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1. Introduction

Vacuum filling is an approach that uses vacuum to suck
materials to fill the cavity. It is widely used in vacuum-as-
sisted resin transfer molding (VARTM) and vacuum infu-
sion molding process (VIMP). The most difficult issue is
the prediction of complete fill time which closely depends
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Jetting succeeded by accumulation is the characteristic of the vacuum
filling, which is different from the conventional pressure-driven flow. In
order to simulate this kind of flow, a three-dimensional theoretical model
in terms of incompressible and viscous flow is established, and an iterative
method combined with finite element method (FEM) is proposed to solve
the flow problem. The Lagranian-VOF method is constructed to trace
the jetting and accumulated flow fronts. Based on the proposed model
and algorithm, a simulation program is developed to predict the velocity,
pressure, temperature, and advancement progress. To validate the model
and algorithm, a visual experimental equipment for vacuum filling is
designed and construted. The vacuum filling experiments with different
viscous materials and negative pressures were conducted and compared
with the corresponding simulations. The results show the flow front shape
closely depends on the fluid viscosity and less relates to the vacuum
pressure.

on the fluid viscosity, density and vacuum. In order to
simulate the process, scientists and engineers have devel-
oped some models and numerical methods to trace the
flow advancement, calculate the values of physical varia-
bles and predict the filling time "

Using numerical simulation can predict the develop-
ment and evolution of the flow front during the filling
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process, optimize the process and mold structure of com-
posite molding ', and improve the quality of parts ™.
Song and Youn ! established an analytical model for the
post-infusion VARTM process by the non-rigid control
volume approach. They successfully predicted the thick-
ness gradient due to the flexible nature of the bagging
approach and the pressure gradient developed during in-
fusion. It has also been used to predict the resin bleeding
behavior for various processing scenarios. Robinson and
Kosmatka ' established compaction and permeability
constitutive models, and proposed a numerical method to
simulate the post-filling. Yang et al. "' built the resin flow
governing equations for vacuum-assisted resin infusion
and an approach to calculate the primary flow by the nor-
mal Darcy’s law. They conducted three examples to verify
the precision and flexibility of the approach. Regarding
resin as an incompressible fluid, Cai et al. ' also used
Darcy’s law to describe the position of the resin flow front
in the mold and the filling time, and used RTM-worx to
complete the flow filling simulation.

There are two types of methods for advancement track-
ing, which are classified as Lagrangian and Eulerian .
The two methods are based on the strategies of mobile
mesh and fixed mesh respectively. The Lagrangian method
is limited by mesh deformation and contact processing """,
To overcome this shortage it was developed into the arbi-
trary Lagrangian-Eulerian method which combines advan-
tages of the two methods. Both Lagrangian and Eulerian
methods have been employed to develop various frontier
flow solutions. The well-known volume of filling (VOF)
method and Level Set method are interface capture meth-
ods constructed under Eulerian mesh. They have strong
topological processing ability and are widely used in the
simulation of front flow. In 1981, hirt et al. "' proposed
VOF method. The VOF method can be divided into an
algebraic VOF method and a geometric VOF method.
The geometric VOF method geometrically reconstructs
the free surface, and then uses the reconstructed free sur-
face to update the volume fraction rate distribution. The
algebraic VOF method solves the volume fraction rate
transport equation directly, without involving any geomet-
ric object. Existing researches show that the VOF method
can depict complex interface structure and changes, and
can be applied to the solution of two-phase flow "*. Gim
et al. " presented an improved VOF model that based on
smoothing functions, which effectively reduced the issue
of spurious velocities. At present, most CFD programs
use variations of the VOF method to solve the interfa-
cial problems "*, which can be found in ANSYS Fluent,
OpenFOAM, Gerris etc. Recently, Li et al. "' developed
a new calculation method via VOF method to predict the

interface evolution, velocity and the temperature distribu-
tion. Fan et al. """ also used this approach to design a new
solver called varRhoTurbVOF based on OpenFOAM soft-
ware to improve the turbulence models.

