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Abstract

Several numerical simulation strategies for polymer melt flow have been used to optimize simulation time and reduce
numerical errors. It is known that in this type of flow, the emergence of numerical diffusion in the cavity walls is
common due to the high stresses caused by highly viscous fluids. In order to avoid uniformly refining the entire mesh
and increasing simulation time, a common strategy is to use a localized refinement on the cavity walls. In this context,
this study presents a standardization in the smoothing of the mesh on the cavity walls for simulations of transient non-
isothermal flow of polymer melts. The main results showed that this type of application is highly efficient and contributes

to reducing the time and computational effort of simulations of complex cavities with good accuracy.
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1. Introduction

The study of the transient flow of molten polymers is
crucial to understanding and optimizing industrial processes,
such as extrusion and injection, used in the production of
plastic materials!"). This increase in demand for numerical
simulations is due to the fact that through their application it
is possible to analyze the behavior of fluids during processes
and thus carry out the development of new products and
manufacturing improvements without the need for excessive
expenses on prototypes or even high demand for project
timel?. Added to the recent technological development and
increase in computing capacity, its application has become
widespread, having high demand in the current engineering
market"!. However, numerical simulation of these processes
presents challenges due to the complexity of the non-
Newtonian behavior of polymers and the temporal and
spatial scales involved!. In this context, mesh refinement
is a fundamental step to ensure the accuracy and efficiency
of simulations®. Mesh quality can significantly affect the
stability and convergence of results, especially in transient
problems!l.

Numerous experimental and theoretical studies have
sought to understand the fundamental aspects behind the
rheological responses of polymer melts!’-). Guerrier et al.
1191 gtate that numerical simulations are widely applied
because they allow tests and analyses to be carried out
without the need for test specimens or prototypes, reducing
study costs. Herrera and Vieiral'l show that it is crucial
to understand the structural and dynamic behaviors of
molten polymer molecules in order to manufacture high-
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quality products. Zhang et al.l' analyzed adaptive mesh
refinement for multiphysics applications through the
AMReX software framework, highlighting its possible
applications. Sanjaya et al.l'’! analyzed the results of
simulations with different mesh sizes for wheel rims using
the finite element method and compared the accuracy of
the results obtained.

Therefore, this study performed the analysis of smoothed
mesh refinement in transient polymer melt flow simulations.
Innovative and efficient approaches to improve accuracy
and reduce computational time are discussed, contributing
to significant advances in the modeling and simulation of
polymer transformation processes. This study aims to help
reduce the computational time spent on simulations and
consequently increase the productivity of thermoplastic
processing industries. The software used was Ansys Fluent®
2023.R2 and the thermophysical data and rheological
properties for verification were taken from the studies carried
out by Hétu et al.') and Miranda et al.['"!,

2. Materials and Methods

2.1 Overview

This study proposes a fully numerical approach to verify
the accuracy of smoothed mesh refinement in transient
laminar flow of polymer melts. The simulation conditions
are shown below.

1/9


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0000-8786-1839
http://orcid.org/0000-0002-9774-4705

Theiss, A. H., & Miranda, D. A.

2.2 Governing equations

The governing equations use the generalized Newtonian
formulation (GNF) using Ansys Fluent® 2023.R2, which
incorporates the diffusive and convective terms in its original
formulation, in addition to resolving these terms in a two-
dimensional formulation. Thus, the conservation equations
are solved for conservation of mass, momentum and energy,
in a fully coupled manner, these differential equations are
respectively written as Zdanski and Vaz!'®.
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where n(}?,T ) is the apparent viscosity and the term y
represents the equivalent deformation rate, which is written as:
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The term g is the volume fraction and is determined
by the Volume of Fluid (VOF) method.

2.2.1 Volume of fluid (VOF)

The momentum conservation equation is intrinsically
associated with the viscosity constitutive relation. The VOF
method considers some linear correlations to estimate the
viscosity and specific mass at the interface between the
molten polymer and the air presented'":

p=pa+(ppfpa)F, and =y +(,up7ﬂa)F (6)

In Equations 6, p, and u, are the specific mass and
dynamic viscosity of the air, while p, and u, are the
specific mass and dynamic viscosity of the polymer, where
#p =1(7,T), is the property that comes from the rheological
model. The function of the volume fraction phase g is
defined by the following transport equation!'”):

Table 1. Parameters of the viscosity model MC — I1.

