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Summary. For the modelling of the glass press-blow process level set functions
are used. Special difficulties arise due to velocity gradients in the domain. A re-
initialisation procedure for unstructured triangular meshes is adapted to these dif-
ficulties and is applied.
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1 Introduction

A typical stage in the manufacturing of container glass is the blowing stage.
At this stage a preform of hot glass is transferred to a blow mould. There it is
first given time to sag sufficiently far. Finally pressurised air is used to inflate
the preform to form the final bottle or container shape.

This paper briefly describes the equations modeling this stage of the pro-
cess. In Sec. 3 a new re-initialisation procedure of the level set function is
described. The model is applied to a two dimensional test problem in Sec. 4.
We end with some conclusions.

2 Governing equations

The following mathematical model is used to describe the blowing stage of
the production process of bottles and jars. Let the domain Ω ⊂ R

2 be the
interior of the mould. Every point x ∈ Ω is either in air or in glass.

We denote time by t, velocity vector by v, pressure by p, the dynamic
viscosity by µ and the gravitational force by g. After non-dimensionalising
and using the dimensionless Reynolds (Re) and Froude (Fr) numbers, the
flow can be described by the Stokes equation together with conservation of
mass:
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∇ · (µ(x)∇v) +
Re(x)

Fr(x)
g = ∇p, (1)

∇ · v = 0. (2)

The viscosity of glass strongly depends on temperature. The temperature de-
pendence of the glass viscosity can be described by the Vogel-Fulcher-Tamman
relation [2]. The temperature T can be described by the dimensionless energy
balance equation

Pé(x)

(

∂T

∂t
+ v · ∇T

)

= ∇2T, (3)

where Pé is the dimensionless Péclet number.
The typical values of glass and air that we use for this problem are: typical

length scale L = 10−2 m, typical velocity V = 10−2 m/s, typical viscosity for
glass µglass = 104 Pa s and air µair = 10−5 Pa s, typical densities ρglass =
2.5 · 103 kg/m3 and ρair = 1 kg/m3, typical temperature jump ∆T = 350◦ C,
typical specific heat for glass cpglass

= 1.2 · 103 J/(kg K) and air cpair
= 103

J/(kg K), typical heat conductivities κglass = 2.75 W/(m K) and κair = 10−2

W/(m K). This results in the following values for the Reynolds, Froude and
Péclet number for glass (gl) and for air (a)

Regl = Rea = 2.5 · 10−5, Frgl = Fra = 10−3, Pégl = 1.1 · 102 and Péa = 10.

Actually, the Reynolds number of air is much bigger, but we replace the
air by a fictitious fluid, with viscosity 4 Pa s and the same mass density as
air; so Re = 2.5 · 10−5 in the fictitious fluid. Note that the viscosity of the
fictitious fluid is much smaller than the viscosity of glass. The inertia terms
in the fictitious fluid domain can be neglected, while the pressure drop is still
negligible compared to the pressure drop in the glass domain.

The glass position is modelled by two level set functions φ1(x, t) and
φ2(x, t). These level set functions each capture a glass-air interface and are
convected by the flow velocity

∂φi

∂t
+ v · ∇φi = 0 for i = 1, 2. (4)

At every time t the corresponding interfaces Γi(t) are given implicitly by
φi(x, t) = 0.

To solve (1), (2), (3) and (4) uniquely we have to prescribe initial and
boundary conditions. For glass we assume no-slip when it touches the mould,
and for air we prescribe a free-slip boundary condition.

The model is discretized by a finite element method which uses a mesh
consisting of triangles.
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3 Re-initialisation of the level set function

Two level set functions are used to describe the position of the glass. Due to
velocity gradients these level set functions become less accurate in describing
the interfaces as time evolves. Initially the level set function φ(x, t) is defined
as the signed euclidean distance function to the corresponding interface Γ (t),
i.e.

φ(x, 0) :=

{

d(x, Γ (0)), if x in air,

−d(x, Γ (0)), if x in glass.
(5)

When time evolves the initially nicely shaped level set function can develop
steep gradients at one side and can become almost constant on the other side
of the domain. This could lead to additional numerical difficulties.

