes bigger and one 
gas channel stops penetrating in favour of the other. 

Conclusions 
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The gas/polymer distribution in the mould shows great resemblance with the 
distribution obtained with experiments, done by the 'Institut flir Kunststof Verarbeitung' in 
Aachen (Germany), which are available on video. In these experiments only a small amount of 
polymer separated both gas channels from one another as in figure 4.11. Consequently, it is 
clear that the small reduction of the width of one of the gas channels is big enough to result in 
an instability in the penetration of both gas channels by which one of them takes a very small 
lead, further reducing the resistance at that gas front. Consequently, one gas channel holds in 
favour of the other as was to be expected. 
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§ 4.2 Pilot study for non-isothermal, axi-symmetric experiments 

The model used should be validated by comparing the simulation results with non
isothermal, axi-symmetric experiments, which will be done at the Eindhoven University of 
Technology. These experiments will consist of initially filling a tube with a molten polymer, 
followed by gas injection to drive out the polymer melt, while the tube is cooled down. The 
material dependent properties and the temperature of the mould walls during the experiments 
can be used for the simulation of these experiments. However, these experimental data are not 
available yet and only the tendency of the influence of non-isothermal effect on the fraction of 
the fluid left on the mould walls can be tested. 

In this paragraph the non-isothermal filling of an axi-symmetric tube (see figure 4.4) 
by a fluid followed by a gas will be studied in order to check the influence of the processing 
time on the solidified layer, which will grow at the mould walls during the process. It is to be 
expected that the longer the time between the end of the polymer heating and the start of the 
gas injection, tdelay, the thicker the solidified layer at the mould walls, resulting in a higher 
fraction m. Because the temperature at the mould wall decreases linearly from 550 [K] at t = 
0.0 [s] to 300 [K] at t = 12.0 [s], while the gas injection takes place within 0.5 [s], tdelay is 
expected to have great influence. 

Initially, the tube is filled completely with polymer (PS, Styron 678E), whose viscosity 
is modelled with the Cross7 viscosity model: 

( r·) - 110 
11P,,'Y- ( .)I-n 

1+ 110'Y 
T* 

r* = 1'0 +Sp P 

C; = c2 + Sp P 

while the gas is injected with a parabolic velocity profile at 64% of the cavity width at a 
temperature of 550 [K]. The numerical parameters are listed in table 4.2, the material 
dependent properties in table 4.10 and the process parameters in table 4.11. 

Table 4.10 Material dependent properties. 

(4.2) 
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Conclusion 
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Fig. 4. 15 The results obtained for three different cooling times: tdelay 
= 0.0 [s] (marked with 'x'), tdelay = 5.0 [s] (marked with 
'0') and tdelay = 10.0 [s] (marked with ,*, ) as a function of 
the Fourier number, together with the results obtained by 
Michels (1994) for Polyarnid (-.-) and Polystyrol (---). 
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It is to be concluded that the influence of the cooling time tdelay on the fraction m 
clearly is present, however better results could be obtained by creating the possibility of 
different time steps to overcome the no-flow cooling stage of the process, by which more time 
steps can be used for the actual simulation of the gas injection. 

§ 4.4 Simulation of gas-assisted injection moulding in 3D 

In the previous paragraphs several 2D simulations have been done in order to check if 
the model used does describe the essential phenomenon, present in (gas-assisted) injection 
moulding, well. It has to be checked if the methods used in these 2D simulations are also 
applicable for 3D simulations, which can be done by simulating the filling of a rectangular strip 
by a fluid followed by a gas (see figure 4.16). The results will be compared with the tendencies 
found by Kolb et.al (1991). 

Fig. 4. 16 The rectangular configuration for the 3D 
simulation. 
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At the instream boundary, for both the polymer and gas injection a velocity profile is 
prescribed over the total cavity height and width. It has to be noticed that only one quarter of 
the cavity has to be modelled due to the symmetry conditions of the total mould. For both the 
polymer and the gas in this isothermal simulation, the numerical parameters are listed in table 
4.12, the material dependent properties in table 4.13 and the process parameters in table 4.14. 

