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Abstract: The use of polymer materials by different segments of the industry has grown every year due to
numerous advantages, being the injection of thermoplastics one of the processes most used to make this
application viable. In order for these processes to be efficient and generate quality products, it is necessary that
the polymer material be processed correctly. The simulation of thermoplastic injection is an important step in
the manufacturing process of polymer products, where errors in the design and manufacture of the mold or
product should be avoided even in the initial phase, as they directly affect the quality and cost of the product
injected. This paper aims to perform a mesh refinement study between different mathematical models used in
two thermoplastic injection systems (SolidWorks Plastics 2016 and Moldflow Synergy 2016), correlating the
simulated results with the experimental results obtained in the process of transformation of a product injected.
The results showed that both software were able to simulate with certain precision the injection process studied,
despite the small differences in injected masses predicted by the software.
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l. INTRODUCTION

In the last decades, the consumption of thermoplastics has increased according to the demands of
innovative products and with the increase of the development of parts and components in sectors such as
appliances, furniture and automobiles [1]. The thermoplastic injection simulation tools have great precision in
their manufacture, since these computational tools are able to simulate different stages of the thermoplastic
injection process, generating significant results to aid the execution of molds [2]. These tools are increasingly
accepted by the plastics processing industries, especially in the optimization of injection mold design, as well as
the parameters used in the resin injection process, allowing designers to develop new forms of mold
manufacturing with extreme precision [3]. Each simulation tool uses differentiated mathematical models that
have the same objective of calculating the heat and mass transfer phenomena aided by mathematical methods
[1,4]. To aid in these calculations of differential equations, thermoplastic products are used as control volume
and are discretized in subdomains to facilitate calculations of the resulting phenomena [2,5]. These subdomains,
known as meshes, have different geometric aspects, and can also display different sizes [5,6]. These geometries
combined with the different mesh sizes may aggregate into different simulation results until a convergence
analysis proves that new mesh changes do not influence the expected results [5,7].

In many cases where manufacturers of thermoplastic injection molds do not use simulation engineering
as a design tool, the plastics processing industries detect failures in the injected product only after testing the
manufactured mold [8]. These failures may be due to incomplete filling of wells, poorly positioned feed points
or injection channels, air bubbles, defects caused by inadequate cooling of the wells or degradation of the
injected material [9]. This implies that the mold must be rethought and reworked repeatedly until it can inject
parts without failures [1,6,9]. The design of the thermoplastic injection molds may still be unsuitable for the
injection machine, or even the injected material. These specific cases usually occur due to communication
failures and the lack of adequate evaluation prior to the manufacturing process [10].

In this context, we implemented two different mathematical models that are used in the software
SolidWorks Plastics 2016 and Moldflow Synergy 2016, to study the influence of mesh refinement, also
alternating different mesh types. These tools are specific for thermoplastic injection simulation. In order to
compare the simulations with the actual process, injection tests with an injection mold for the production of
GPPS (General Purpouse Polystyrene) cups were used to validate The mathematical models of both software’s.
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1. MATERIALS AND METHODS
The methodology of this work is subdivided in four main stages, being the product analysis, the
mathematical model used by the software and the methodology of application of the simulations is identified.

11.1 PRODUCT ANALYSIS

In this study, an injection mold a glass of twisted geometry. This product belongs to a beverage company from
the region of Joinville - SC, Brazil. Figure 1 is presented as a product model with CAD design and the actual
product injected.

(@) (b)
Figure. 1. Product design details: a) product model developed in SolidWorks CAD; b) injected product.

According to CAD SolidWorks, this model has the volume of 45,50 cm? is injected into GPPS. Table 1 presents
some physical and processing parameters of GPPS according to the material manufacturer [11].

Processing Parameter Values Unit
Injection Temperature 190 - 240 °C
Injection Pressure 5-60 MPa
Holding Pressure 30-60 MPa
Mold Wall Temperature 20-50 °C
Polymer Contraction 0.3-0.6 %
Physical Property Values Unit
Density 1.078 g.cm?