Osher and Sethian !'” developed the Level Set Method
is another effective approach to predict flow front evolu-
tion developed in the 1980s. This method is widely used
in many disciplines such as image processing, compu-
tational geometry, optimization and computational fluid
dynamics. The basic idea of this method is to express the
motion of the two-phase interface with the zero point of a
higher-order function (Level Set function ¢ ). The value of
¢ is used to distinguish the phases in the calculation area.
Then update the interface by solving the advection equa-
tion of ¢. The solution of ¢ may change greatly, there-
fore, it is necessary to reinitialize the function ¢ to main-
tain the distance function characteristics and the accuracy
of the movement of the flow front """, Sussman et al. *”
proposed a method based on partial differential equations
to reinitialize the level set function in 1994. To improve
the simulated precision, Dai et al. *"! proposed a piecewise
constant level set method for solving the topology opti-
mization of steady NavierStokes flow. Sodeyama et al. **!
found that the choice of re-initialization method was very
important to avoid non-physical deformation of ¢ and
proposed a new re-initialization method to implement a
multi-dimensional calculation of fluid flows. Furthermore,
Hong et al. " established a new equidistant filling theory
based on the level set function and a corresponding nu-
merical algorithm based on the dynamic finite difference
method. The algorithm can effectively produce the reman-
ufacturing repair path of a complex die, and improve the
efficiency of die manufacturing by more than 60%.

In this paper, a three-dimensional theoretical model
for viscous flow driven by the vacuum is established
and the finite element method is constructed to solve the
flow problem. The Lagranian method is used to track the
velocity, position and shape of the jet in the early stage.
When the fluid reaches the bottom, the jet flow transfers
to heaping and the backward filling happens under vacu-
um. The new development of the flow front is simulated
by the VOF method. Based on the viscous flow theory and
the Lagranian-VOF algorithm, a simulation program was
developed to predict the velocity, pressure, temperature,
and track the flow front and air trap position.

2. Vacuum Filling Theory and Numerical
Method

2.1 Governing

The melt inertial force is much lower than the viscous
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force and is neglected. The governing equations for vis-
cous, incompressible flow are written as

Vou=0, (1)

pf=Vp+V-(n7)=0. 2

Where p, C,, k and 1 are the melt density, specific
heat, thermal conductivity and viscosity respectively, and
pf, u, p and 7=(Vu+vu')/2 represent the body force,
velocity, pressure and shear rate tensor respectively.

2.2 Boundary Conditions

The pressure are assumed to be atmosphere and vacu-
um at the gate and meltfront respectively

p=p, atmeltfront, 3)

p=p, atmeltfront. “)

2.3 Numerical Method

Let Q,denote the filled region at current time ¢ and
H'(Q,) represents the ith order Hilbert function space in
region Q,. Multiplying the governing equations with test
functions (¢,v) e H'(Q,)x H*(Q,)’ and integrating by parts
using the Gauss formula subject to the boundary condi-
tions (3) and (4) yields the variational equations

J;{IlqudQIEQI llndS Vq e HI(Q1)3 (5)

[{Iﬂ(Vu+(Vu)T):Vde+‘[.£J.Vp.de—[J;‘[pf.VdQ:()_ ©)

We use the Galerkin finite element method to discretize
the variational Equations (5) - (6). The part is discretized
with tetrahedral elements, and the velocity u is approxi-
mated with P’ quadratic polynomials (10 nodes) owing
to their second-order derivatives in the equations. The
pressure p is approximated with P* linear polynomials
(4 nodes). This interpolation satisfies the Brezzi-Babuska
condition for numerical stability.

The pressure, velocity are interdependent in the above
equations. To determine the two variables simultaneously,
the time step and mesh sizes have to be satisfied the strict
limitation to ensure numerical stability and convergence.
Sometimes this requires a very small time step and fine
mesh which involves a large number of computations.
However, if the pressure is assumed to be known, then a
nominal solution for velocity can be obtained from the in-
variant momentum Equation (6) at node P.

apu, + Yy ayuy ==y "¢, (Vp), (7
~ £

Here N and E denote the nodes and elements surround-

ing node P respectively. Substituting this formula into the
invariant continuity Equation (5) yields
IJJCVP'WQ:Q Vge H'(Q,) 8)
Equation (8) is the weak form of pseudo Poisson
equation for pressure p, which makes the discrete matrix
symmetric. This increases the convergence of the itera-
tive scheme for solving linear equations, such as in the
Gauss-Seidel method. When the pressure is determined
the velocity can be calculated by Equation (7).

2.4 Fluid Advancing Simulation

The fluid used for vacuum is usually less viscous mate-
rial, which leads the fluid filling like pillar flow. When the
pillar arrives the bottom or contacts with the early arrived
fluid , it piles along the opposite direction of gravity. The
fluid advances with different manners in the two stages.