Table 4.12 Numerical parameters 

Table 4.13 Material dependent properties 

Table 4.14 Process parameters 

Results 
Due to the coarse mesh, the time labels are not convected accuratly enough and can 

not be used for the determination of the material distribution in the mould. The material 
interfaces obtained for this simulation are shown in figure 4.17: 

0.02 

o 
o 

0.05 o .1----o~~----------;0~.0~5~--------0.1 
)( y 

Fig. 4.17 The material interfaces at 90% of the filling stage. The gas-polymer interface is represented by 
dark grey, the polymer-air interface by light grey. 

Because the material distribution in the mould is not very clear yet, the material interfaces will 
also be shown for five intersections of the cavity: 
• the z-axis intersected at z = 0.00 [mm] 'A' 
• the y-axis intersected at y = 0.02 [mmJ 'B' 
• the y-axis intersected at y = 0.04 [mm] 'C' 
• the y-axis intersected at y = 0.06 [mm] 'D' 
• the x-axis intersected at x = 0.00 [mm] 'E' 
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A: x-y plane B: x-z plane C: x-z plane D: x-z plane 

E: y-z plane 

Fig. 4.18 The material distribution in the cavity for five intersections; the z-axis intersected at z = 0.00 
[mm] (A), the y-axis intersected at y = 0.02 [mm] (B), the y-axis intersected at y = 0.04 [mm] (C), 
the y-axis intersected at y = 0.06 [mm] (D) and the x-axis intersected at x = 0.00 [mm] (E). 

Although a very coarse mesh is used for this 3D simulation, these results show a material 
distribution in the mould in which the tendency is in accordance with the distribution obtained 
by Kolb et.al. (1991) just like the fraction of the polymer left on the mould walls m z 0.60 at 
intersection B. Better results could possibly be obtained by using more elements, but the very 
long computing time will be a major problem then. 

Conclusion 
It is to be concluded that the methods used for the 2D cartesian and axi-symmetric 

simulations are very well applicable for the use in 3D simulations, although the model used in 
this simulation has to be developed into a fully 3D model, by which the results obtained can be 
compared with experiments. 
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Chapter 5 Conclusions and Recommendations 

From the development of a numerical model for the filling stage of the gas-assisted 
injection moulding process several conclusions can be stated. The literature survey resulted in: 
• The gas-liquid dynamics in a Hele-Shaw cell, a circular tube and in a square tube are not 

directly applicable for the use in gas-assisted injection moulding, because of some essential 
differences between both situations: 

- In these studies the Ca - 0(10°), while in gas-assisted injection moulding the Ca -
0(103

). 

- The situations studied were isothermal, while in gas assisted injection moulding non
isothermal effects playa major role. 

- Only straight cavities were studied, while the products made with the gas-assisted 
injection moulding process are more complicated. 

However, these studies do provide insight into the physics of the process, in which a highly 
viscous fluid is expelled by a less viscous one. 

• Because the 3D flow structure around comers, over ribs or in the vicinity of flow fronts and 
interfaces, in the modelling of the flow of the gas and the liquid in the mould, a 3D 
approach is crucial. 

A conclusion can be drawn about the modelling: 
e To determine the position of the interfaces between the gas/air and the polymer, a 

discontinuous scalar function, the material labels, is convected with the velocity field. With 
these labels the parameters in the Robin boundary condition can be set for the use in an air 
vent or to model a slip/no-slip boundary at the same wall, resulting in a procedure that does 
not need any form of remeshing. This fixed grid approach is one the greatest advantages of 
this model. 

The conclusions drawn from the numerical simulations are listed below: 
• The splitting of a polymer flow in a bifurcation and the closing of a branch when it is filled 

completely with polymer during the filling of aT-shaped strip, resulted in a material 
distribution in accordance with the results obtained by Zoetelief (1995). Consequently, the 
essence of the model for the splitting of the flow in case of a 2.5D model, obtained by 
Zoetelief (1995), seems to be correct, although the exact material distribution has to be 
validated with experiments. 

• One of the greatest advantages of the gas-assisted injection moulding process is the 
constant pressure in the gas. Although use is made of a so called 'computational' gas, which 
means that only the viscosity and the thermal conductivity are different from the polymer, 
the pressure distribution in the mould is simulated quantitatively by the model. 

• In gas-assisted injection moulding temperature effects can have very important influence on 
the gas distribution and the size of the gas core. Apart from the influence of the time step 
on the accuracy of the results, the influence of non-isothermal effects is clear and modelled 
quantitatively. 