Table 1. GPPS Processing Parameters.

This information is fundamental to the beginning of the design of the mold and, consequently, to be inserted in
the simulations. The injection mold used in this work is the model HAITIAN - PL 860/270 C. Considering the
masas of the injected piece of 45,50 cm?, since the mold has two cavities (Fig. 2), the injection volume will be 91
cm”.
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Fig. 2. Injection mold details: a) lower cavity detailed in the SolidWorks CAD; b) detailed upper cavity in the
CAD.

According to CAD SolidWorks, the mass of a product unit weighs about 49,06 g and therefore two units will
have a mass around 98,12 g.

1.1l MATHEMATICAL MODEL

In order to perform these calculations in the filling phase of the wells, it is necessary to assume a non-isothermal
flow of a non-Newtonian fluid, based on conservation equations in general [12]. Eq. (1), (2) and (3), represent
mass conservation, amount of movement and energy conservation, respectively [12,13]:
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Where p is the specific mass (kg/m?), u is the velocity (m/s), t is the time (s), P is the pressure (Pa), t is the

shear stress (Pa), g is the gravity aceleration (m/s?), Cv is the specific heat at a constant volume (J/kg.K), T is

the temperature (K) and q is the heat flux (W). Eq. (1) and (3) are introduced in the simulations with the

following conditions:

e The flow flows in a laminar regime;

e  Gravitational forces are negligible;

e The heat flux is expressed by the Fourier law as shown in Eq. (4) [14]:

3= -kvT 4)
Where the heat flux is proportional to the temperature gradient, and k is the thermal conductivity (W/m.K);
e Density, specific heat and thermal conductivity can be considered constant;
e The flow is considered to be almost stationary, since the Reynolds number characteristic of the injection
process is very low, allowing the convective effects of the momentum equation to be neglected.
Based on these hypotheses, we can make the following weights for each initial equation, in which Eq. (5), (6)
and (7) again represent conservation of mass, amount of movement and energy conservation, respectively [15]:
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In the equation of energy quantity (Eq. 7), the specific heat at constant pressure (CP) replaces the
specific heat at constant volume (CV) because these values are equal in the cases of incompressible fluids [16].
The viscous dissipation term is represented by the following equation:
B = qy?

8

11111 VISCOSITY MODELS USED BY SOFTWARE’S

The rheological state equations, which relate the shear stress (r) to the strain rate, are also considered.
According to the software Solidworks Plastics [17] and Moldflow Synergy [18] as flow in the injection process,
a shear flow, the relevant rheological property is the steady state steady state (n), neglecting the normal stresses
and Elastic effects. The shear rate () can be calculated according to Eq. (9):
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However, the software calculates the viscosity of the fused polymer with different mathematical models. As

viscosity is dependent on the temperature of the polymer [19,022], to represent the viscoelastic behavior of the

polymers, Solidworks Plastics uses Power Law Equation. (10) this model is imposed to calculate the viscosity

[22]:

n:m_,};ﬂ—l_ ECT (10)

Where m is the consistency (adm), and c is a temperature-dependent constant, n is the power law index, and
when n <1, the polymer exhibits pseudoplastic behavior, that is, the value of n is greater than its
pseudoplasticity [17,18,22]:

In the viscoelastic model used by Moldflow Synergy software, steady-state viscosity does not neglect
normal stresses and friction loss [18]. The mathematical model used to calculate the viscosity of the polymer is
the MoldFlow Second Order Model, it is represented by Eq. (11) [18]:

(3
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(11)

1.1V PROCESS PARAMETER TO VALIDATION

The main physical property used in the validation of the mathematical model used in the simulations
was the injected mass of the glasses. Thus, the results of the simulated masses by the Ansys Fluent software
were compared with the values of the actual mass obtained injection tests, thus extracting the simulation
deviation. At each operational condition, the average mass of 20 samples of cups was purposely withdrawn with
injection failures, more specifically incomplete filling of cup wells.
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The values of the average of injected masses were used to validate the simulations performed. However, for this,
deviations were calculated according to Eq. (14):

5, = [(;—D:) - 1] -100 =% (12)

In that the M.z, is the mass simulated by the software (g), and M, is the average of the injected masses (g).
These calculations were used to validate simulations of sampled GPPS cups produced.