In order to trace the fluid advancement in pillar flow
correctly, the Lagrange method is employed to calculate
the flow fields and determine the fluid advancement. As-
sume a particle identified with X enters the cavity, its new
position can be calculated with the following formula in
Lagrange expression

X )

dt

The velocity u is determined from governing equations,
and the new position of the particle can be calculated with
integration of Equation (9).

When the fluid switches to piled filling stage, the grav-
ity drives the fluid to fill the remain cavity while restricted
by the viscous force. The advancement is similar with vis-
cous fluid filling droved by pressure. So the conventional
volume of filling (VOF) approach is employed to predict
the fluid advancement. Let F represents the filled factor of
a control volume, it must satisfy the transport equation

OF

— -VF =0
ot . (10)

In the first filling stage, the velocity of the particle
decreases significantly once contacts with the previous ar-
rived fluid while the viscous force increases obviously. So
the velocity and viscous stress derivatives are used as the
critical values switch from pillar filling to fluid advancing.

3. Experiment Setting
3.1 Experimental Equipment and Materials

The vacuum filling equipment is consisted by vacuum
pump, buffer barrel, vacuum filling container and material
container, see Figure 1. The buffering barrel is used to
store the suction fluid to prevent backward fluid into the
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pump. The experimental equipment is connected by rub-
ber hose. The volume of the glass cup is a 300 mL, and
both the suction fluid tube diameter and extraction air tube
diameter are both 10 mm. Once the vacuum pump starts
the fluid in the beaker will be sucked into the glass cup,
and stop when the power turns off.

The flow front of the vacuum filling is recorded by vid-
eo. The mixture of resin GE-7118A and curing agent GE-
7114B was first used in the experiment. They are mixed
at room temperature of about 20 °C, and the mass ratio
of the two materials is 100:30. The vacuum filling was
first performed at minus 0.75 atm and get the filling front
by video, see Figure 2(a). In order to change the fluid
viscosity rapidly some soil is also added to this mixture.
The filling front is shown in Figure 2(b). The fluid starts
accumulating along the petting pillar when the viscosity
increases.

3.2 Improvement of Experiments

The shortage of the experiment is the flow front can-
not be well captured by the camera especially for the first
mixture, and the liquid column was obviously inclined.
In addition, the bubbles appearing in the fluid during the
experiments, which influences fluid advancing.

To improve the imagine resolution, the hair conditioner
was used for experiments instead of the mixture of resin
GE-7118A and curing agent GE-7114B. In order to pre-
vent bubbles during the filling the material was drained in
drying hopper at room temperature. In addition, the pipe
angle was adjusted so as to the jetting column is vertical
to the bottom. The flow fronts are shown in Figure 3 after
improving. It can be seen that the problem of tilt jetting
column had been significantly improved. The bubble and
delamination phenomenon had also been removed.

Ar Fluid
Fubber tube
. Fubber ////
Alr plug

Vacuum pLomp
Buffer barrel

Vacuum filling
container
{glass cup)

Mixzed resin
material

Figure 1. The schematic diagram of the vacuum equipment

Figure 2. Screenshot of the vacuum filling at 1s for (a)
mixture of resin and (b) mixture with additional soil.

Figure 3. The vacuum filling with hair conditioner.
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4. Results and Discussion

To perform the numerical simulation, the container, see
Figure 4, was discretized into 78910 tetrahedral elements.
The temperature was set to ambient temperature 20 °C
and the gravity direction is vertical the ground. We change
the material viscosity and negative pressure to validate the
proposed method.

|
|
|
|
\
|
i
[

Figure 4. Schematic diagram of glass cup.

4.1 Viscosity Effects

The vacuum filling was firstly conducted at 1 minus
atm. When the fluid enters the glass under negative pres-
sure, it is almost equivalent to that the fluid is only af-
fected by gravity. When the temperature does not change,
the viscosity of the mixture will keep constant. The fluid
does not accumulate along the jetting column and there is
a slight depression near the liquid column as the viscosity
is only 350 mPa-'s which can not sustain the accumulat-
ed materials. We used analysis software to simulate the
vacuum filling of resin mixture. The experimental and
simulated fluid advancements at 1 s and 2 s are shown in
Figures 5(a) and 5(b) respectively. The simulated fluid
advancements are in good agreement with the experimen-
tal results. Figure 5 shows the program is also capable of
simulation of the depression in low viscous vacuum.

Then some soil was added to resin to increase the ma-
terial viscosity and conducted the vacuum filling again.
The fluid advancements corresponding to 1 s and 2 s
are shown in Figures 6(a) and 6(b). The viscosity of the
sample in the experiment increases to 2500 mPa-s. The
filling volume within the same period is smaller than that

(b)

Figure 5. benparison between experimental and simulated vacuum filling advancements at
(a) 1 s and (b) 2 s under minus 1 atmosphere.