• Since a 3D approach is crucial, it is important to know that the methods used for the 
simulation of the filling stage of the gas-assisted injection moulding process are very well 
applicable for the use in a 3D model. 

As a continuation on this report, some recommendations for future work can be 
gIven: 
• In the model, a volume flux is prescribed at the inlet of both the polymer and the gas, 

because in this way the balance of mass in the model can easier be verified analytically. 
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However, at the inlet of the gas, the pressure should be prescribed, in stead of the flow, 
because that is much more in accordance with practice. 

• Better results could be obtained by creating the possibility of time steps of different size to 
overcome the no-flow cooling stage of the process in non-isothermal simulations, by 
which more time steps can be used for the actual simulation of the gas injection. 

• The model used in the simulations done has to be developed into a fully 3D model, by 
which the results obtained can be compared with experiments. 

• Experiments have to be done with a long tube, by which the fully developed velocity field in 
the tube can be compared with the numerical simulations. 

• At the end, a user friendly interface has to be written to overcome the difficulty of the 
routine structure of the program. 
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Appendix A: Introducing dimensionless variables in the Navier-Stokes equations 

The Navier-Stokes equations read: 

a v ( - ) - - [- (- )C] -p at +p V.V v+V.pI-V·11 VV+ Vv =pf 
(A. 1) 

V.v=O 

When dimensionless variables (x') are introduced: 

D 1 D' - V-' 1 , v=Lv ; v= v; P=L P l=gf' t = at' , 
11 = 110 11 (A. 2) 

these equations becomes: 

~ av +( v.v)v + 12 V.PI-~V.11[VV+(Vv r]= gI; 1 
a vat p V L P VL V (A. 3) 

v.v=O 

when the accents are omitted. Introducing the Reynolds number Re, the Capillary number Ca, 
the Froude number Fr and the Strouhal number Sr leads to: 

a v ( -) 1 1 - 1 - [- (- )C] 1-Sr-+ v.V v+--V.pI--V·11 VV+ Vv =-f 
at Ca Re Re Fr (A. 4) 

V.v=O 

The values for the dimensionfull variables from table A.1 lead to: 

R -2 Sr=-=lO au 

Re = puR = 10-3 

11 

2 
U 1 Fr=-=lO-
gR 

Table AI. 1 Values for the dimensionfull variables 



Appendix B: Discretization of the Stokes equations 

The Stokes equations, using the penalty function method, read (Cuvelier et. al 
(1986)): 

-( V.11 V )v + V. p 1= 0 

£p+v.v=O 
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(B. 1) 

Provided that all functions are smooth, these equations can be written in a weak form, 
imposing lower order differentiability requirements on the solution than in the original strong 
form: 

f {-(V.11 V)v + V.pl}. wdo. =0 
n 

l {p + ~ V . v} q dO. = 0 

(B. 2) 

with wand q test functions, 0 a volume 0 eRn (n = 2,3) with smooth boundary r. Using the 
Gauss divergence theorem, these equations can be written as: 

f11Vv.Vwdo.- f11Vv.ii.wdr- f pIV.wdO+ f plw.iidr=O 
n r n r 

l {p + ~ V . v} q dO = 0 

(B. 3) 

For the discretization of these equations, the standard Galerkin method is applied: 

3 N K 

vh = LL Vin(t)j>in(i) pI = Ph = LPk(tM k(i) (B. 4) 

i=1 n=1 k=1 

W h is chosen in the subspace spanned by the basis functions <P 1 , ••• , <P Nand q h in the subspace 

by \jf 1 , ••. , \jf K : 

3 N K 

wh = LL<Pim(i)ei qh = L \jf t(i) (B. 5) 

i=1 m=1 /=1 

The terms in equation A2.3 can now be written as: 

• f 11 V v . V w dO. = S (11 )v with the stiffness matrix 
n 

3 

S~m ( 11 ) = L f 11 V <I> in . V <P im dO. ei . 
i=1 n 

• - f p I V . w dO. = - e p with the divergence matrix 
n 

3 

( L\an r = L f \jf k V. <P im dO. ei . 
i=1 n 
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f {p + ~ V . v} q dO = Mp 15 + ~ L V with the pressure matrix 
Q £ £ 

• 

M p kt = f'lf k 'If t dO 
Q 

• The boundary integrals will vanish due to the applied boundary conditions; if 
v = 0, the test function w is chosen equal to zero, if () . Ii) Ii = 0, the surface 

integrals will become zero as well. 
Both the Stokes equations and the continuity equation can be rewritten, leading to a set of 
non-linear ordinary differential equations: 