As the objective of the work is to compare the influence of meshes on mathematical software models, the
parameters were performed below and above the values stipulated by the material manufacturer (Table 1). Only
to remove data in which the polymer does not completely fill the mold cavities, purposely causing injection
failure. The parameters performed in the simulations and in the injection tests can be visualized in Table 2.

Variable Processing

Evaluated Parameters Parameters
Type Mesh Injection

of Geometry Element Temperature

Mesh (mm) (°C)
Solid Mesh Tetrahedral 120, 140
5-01

Shell Mesh Squad 280, 300

Table 2. Injection Parameters for Validation.
The simulation domain is defined as the path in which the polymer mass will flow. An example of the shell-like
domain can be seen in Figure 3.a.

(b) © @ ©
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Fig 3. Details of the simulation domain and mesh (triangular elements): a) shell domain; b) mesh element of 5.0
mm; ¢) mesh element of 2.0 mm; d) mesh element of 1.0 mm; e) mesh element of 0.5 mm.

The volumetric contraction of the polymer material was disregarded, since the simulations did not take
into account the cooling stages of the material.

Since the size of the mesh elements influences the reliability of the simulated results, a refinement of
the mesh was performed varying geometries and sizes in order to specify the ideal conditions to simulate the
thermoplastic injection process. As shown in Figures 3.b to 3.f., the smaller the element size, the more defined
(rounded) and reliable is the geometry of the simulation domain. The simulations were performed in the Ansys
Fluent software, comparing the two mathematical models.

The values of the injection parameters that were kept fixed in the simulations can be better observed in Table 3.

Fixed Parameters

Injection Wall Holding Injection
Pressure Temperature Pressure Flow
(MPa) (°C) (%) cm’/s)
2 40 45 80

Table 2. Fixed Injection Parameters for Validation

Other information that can be inserted in the simulations are the filling phase, packaging and cooling efficiency.
These algorithms can be simulated individually and combined according to some work already done [22,23].
The algorithm used in this work was determined only in the fill phase, both for the software.
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1. RESULTS AND DISCUSSION
In this chapter, mesh refinement results are presented in simulations performed in SolidWorks Plastics
and Moldflow Synergy software, varying mesh size and mesh types, compared to the two experimental GPPS
injection results. This comparison is made to validate the mathematical model used by the software.

1.1 MESH REFINIMENT

The first set of experimental tests using values below the ideal injection conditions (Table 1) was
performed by varying the injection temperature by 120 °C. This temperature was purposely purposely
insufficient to completely fill the wells, with a mean of injected masses of 11,06 g. By performing the
simulations and varying the conditions according to Table 2 and applying the results of these simulations in Eq.
12, resulted in two comparative graphs of mesh refinement shown in Figure 4.
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Fig 4. Influence of geometry and mesh refinement in the GPPS injection simulations, with injection temperature
of 120 °C. a) Generalized Maxwell Model, b) Power Law Model.

The first mathematical model (Figure 4.a), overestimated the mean values of injected masses. Even
though the model converged from a mesh element size of less than 2.0 to 1.5 mm, the simulated masses varied
approximately 49 to 54% larger than the actual masses of the injected cups. It is noted that the two solid meshes
have been shown to be more efficient than the mesh in the shell. Because they converged first, they were the
closest to reality. In the second case (Figure 4.b), the results of the simulations showed that the mathematical
model converged with a mesh element size between 1.5 and 1.0 mm. However, while the model had not yet
converged, the results were overestimating reality. Only after convergence did the model prove to overestimate
reality. However, the values proved to be better and more efficient than the previous model, varying the
simulation deviations between 19 and 25% negative. The next step compared the simulations with the

experimental tests, also using values below the ideal injection conditions, varying the injection temperature by
140 ° C.
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Fig. 5. Influence of geometry and mesh refinement on the GPPS injection simulations, with an injection
temperature of 140 °C. a) Generalized Maxwell Model, b) Power Law Model.