If F =1, fora pointinsidethe polymer domain
If 0 < F <1, Interfacebetweenthe phases present (7)

If F=0, fora pointinside air domain

Since the density and dynamic viscosity of the air phase
are much lower than those of the same polymer properties,
it is assumed that interfacial tension has no relevant effects
on the flow. Therefore, in the numerical analysis, the air is
replaced by a pseudo-fluid, which has physical properties
greater than the real ones.

2.2.2 Polymer rheology

Currently, several rheological models have been developed
for applications in simulations of polymers of the most different
types of fluid flows. In the study of Miranda et al.l'*], several
models were tested and compared in relation to obtaining a
flow front closer to an experimental result. Based on this study,
the authors found that the Modified Cross II (MC — II) model
yields good results, and for this reason, this rheological model
will be chosen to describe the viscosity of the polymer flow
during flow. The modified Cross model assumes a pseudoplastic
regime and incorporates the temporal relaxation factor of the
fluid, being widely applied to model complex systems. The
model depends on the deformation rate and temperature, and
the equation to be solved is!'*):

m(7)

W’T):W ®)

C

no(T):cle[%Z], ﬂ(T):%e(%]’ and n(T):cse[?) 9)

The polymer chosen for this study was Thermoplastic
Olefin (TPO), as it has already been used by other authors
and obtained all its known thermophysical properties. The
rheological properties of 7PO for MC — II are summarized
in Table 1%,

For coupling pressure into the velocity equations in
the generalized newtonian fluid (GNF) model, the PISO
(Pressure-Implicit with Splitting of Operators) method
was used!'”.

2.3 Boundary conditions

In order to validate the results obtained, the geometry
and boundary conditions used by Hétu et al.l' and
Miranda et al.l'") were taken as standard, as represented
in Figure 1.

Parameter Value Unit
¢ Pa-s
c, 5,277.11 K
¢ s
c, 3,717.262 K
Cs K
c 653.532 K
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The dimensions are respectively Lg=100mm and
Hy =10mm , in addition a flow front in laminar flow and
boundary conditions without slip for the cavity walls were
defined. The flow front velocity along the geometry can
be defined through Equation 10, applied in the validation
to ensure an initial condition of the flow front closer to the
real one considering the interactions between the fluid and
the cavity walls and their respective stresses>.

xz +y2

Up=U;|1-
N (e 2y

(10)
In its initial condition, the mold cavity is completely
filled with air and the initial temperature of the walls, thus
all thermophysical properties of the fluids applied in the
multiphase validations!'*! are represented in Table 2.

2.3.1 Mesh generation

Mesh convergence analysis is extremely fundamental
for numerical simulations of transient flow of molten
materials®'l. Marin et al.’”) compared the effect of mesh
density in the injection pressure, reaching highest precision
in a dual-domain mesh with sizes between 2.0 and 4.0 mm.
It is worthy to note that the aforementioned mesh sizes are
associated with the part or product sizes and shape, especially
thickness variations and the presence of free-form shapes.
Therefore, one must observe the relative mesh size in order
to avoid defining over or under refined meshes.

In some initial tests, it was determined that the mesh size
in x would be constant, in which 40 divisions ( Ax =Ly / 40 )
proved to be a mesh size with good results. Therefore, the
mesh Ax=2.50mm was maintained. The Courant number
is a local scalar quantity of the fluid domain that represents
the advective flow in each control volume.

At
o=l (11)

To maintain the consistency of the transient solutions,
considering an initial maximum velocity at the center of the
cavity u=U; ,a Ar=0.125s was initially found. Therefore,
all simulations initially have the Courant number & =0.50,
which can be considered a value that generates good results
for the simulationst'..

To perform the validations of the proposed models,
the simulation was applied based on the generation of 5
different types of meshes with an increasing refinement rate
Bias Factor (BF) in the cells close to the boundary walls,
that is, only in y , as shown in Figure 2.