S(ll)v +~e M-1 Lv = 0 
£ p 

~ 1 M-1 L~ p=-- v 
£ p 

(B. 6) 



Appendix C: Discretization of the convection equations 

The convection equations read: 

a~k -n):=O + v. V ~k at 
In the weak formulation these equations become: 

ra~k wdQ+ fV.V~k wdQ=O 
~ at Q 

Again the standard Galerkin method is applied: 

N 

~~ = L~jk<l>jk 
j=! 

The equations now can be written as: 

The time derivative can be approximated by a finite difference 8-method, resulting in: 

where ~ n+! and ~ n are the scalar fields on the time steps t n+! and t n respectively. 

49 

(C. 1) 

(C. 2) 

(C. 3) 

(C. 5) 
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Appendix D: Discretization of the temperature equation 

The temperature equations reads: 

(D. 1) 

In the weak formulation this becomes: 

fpc p d T w dO. + fpc p v. V T w dO. - f div (a V T)w dQ-
Q d t Q Q 

(D. 2) 

f [ 11 ( V v + ( V v r ) ] : ( V v r w dO. = 0 
Q 

Again the standard Galerkin method is applied: 

N 

Th=L~<Pj (D. 3) 
j=! 

The equation now can be rewritten as: 

(D. 4) 

d T (- -) - - f MT-at+NT v,T T= f withMTij =p cp <Pj<PidQ 
Q 

and N Tij = P cp SUij - SUij with SUij = f v. V <P j <I> i dO. 
Q 

and SUij = f div(a V <P j )<Pi dO. 
Q 

and ~ = f[l1( Vv+(Vvr)}(Vv r <Pi dO. 
Q 

The time derivative can be approximated by a finite difference 8-method, resulting in: 

where yn+! and Tn are the scalar fields on the time steps t n+l and t n respectively. 



Appendix E 55 

From these results it is clear that with e = 0.5 the best visualisation of the fountain flow is 
obtained as was to be expected because of the accuracy of O(Lle). This in contrary with e = 
1.0 which has an accuracy of O(Llt). Probably this is also due to that with e = 1.0, the damping 
properties of the scheme are excellent by which small (essential) disturbances in the flow, like 
the fountain flow phenomenon, are damped out as welL 

Also the fraction of the fluid left on the mould walls can be calculated for both e = 0.5 
and e = 1.0 by using the material labels (see figure EA). 

E 
<= 
:8 0.5 
<.> 

'" .j: 0.4 

0.3 

0.2 

0.1 ! 
°oUOt---0-'-.01--0-'-.0-2 - 0.03 

y-position 
0.04 0.05 0.06 

Fig. E. 4 The fraction of the fluid left on the mould walls as 
a function of the y-position 

When the value for m is studied in that part of the tube where the gas front has passed and 
OCR) away from the inflow boundary, it can be concluded that the values do approximate the 
values found by Poslinski (1995) welL It is clear that the value of e does not have much 
influence on m and the choice of e can be made by looking at the visualisation of the fountain 
flow phenomenon. 

Conclusions 
As was expected, the best results are obtained by using e = 0.5 and in all simulations 

to be done this value will be used. 
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Appendix F: The influence of the number of elements in the thickness direction 

In all the simulations to be done, a choice has to be made for the number of elements 
in all directions of the cavity. This imposes contradictory interests for the computing time and 
the accuracy of the simulation, while high accuracy can be obtained by using many elements 
resulting in very long computing times. The main point in this is finding the least number of 
elements needed to obtain an accuracy high enough to show important information of the flow. 
In this appendix, the number of elements in the thickness of the cavity will be studied, because 
in this direction the most important observations can be made like the fraction of the fluid left 
on the mould walls and the solidified layer at the mould walls. 

This situation is studied on the bases of the same configuration used to study the 
influence of the parameter 8 on the label confection (see figure E.1), the numerical parameters 
are listed in table E.1, the material dependent properties in table E.2 and the process 
parameters in table E.3. The cavity is filled isothermally with a Newtonian fluid followed by a 
gas and the simulations are done with 4,6,8,10,15 and 20 elements in the thickness and for two 
different meshes: 

• A mesh in which all elements are equally sized, which 
is mostly used when no symmetry axis is present. 