We would like to compute a function d̂(x) which is a distance function
and which at the zero level of d(x) coincides with Γ (t). Then we replace on
every time step φ(x, t) with this new function. This idea of interrupting a
level set calculation and rebuilding a new level set function is referred to as
re-initialisation. There are several ways to accomplish this re-initialisation [3].
Existing methods use a structured grid consisting of squares or cubes. Our
computational mesh consists of unstructured triangles. The re-initialisation
procedure used in our computations is based on the Fast Marching Method
[3].

Fast Marching Methods rely on building the solution outward, starting
with a boundary value. More precisely, knowing one or two value of d̂ within
an element we would like to compute the value of d̂ at the third node. Consider
Fig. 1, where a line l and a triangle ABC with angles α, β and γ are shown.
The assumption is made that the values of d are known at points A and B,
where dA and dB are distances from line l to points A and B respectively.
Furthermore, we assume that dA ≥ dB .

dB

A α

C

c

δ
β

B

a

b

dA

−dA

dB

l

Fig. 1. Fast Marching Method as re-initialisation.

First, the angle δ is computed by sin(δ) = dA−dB

c
. Second, observe that

sin(δ + β) = dC−dB

a
. This results in the following update equation
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dC = a sin(δ + β) + dB . (6)

We have to make sure that the shortest distance from C to the line l passes
trough the interior of the triangle. Hence we require

0 ≤
a cos(δ + β)

cos(δ)
≤ c. (7)

If (7) is not satisfied we take dC = min {dA + b, dB + a}.
In addition to a triangle with two known values, also triangles with one

known d value should be considered. The updating is then done as follows.
Assume that the value at A is known, then the values at B and C are assigned
as dB = dA + c and dC = dA + b, respectively.

Clearly in (6) we compute the exact distances from point C to line l if the
distance dA and dB are exact. In practice, the line l is just a line segment of
finite length and dA and dB are approximations of the distances. So dC is just
an approximation of the real distance.

4 Results

The mathematical model is applied to a two dimensional problem. The reason
to consider this problem is that in practice the glass thickness of a bottle in
circumferential direction varies. We would like to see what is the influence of
a temperature gradient on this thickness variation.

The numerical tests are performed with the package Sepran [1]. In this
example a quarter of a cross-section of a bottle in the axial direction is con-
sidered. At the small arc of our domain (inflow boundary) a pressure is pre-
scribed. The large arc can be considered as the mould, while the other do-
main boundaries are symmetry axes. We prescribe a temperature gradient
in circumferential direction. For this purpose a variable θ is used, defined as
θ := arctan

(

y
x

)

. The initial temperature field in the domain is defined as

T (θ) := Tav + 2
θ∆T

π
−

∆T

2
. (8)

where Tav is the average temperature in the domain and consequently Tav+ ∆T
2

is the maximum temperature and Tav − ∆T
2

is the minimum temperature in
the domain. In our computations we choose Tav = 975

�

C and for ∆T we take
different values, namely 10

�

C and 20
�

C.
The computational mesh used consists of 1867 triangular elements. The

initial position of the glass is a ring. The results are shown in Fig. 2. The first
plot is the final position of the glass, when we have a ∆T of 10

�

C. We see
that the resulting layer of glass is not uniform. At the top left corner, where
the maximum temperature is achieved, the glass is much thinner than at
the bottom right corner. This shows that even a relatively small temperature
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gradient, results in a large differences in thickness, approximately a factor 1.4.
For the second and third plot a ∆T of 20

�

C is used. The second plot shows the
moment just before glass touches the mould. We see that the glass will touch
the mould first at the lowest temperature (bottom right corner). The last plot
shows that the variations in thickness increase when the initial temperature
gradient is increased. For an initial gradient of 20

�

C the thickness varies
almost by a factor 2.
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5 Conclusions

The model described here is used to study the blowing phase of the press-blow
process of glass. It is implemented and tested to a two-dimensional problem.

The test, a cross-section of a bottle in axial direction, shows that small
temperature gradients have a significant impact on the final thickness dis-
tribution. This is one of the main reasons we have to consider a full three
dimensional model to study the blowing phase.
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