This type of refinement should increase the accuracy of
calculations in regions close to the walls of the geometry,
avoiding problems such as numerical diffusion. However,
the number of nodes and elements will not be changed when
applied. Therefore, for all generated meshes, the number of
nodes will remain at 861 and the number of elements at 800.
The Bias factor, applied to the y —axis and responsible for
refining the mesh near the walls of the geometry, doubled
for each mesh generated, ranging from 1 to 16, as shown
in Table 3.

le Lo N
™~ "
= 4
TLV
U; y Hy
T X v Tw

i

Figure 1. Boundary conditions of 2D fountain flow problem.

Table 2. Thermophysical properties of the fluids used in the validation.

TPO Air
Parameter Value Unit Parameter Value Unit
810 _ 1.225 _
Pp kg-m 3 Pa kg-m 3
2,500 _ _ 1,006.43 _ _
Cp, Jkg k! Cp, Jkgl k7!
0.16 _ _ 0.0242 _ _
kp wem k7! ky wem k!
Hp n(.T) Pa-s Ha 1.7864x107 Pass
0.01 _ 283
Ui m-s 1 a K
Ty 503 T, 283 K
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This implies that BF =4, ou seja iy =1.0, hy =20,
hy=4.0, hy =80 and ks =16.0 . Richardson! estimation
requires meshes with equal refinement ratio, where » is
the refinement ratio:

. 12

4 h3 ok

Thus defining a refinement rate =20 for the
Richardson extrapolation method, subsequently applied to
measure the degree and order of the discretization error in
the calculations performed and evaluate the effect of this
refinement on the results obtained. Figure 3 demonstrates
the compilation of the generated meshes.

2.4 Dimensionless

In order to qualitatively validate the results obtained
in the simulations and after applying the Richardson

Wall
Ay min

Aymax

Wall

(@)

|
_T_
—L Center Line
_T_‘

extrapolation method, the following dimensionless variables
were adopted!'®):

* X * y * i u
X = ,y =— :[—’u = —_—
Hy Hy H U;
and
« T-T
y S ——T
To-1, (13)

In addition, five lines were plotted along the geometry,
from which the values for speed and temperature were
generated and analyzed at different time intervals in the
validations. Figure 4 represents the geometry and the lines
defined for the analysis.

Following the applied dimensionless modeling, the
positions of the lines were defined as: ,*_10; x =25
5 x =5.05 x =75 and " =10.0 . Furthermore, the time

Wall
Ay min

AYmax

1 -

Wall
(b)

Figure 2. Bias Factor. (a) BF=1.0 (AVmax = Amin ) 0) BF=2.0 ( AVpax > Amin)-

Figure 3. Meshes generated for transient validation.

Table 3. Size of the Meshes Applied in the Simulations.

Size BF =1.0 BF =2.0 BF =40 BF =80 BF =16.0
Aypin 0.50 mm 0.362 mm 0.261 mm 0.193 mm 0.152 mm
AV yax 0.50 mm 0.673 mm 0.874 mm 1.10 mm 1.320 mm
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7777777777777

T—yux

x* =1.0 x*=25 x* =5.0 X =75 x* =10.0
Figure 4. Reference lines.
: Dy, -
polymer _ 9 hy
> £ =D o=y, = (s)
0.80 r _1
_ BF =20 0.70
0.60
BF =40 050 log[ hy hy ]
0.40
BF =80 222 ~ _ ®h2 _®h1 (16)
0.10 phl log(r)
0.0

BF =16.0
air

polymer
1

air

BF =80

s

air

BF =10
BF =20
BF =40
BF =80
BF =16.0

(©)
(d)

Figure 5. Advance of the flow front during: (a) /*—=7.5; (b)
=50:0) 1 =100:(d [ =200-

intervals taken for the analysis of the properties ,,* and 7*
were =255 ¢ =505 =10.05and /7 =0, respectively.

2.5 Convergence analysis

To verify the accuracy of the simulations and the order of
the mesh errors in the flow of molten 7PO in the smoothed
mesh discretization channel, the Richardson extrapolation
method was implemented”’. The method assumes that the
exact solution for exact velocities and temperatures can be
estimated at any given point x;e R as:

By (31) =D (1) + 2 =2 () + ahP +0(hph+1)

(14)
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®

where @ can represent either ,* or 7*.

3. Results and Discussion

This section will address the results of the numerical
approaches applied and their respective discussions.

3.1 Flow analysis

To visually verify the effect of numerical diffusion,
the flow through the injection channel of Hétu et al.l'" was
simulated in all meshes (Figure 5).