Increasing the injection temperature also increased the predictive capacity of the mathematical models
and consequently reduced the scales of the simulation deviations to up to 30%. Analyzing the Maxwell model
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(Figure 5.a), the model again overestimates reality and solid meshes tend to converge rather than bark in mesh,
in addition to demonstrating more reliable results. It is also noticed that tetrahedral meshes are more reliable
than quadrilateral meshes. In the power law model, solid meshes are shown to be better than bark but very low
approximation values. On the other hand, values take longer to converge.

The next analysis compares the simulations with the experimental tests, now using values above the ideal
injection conditions, varying the injection temperature by 280 ° C
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Fig. 6. Influence of geometry and mesh refinement on GPPS injection simulations, with injection temperature of
280 °C. A) Generalized Maxwell Model, b) Power Law Model.

The values above the ideal injection conditions proved to be better than the values below, causing the
scale of the simulation deviation to be reduced again to better analyze the models. This demonstrates that the
mathematical models calculate well the thermal properties of the polymers. In the Maxwell model (Figure 6.a)
Solid meshes converge faster than bark in meshes. However, the mesh in tetrahedral shell is more efficient than
the solid quadrilateral mesh even taking longer to converge.

The power law model (Figure 6.b) obtains the same characteristics, however, with values closer to
reality. In addition, this model differs from the other because it always overestimates in larger mesh sizes and
ends up overestimating when it reaches convergence in smaller mesh sizes. However, both models obtained
excellent results, with simulation values very close to reality.

The last set of experimental tests using values above the ideal injection conditions was performed by
varying the injection temperature by 300 ° C. The average of the injected masses came close to 97,95 g, that is,
almost close to 98,08 g of the two completely filled cups in the wells. Figure 8a shows that for the model used
by SolidWorks Plastics, it was very efficient, since even when it was not converging in a coarse mesh, the
simulation deviation did not exceed 10%. Which means the results were pretty convincing.
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Fig. 7. Influence of geometry and mesh refinement on GPPS injection simulations, with injection temperature of
300 °C. A) Generalized Maxwell Model, b) Power Law Model.
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All geometries and mesh types proved to be very efficient and converged almost together. However,
the tetrahedral meshes obtained results closer than the quadrilateral meshes. The model used by Moldflow
Synergy (Figure 7.b) was once again the most efficient, since the model did not overestimate over 3% of reality
either before or after convergence. This implies that this type of software can demonstrate more efficient results,
because it has a mathematical model that compiles well the rheological phenomena of the polymers. However,
this does not take the merit of the model used by SolidWorks Plastics that obtained excellent simulation results.

V. CONCLUSION

The findings obtained in this work provided important information on the effects of mesh geometries
and types in mathematical models used in the injection simulation process. Ideally, temperatures were placed
below the ideal processing parameters, and it was observed that the models compared well the thermal analysis
of the flow, approaching the injected mass flow with the reality of the experimental tests. As the polymers need
high temperatures to decrease viscosity, the models simulated the difficulty of the polymer filling the cavities.
At too high temperatures, the viscosity of the polymer reduces and the shear rate is likely to become greater than
the maximum value allowed for the GPPS, hampering the flow of hot polymer toward the final end of the mold
cavities. In the same way the polymers, the simulations became even closer to reality, demonstrating that both
mathematical models confront well the thermal and viscoelastic phenomena. The simulations performed
generated overestimated results for the injected mass with a reasonable error, becoming sufficient to provide
qualitative information.

Solid meshes have been shown to be more efficient than bark meshes in this type of numerical
simulation analysis. These still converged first that the meshes in shell. The geometry that best obtained results
close to reality were the tetrahedral meshes. This is because they can delineate rounded geometries, which
square meshes have the most difficulty for this. mathematical models.
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