• A mesh in which the elements at the symmetry axis 
are four times as thick as those at the wall of the 
cavity, which is mostly used when a symmetry axis 
is present. 

Results 
Figure F.1 and F.2 show the fraction m of the fluid left on the mould walls, which are 

calculated using the material label distribution from the simulations done, for the different 
number of elements in the thickness direction for both meshes. In figure F.1 the fraction m 
obtained with 4 elements does show a considerable amount of fluctuation, contrary to the 
results obtained with 20 elements, which are much more smooth. When the number of 
elements is increased, the results are getting more smooth and the results obtained with 10 or 
more elements are nearly in accordance with each other. In figure F.2 however, all results 
show almost equal fluctuations and the influence of the number of elements in the thickness 
direction is not clearly present. 

Conclusion 
Although with an equally sized mesh, the influence of the number of elements in the 

thickness direction is not clearly present, in contrary with the results obtained with a non
equally sized mesh, half the thickness of the cavity at least should be modelled with 10 
elements to obtain proper results. 
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Appendix E: The effect of parameter a on the label convection. 

In order to check with which value for a in the convection equation the best results 
are obtained, in this appendix the isothermal filling of a straight, axi-symmetric cavity (see 
figure E.l) with a Newtonian fluid followed by a gas, will be looked at for two different values 
of a for the finite difference a-method, as described in § 3.4. First, a = 0.5 for which the 
scheme becomes the Crank-Nicholson scheme which is O(L1e) accurate and second a = 1.0 for 
which the scheme reduces to the Euler implicit scheme, which is O(L1t) accurate. The Crank
Nicholson scheme has the disadvantage that it damps high frequency components very weakly, 
whereas these components in reality decay very rapidly. in cases where this is undesirable, a 
possible strategy is to use a = 0.5 + o.L1t, where 0 is a small positive constant and L1t is the 
ratio of the time step to the total simulated time (Timmermans, 1994). 

out 

·iii····· 

in 

Fig. E. 1 Schematic drawing ofthe simulation configuration (dimensions in 
mm) 

In both situations the fountain flow phenomenon (see figure E.2) has to be shown, 
which has a great influence on the particle distribution in moulded products; material injected 
in the centre of the product can easily end up at the mould walls. According to the results 
known from the literature the fraction of the fluid left on the mould walls should be m "" 0.58 
[-] for this situation (Poslinski, Oehler and Stokes, 1995). 

I 

1'1'4+41 Polymer c=J Gas/ Air 

Fig. E. 2 Fountain flow at the polymer front (View moving with front) 

The polymer is injected with a parabolic velocity profile over the total cavity width, 
while the gas is injected with a parabolic velocity profile over 64% of the cavity width. 
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t = n 

I :"/%%9 solid layer 

~ mould wall 
gas-polymer interface 

Numerical simulations of gas-assisted injection moulding 

t = n + 1 

Fig. 4. 14 The influence of the low accuracy on the width of the gas core between two time 
steps. 

These results show the expected influence of tdelay on the fraction m. However, for the 
isothermal situation the fraction m is not quit uniform in the length of the cavity, possibly due 
to the influence of the shear rate on the viscosity of the polymer melt. 

For the results with tdelay = 0.0 [s], the small increase of the fraction m with increasing 
distance to the instream (y-position = 0.0) can be due to the continuously decreasing 
temperature at the wall by which the solidified layer grows. Consequently, the time needed by 
the gas front to reach the observed position has an influence on the fraction m. 

For the simulations with tdelay = 5.0 [s] and tdelay = 10.0 [s] the problem occurs that the 
time steps are uniform over the processing time, resulting in 2200 and 4200 time steps 
respectively for an accuracy as with tdelay = 0.0 [s], which is impractical by the increase of the 
computing time. However, if an equal number of time steps is used as in the simulation with 
tdelay = 0.0 [s], the space of time of the gas injection is modelled with 18 and 9 time steps 
respectively, which means that the accuracy of the simulation decreases drastically with 
increasing cooling time. Possibly, this is a source for the fluctuations in the fraction m as a 
function of the y-position, while due to the large time steps the temperature problem is possibly 
not solved correctly. This can result in a solidified layer in front of the gas front (see figure 
4.14), which is not correct because the combination of the low thermal conductivity and the 
high injection temperature of the gas will result in a gas core with a temperature almost like the 
injection temperature of the gas. 