Initially, a qualitative analysis of the results generated
by the simulations of different meshes can be made. It can
be seen that as the Bias Factor increases, the effects of
numerical diffusion reflected on the cavity walls become
smaller. These numerical diffusion bubbles become worse
as the simulation time increases, i.e., the time variable will
increase the numerical error of simulations that obtain
coarser meshes.

3.2 Initial values

By applying the Bias Factor it was possible to verify the
effects of the smoothed mesh refinement on the accuracy
of the results obtained in the simulations. The following
Tables 4 to 8 summarize all the results obtained for ,*
and 7* throughout the 5 numerical simulations applied.

From the Tables, it is possible to demonstrate that the
application of the smoothed mesh refinement throughout
the simulations resulted in different values for the same
positions and time intervals during the simulated flow.
Evidencing that as the mesh refinement rate increased, the
precision of the results obtained for the properties under
analysis also increased. It is also noted that the relevance
of the differences in decimal places obtained in the results
is greater for the velocity values when compared with the
respective temperatures.

3.3 Verification of transient flow

Based on the previous resulting values, the Richardson
error extrapolation method was applied in order to optimize
the results obtained. The method was applied for ,* — .01
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Table 4. Velocity and temperature values at y* =0.5 with BF=1.0.

* * * * *
Time x =1.0 x =25 x =5.0 x =75 x =10.0
* * * * * * * * * *
u T u T u T u T u T
* 0.77240 0.97763 - - - - - - - -
t =25
t* ~5.0 0.90119 0.97778 0.77318 0.97769 - - - — — -
t* -10.0 0.90157 0.97778 0.89486 0.97778 0.76940 0.97776 - - — -
t* 2200 0.90157 0.97778 0.89487 0.97778 0.89489 0.97767 0.87929 0.97692 0.87637 0.97525
Table 5. Velocity and temperature values at y* =0.5 with BF=2.0.
Time x =10 x =25 x =50 x'=75 x =10.0
* * * * * * * * * *
u T u T u T u T u T
* 0.76159 0.97761 - - - - — — — —
t =25
t* -5.0 0.89448 0.97777 0.79123 0.97767 - - - - - -
t* ~10.0 0.90122 0.97777 0.89240 0.97777 0.84847 0.97773 - — — -
t* 2200 0.90125 0.97777 0.89557 0.97777 0.89108 0.97761 0.85918 0.97692 0.88035 0.97525
Table 6. Velocity and temperature values at y* =0.5 with BF=4.0.
* * * * *
Time x =1.0 x =25 x =5.0 x =75 x =10.0
* * * * * * * * * *
u T u T u T u T u T
* 0.75589 0.97760 - - - - - - - -
t =25
t* =50 0.87850 0.97777 0.80032 0.97767 - - — — — —
t* ~10.0 0.89989 0.97777 0.85463 0.97777 0.86858 0.97765 - - - -
t* ~20.0 0.89994 0.97777 0.89588 0.97776 0.87208 0.97751 0.85882 0.97677 0.86813 0.97242
Table 7. Velocity and temperature values at y* =0.5 with BF=8.0.
Time x =10 x' =25 x' =50 x'=75 x =100
* % * * * * * * * *
u T u T u T u T u T
* 0.75259 0.97758 - — — - - - - -
t =25
t* ~5.0 0.87814 0.97777 0.79896 0.97766 - - - - - -
t* -10.0 0.89333 0.97777 0.85063 0.97776 0.87207 0.97761 - - - -
t* 2200 0.89955 0.97777 0.88940 0.97775 0.87229 0.97734 0.87434 0.97450 0.87666 0.96969

, in which it is possible to obtain values for all defined time
intervals (/* =25 to /* =20.0)- Table 9 presents the final
results obtained after applying the method:

Thus, after applying extrapolation, it became possible to
obtain instantaneous values of greater precision for velocities
and temperatures over the defined time intervals. In addition,
the degree of error in each of the results obtained was defined.
Therefore, it is reiterated that the application of the method allows

6/9

optimizing the precision of results in numerical approaches
without the demand for greater computational capacity and
that it proved to be functional for the present study.