©)

Figure 6. Comparison of experimental and simulated filling advancements of mixed resin and soil at
(a) 1 s and (b) 2 s under minus 1 atmosphere
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of the previous one. This is because the flow resistance
increases with the enhance of fluid viscosity. Both the
experimental and simulating results show that the middle
depression near the liquid column still exists but shallow-
er than before. The accumulated pyramid shape along the
jetting column does not happen during the whole vacuum
filling for the two materials. This mean the shape of front
advancements depends on the fluid viscosity and does not
change significantly for this viscosity scale.

Figure 5 and Figure 6 indicate the filling speed, front
shape and accumulation along the jetting pillar depend
on the material viscosity. To verify this assumption, we
further increased the material viscosity to 9600 mPa-s by
replaced the material with hair conditioner. In addition,
we have also improved the program so that the jetting col-
umn is displayed with runner elements instead of triangle
elements. The experimental and simulated front advance-
ments are shown in Figure 7.

Figure 7 shows the filled volumes are further reduced
due to increased viscosity. The filling velocity is different
from that of low viscosity fluid in the first stage of fill-
ing. In the initial stage of filling, it can be observed that

e
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the time taken for high viscosity fluid to enter from the
inlet to the cup of the glass increases compared with low
viscosity fluid. Through the recording of the camera, we
found that the low viscosity fluid took 130 millisecond.
However, high viscosity fluids took 197 millisecond.
In addition, the flow front shape is much different from
that of low viscous fluid. The pyramid shape generates
in the middle front area for high viscous fluid filling. It
maintains its shape and quickly spreads around and fills
the whole glass. Fortunately the developed program suc-
cessfully predicts this phenomenon as we considered all
the fundamental factors especially viscous force in the
theoretical model. In addition, the program can predict the
front heights accurately, which means the program can
also work well for high viscous fluid.

4.2 Negative Pressure Effects

The vacuum pressure was reduced to minus 0.75 atm.
and conducted the experiment and simulation again with
the soil mixture. The filling advancements corresponding
to 1 s and 2 s are shown in Figures 8(a) and 8(b). The fill-
ing volumes are only half of minus 1 atm within the same

1

29000 b ——

g
i
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GRADUATED GL
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Figure 7. Comparison of the experimental and simulated filling front shapes for (a) 1 s, (b) 2 s, (¢) 3 s and (d) 4 s under
minus 1 atmosphere.
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filling period. The flow front shapes are consistent with
the before though the vacuum pressure changes. Mean-
while, Figure 6 and Figure 8 show the diameters of the
jetting column do not vary with vacuum pressure, which
indicates the jetting shape only depends on the entrance
diameter and less relates the pressure.

Similarly, we also conducted comparative experiments

with high viscosity materials at the same pressure. The re-
sults are shown in Figure 9. Both experimental and simulat-
ed results illustrate that the shape of the flow front does not
change much, and they are almost the same with the high
vacuum one. Therefore, it once again demonstrates that the
filling shape only depends on the fluid viscosity and less re-
late the value of vacuum which only affect the filling speed.

(b)

Figure 8. Comparison of experimental and simulated fluid advancements of mixed resin and soil at (a) 1 s and (b) 2 s
under minus 0.75 atmosphere.
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Figure 9. Comparison of the experimental and simulated filling front shapes for (a) 1 s, (b) 2 s, (¢) 3 s and (d) 4 s under
minus 0.75 atmosphere.
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5. Conclusions

The vacuum filling is considerably different from the
fluid filling of pressure-driven flow, in which the gravi-
ty force plays an important role. The conventional VOF
method can not be used to simulate the flow front. In or-
der to predict the filling process accurately a flow model
is established to describe the viscous fluid. An iterative
method combined with FEM is proposed to solve the flow
problem. In order to capture the flow front mixed with
jetting and accumulation a Lagranian and VOF method
is constructed to simulate the advancement. A series of
vacuum filling experiments were conducted to validate the
model and numerical methods. The results of this study
show:

(a) The flow front shape closely depends on the fluid
viscosity and less relates to the vacuum pressure.

(b) The depression on the middle area will be formed
for the low viscous fluid vacuum filling.

(c) The pyramid front generates for high viscous fluid
vacuum filling as the larger viscous material can bear
heavy force.
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