By plotting the fraction m as a function of the Fourier number Fa = (a 8)/(p cp R2), it 
is possible to correlate the results obtained with tdelay = 0.0 [s], tdelay = 5.0 [s] and tdelay = 10.0 
[s] (see figure 4.15). The results obtained with tdelay = 5.0 [s] and tdelay = 10.0 [s] show a 
considerable fluctuation in the fraction m, which can be due to the drastically decreased 
accuracy as mentioned earlier. Also, for all three simulations the mean value for the fraction m 
is calculated, which shows that, in comparison with the experimental results obtained by 
Michels (1994), the tendency of the values found for the fraction m is right. 
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Clearly it is shown that the polymer skin thickness at the inside of the comer is very small 
compared to the straight part of the cavity, as was expected. After passing the comer the gas 
channel returns to the centre of the cavity because of the tendency to penetrate in the direction 
with the largest pressure gradient in the leading polymer. 

Conclusion 
From these results it is clear that the gas takes the shortest way around a comer and 

the influence of the comer on the polymer skin thickness is not noticeable until the gas front 
has reached the comer. Consequently, the model does describe this phenomenon the right way. 
Also, the return of the gas channel to the centre of the cavity after passing the comer indicates 
that the gas injection position at the instream boundary does not have any influence on the gas 
distribution in the cavity. 

§ 4.1.5 Simulation of gas injection in a bifurcation 

When a bifurcation of the gas channel occurs, the gas will start penetrating both 
branches equally. However, by influence of small disturbances in the flow, one ofthe gas 
channels will take a very small lead, thus increasing the pressure gradient in the leading 
polymer at that particular gas front. Consequently, further penetration of the gas will take 
place at that particular gas channeL With the model this situation (see figure 4.10) will be 
simulated to check the influence of small disturbances in the flow on the distribution of the gas 
in the product. 

fOr: , , , , 
: olit , , 

9'/ 
,0: i 
" , :: : 
" , 
" , 
" 1 , 1 

" I , ' 

, ' ~ , ' 

! i m' ! 
" , I: : ! ~~'"""O,"4~~>! , , 
I 

J< 
0,8 

Fig. 4. 10 Schematic drawing of the simulation configuration (dimensions in 
mm) 

Because the influence of a non-symmetrical element distribution was not big enough 
for an instability in the penetration of both gas channels to occur, in this cavity point 'A' has 
been moved down a little resulting in a right cavity with a width of 97.5% of the width of the 
left cavity at that point. This will induce an instability in the penetration of both gas channels by 
which one gas front should hold in favour of the other. 
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difference in the factor n in the Power Law viscosity model (4.1), this fraction m will be 
different as well. 
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(4. 1) 

For n = 1 the Power Law viscosity model reduces to a Newtonian viscosity model. Decreasing 
n will increase the influence of the second invariant of the velocity deformation tensor, which 
means that the viscosity near the mould walls will decrease leading to a smaller fraction m. This 
situation will be studied for the situation shown in figure 4.4: 

(j) 01 

: QQl • . eo: >. 

~out 

~ 

in 

Fig. 4. 4 Schematic drawing of the simulation configuration 

This situation is studied by Poslinski (1995) and the results obtained in these simulations will 
be compared with the results he obtained. 

For n = 0.5 and n = 1.0, a simulation of the isothermal filling of an axi-symmetric tube 
by a Power Law fluid followed by a gas is done to obtain this fraction m. The polymer is 
injected with a parabolic velocity profile over the total cavity width, while the gas is injected 
with a parabolic velocity profile over 64% of the cavity width. For these simulations the 
numerical parameters are listed in table 4.2, the material dependent properties in table 4.3 and 
process parameters in table 4.4. 

Table 4. 2 Numerical parameters 

Table 4. 3 Material dependent properties 
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The results obtained with VIp3D are clearly more smooth and show the fountain flow 
phenomena to a higher degree than the results obtained by Reijnierse (1995), probably due to: 
I For the Stokes equation in VIp3D, a quasi stationary approach is used, which is less 

sensitive to numerical instabilities in the velocity field than the instationary approach used by 
Reijnierse (1995). 