From the values obtained in the simulation of the highest
refinement rate with BF =16.0andate * _ (5, the velocity
and temperature curves of the exact values were generated
and compared with the results obtained by Hétu et al.l'¥
and Miranda et al.l'! (Figures 6 and 7).
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Table 8. Velocity and temperature values at y* =0.5 with BF=16.0.

£ * * Ed *
. x =1.0 x =25 x =50 x =75 x =10.0
Time
* * * * * * * * * *
u T u T u T u T u T
* 0.74822 0.97756 - - - - - - - -
t =25
t* ~5.0 0.87694 0.97777 0.80130 0.97766 - - - — -
2100 0.88279 0.97777 0.87361 0.97772 0.87578 0.97750 - - -
2200 0.89954 0.97777 0.87150 0.97772 0.86642 0.97703 0.87874 0.97421 0.88254 0.97039
Table 9. Richardson error extrapolation results for * — o1 and y* =0.5.
(=25 =50 =100 =200
Values
* * * * * * * *
u T u T u T u T
exact 0.75462 0.97773 0.88761 0.97777 0.90465 0.97777 0.90021 0.97777
P 0.43604 -0.17229 0.82565 -0.43742 -1.64563 0.00402 1.79979 -0.91733
ave

© Hétuetal 1998
¢ Miranda et al. 2023

—Present Study

0,00

0.20 0.40 0,60 0.

7

80 1,

00

0.00
0.

© Hétuetal 1998

¢ Miranda et al. 2023

—Present Study

00 0.20 0.40 0, 00

v*

60 0.80 1.,

Figure 6. Transient verification of the fountain flow for the velocity profiles at ,* — 5 to:(a) /*=6.0.: ()  =12.0-

1.00 1.00
(b)
0.75 0.75
88
* 4 8
& &
o
8
0.50 0.50
8
0.25 © Hétuetal. 1998 0.25 | © Hétuetal 1998
© Miranda et al. 2023 © Miranda et al. 2023
—Present Study —Present Study
0.00 L L L x 0.00
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
* *

Figure 7. Transient verification of the fountain flow for the temperature profiles at ,* =50 t0: (a) /= 6.0.5(b) [ =12.0-
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Analyzing the velocity profiles, there are higher velocity
values in the works of Hétu et al.l' and Miranda et al.l'! because
they used a constant velocity at the inlet (Ug =U; ), which
causes the polymer to advance faster over time. However, this
sudden velocity increase causes the polymer to lose more heat
and the temperature profiles to drop consequently, while when
the inlet velocity is parabolic, it ends up holding the heat for
longer. Although the conditions show very divergent results,
in real flow conditions, the polymers usually enter in the gates
with a parabolic manner, which confirms that the velocity and
temperature curves of this study are more appropriate, and
that the verification was successful.

4. Conclusions

Accurate numerical simulations of transient flow of
polymer melts are essential to obtain products with desired
characteristics, avoiding defects and ensuring process
efficiency. This paper presents a numerical approach to
smooth mesh refinement in the walls of thermoplastic
injection molds and a mesh convergence study using Ansys
Fluent® 2023.R2 simulation software. The following points
highlight the discussions:

» [Initially, the initial velocity equation with parabolic
profile proved to be effective in capturing the flow
accurately, minimizing the effects of the boundary
layer;

*  Through the results obtained and validated compared
with previous studies, it becomes possible to identify
that the application of the smoothed mesh refinement
on the walls of the geometry defined for the flow
resulted in a significant improvement in the accuracy
of the results obtained for the velocity and tempera-
ture properties in the applied numerical simulations;

»  Furthermore, it was reiterated that through the appli-
cation of the Richardson error extrapolation method,
it was possible to guarantee an improvement in the
accuracy of values for certain regions of interest
without requiring greater computational resources to
obtain them, a fundamental result given the demand
for computational resources for simulations in tran-
sient regimes;

* Although this study used simple geometry, the quali-
tative and quantitative results will help engineers
reduce the computational time of numerical simula-
tions and consequently increase the productivity of
injection mold development with greater efficiency
and accuracy.

Furthermore, it is worth highlighting the possibility of
future studies using the same method in different types of
geometries, such as abrupt expansions, in addition to new
analyses for the resulting properties in each of the lines
plotted for post-processing of the problem under study and
possibly the analysis of other rheological properties of interest.
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