I In the results obtained by Reijnierse (1995), a slip boundary condition is applied in the air 
resulting in practical programming problems at the sharp edges. Therefore, in these points a 
no-slip condition was applied, which is probably acting as a source of instability. In VIp3D 
however, this is avoided by the use of the Robin boundary condition, which is set by one 
material dependent pair of parameters in each point of the mesh. Consequently, in the sharp 
edges in each direction only one boundary condition is present in stead of more. 

I Reijnierse (1995) used e = 1.0 for the time integration scheme which is O(L1t) accurate, 
whereas the results obtained with VIp3D are 0(.M2) accurate. 

Normally, the closing of an air vent is a source for disturbances in the velocity field 
(Reijnierse, 1995), because best results for the time dependent approach are obtained if the 
velocity field does not change much each time step. By closing one branch however, a 
considerable change in the velocity field occurs. The quasi stationary approach calculates the 
velocity field again each new time step and the velocity field in the previous time step has no 
influence anymore. Also, in VIp3D an air vent is not closed suddenly because the velocity is set 
to zero if it is reached by the polymer and due to the semicircular shape of the polymer front 
the air vent is closed in the centre first (see figure 4.3). 

c=J air 

II> . ,~ polymer 

~ mould wall 

Fig. 4. 3 Progressive closing of an air vent by the polymer. 

Conclusions 
It is to be concluded that: 

• both the splitting of the polymer flow and the closing of the outlet on top of branch 2 when 
it is reached by the polymer, is successful. Consequently, the model is able to follow the 
moving contact line, although it is a question if this is done exactly correct due to the 
influence of small interpolation errors during label convection. 

• the essence of the model proposed by Zoetelief (1995) for the splitting of the flow in a 
bifurcation seems to be correct. 

§ 4.1.2 Tracking the gas-polymer interface 

The gas-polymer distribution in the mould is characterised by labelling the particles 
that enter the domain, resulting in a convection problem, which should make it possible to 
determine the fraction m of the fluid left on the mould walls. When simulating the isothermal 
filling of a cylinder to test the convection problem, it is to be expected that due to the 
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LEVELS 

Fig. 4. 2 Material distribution for a filling percentage of 70% (up) and 90% (down), visualised by the time 
labels of each particle. 

In comparison with the results obtained by Zoetelief (1995), it is clear that both results do 
match: 
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• The flow initially is splitted to fill both branches, until branch 2 is filled completely, while 
sequentially all the polymer to be injected is used to fill branch 3 as was to be expected. 
Consequently, branch 2 is filled with polymer material that has been injected earlier than the 
material in branch 3. 

• The time label distribution in branches 2 and 3 is asymmetric. 



28 Numerical simulations of gas-assisted injection moulding 

Table 4. 4 Process parameters 

Results 
For a filling percentage of 100% the material distribution in the mould. visualised by 

the injection time labels is shown in figure 4.5 for both n :;:: 0.5 and n :;:: 1.0: 

LEVELS 

-0.500 .. 0.065 

0.130 .. 0.195 

0.260 

t t .. 0.325 

0.390 
;., ;., 

0.455 

0.520 

sealey: 100.000 

scalex: 200.000 
x --t:;.. x --t:;.. 

Fig. 4. 5 The material distribution in the mould, visualised by the injection time labels for both n = 0.5 (left) 
and n = 1.0 (right). The polymer is represented by yellow and black, the gas/air by blue. 

From this data the fraction of the fluid m can be calculated and is shown in figure 4.6 for both 
situations. The average values for m are given in table 4.5 just like the results obtained by 
Poslinski (1995). 

0.8 -~~-----;~-- - -+--------{---------------

--------~-----~~-~-----~---~-----i------------------~----------------

. . . . , , . . 
.. --~-~----:--:~:--------------.-.'-:-:-.--:--------.,,:f" ----------------.-,--.-------------

0.2 : : . --------------;.----------------
: x: n"'0.5 

i 0: n=1.0 

0.02 0.04 0.06 0.08 0.1 
y-position 

Fig. 4. 6 Fraction m of the fluid left on the mould wall for n = 1 (0) 
and n = 0.5 (x). 
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outstream 
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00125 
Fig. 4. 8 The final position of the centre of the gas channel at a comer (dimensions in mm). 

Table 4. 6 Numerical parameters 

Table 4. 7 Material dependent properties 

Table 4. 8 Process parameters 

Resu.lts 

For a process percentage of 80% the material distribution in the mould is shown in 
figure 4.9. 

, -
Fig. 4. 9 Material distribution in the mould at 80% of the process, visualised 

polymer is represented by yellow Iblack, the gas/air by blue. 

LEVELS 

-0.500 .. 0.250 

0.500 .. 0.750 

1.000 .. 1.250 

1.500 

1.750 

2.000 

the injection time labels. The 
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Table 4. 11 Process parameters. 

Results 
The results obtained for the temperature distribution in the cavity at the end of the 

filUng stage are shown in figure 4.12 for all three simulations. 

Fig. 4. 12 

LEVELS 

300.000 

350.000 

400.000 

450.000 

500.000 
525.000 

sealey: 150.000 

sealex: 200.000 

The temperature distribution in the cavity at the end of the filling stage for tdelay:;::: 0.0 [8] 
(left). tdelay = 5.0 [s] (central) and tdelay = 10.0 [8] (right) 

35 

The cold layer at the mould waH increases with increasing tdelay. which has to result in an 
increase in the fraction m. For all three simulations this fraction. calculated from the material 
label distribution in the cavity. is shown in figure 4.13 together with the results obtained for an 
isothermal process. 

0.9 

O.S 
E 
c: 
,g 0.7 
u 
II! 
4= 

0.5 

· . , , -- - ----- - - - -r- - - -- - --- - -- -(""- -- -- - -- - - - - -,- - - -- - -- -- - - --,- -- -- - - - - - - --· , . , · . . · . . · . . 
· . . -- ----------i- -- ------- ---i- ---- ----- ---~.--'" ~-~~; 

· . · . 

-~,------:--------------l---~1 
:-~ 1 . . . . · . . . ---- ----- -- _ ..... - ------ --- --_ .... _---- ---- ----'------- --- ---_ ..... _--- ---- ----
• • I • · . . . 

0.02 0.04 0.06 O.OB 0.1 
y-position 

Fig. 4. 13 The results obtained for three different cooling times: ~elay = 
0.0 [s] (marked with ·x'). ~elay = 5.0 [s] (marked with "0') 
and tdelay = 10.0 [s] (marked with' *, ) as a function of the 
position in the mould, together with the results of an 
isothermal process (marked with' . '). 



54 The effect ofparameter e on the label convection 

For these simulations the numerical parameters are listed in table E.1. the material dependent 
properties in table E.2 and the process parameters in table E.3. 

Table E. 1 Numerical parameters 

Table E. 2 Material dependent properties 

Table E. 3 Process parameters 

Results 
By labelling the particles that enter the domain with the value of the injection time. the 

deformation patterns are visualised by making a contour plot of these labels. For a filling 
percentage of 80% these patterns are: 

LEVELS 

-0.500 .. 0.065 

0.130 .. 0.195 

0.260 

t t .. 0.325 

0.390 
;;., ;;., 

0.455 

0.520 

sealey: 100.000 

scalex: 200.000 
x ---e- x ---e-

Fig. E. 3 The deformation patterns for both e = 0.5 (left) and e = 1.0 (right). The polymer is represented by 
yellow /black and the gas/air by blue. 



58 The influence of the number of elements in the thickness direction 

0.58 ::::::::r::::::::C:::::: ::::::::r::::::::r:---:--
" ,. 
" " 

0.56 -------+------+------- -------+----~:--:- -- . 
0.54 --------~"'-. 

0.4L--~--~-~--~--'----~ 
0.02 0.03 0.04 0.05 0.06 0.07 0.08 

y-position 

Fig. F. 1 Results obtained with a non-equally sized 
mesh. 

Legend: 
4 elements represented by black, 
6 elements represented by blue, 
8 elements represented by purple, 
10 elements represented by green, 
15 elements represented by yellow, 
20 elements represented by red. 

--------,------ --, --- -----,--------,--------;-------
I • , , • 
, , , I • 
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0.54 ------- . ---: -- -----i 

. . 
t:: .:".: 

1 ~~: •••••••• : •••••••• [ •••••••• r •••••••• : ••••••• ' •••••••• j 
0.44 --------i--------i --------r- -------i --------i--- ------! 
0.42 -- -- -- --j ------ --j --------t- --- ----r --- ---- -j --- -----j 
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Fig. F. 2 Results obtained with an equally sized 
mesh. 
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