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traditional trial-and-error method for optimising PP syringe and tray manufacture is
often costly and time-consuming. This research is being done to create a numerical
study using ANSYS Fluent on finding the best material to mass-produce the syringe and
its tray to come up with a solution to lower the cost and time it takes to make the
much-needed virus-fighting equipment. The objectives of this study are to compare
the two types of PP's viscosity during injection moulding with ANSYS Fluent, to
determine any incomplete fillings of both types of PP viscosity during injection
moulding in the mould with ANSYS Fluent, and to compare the time taken between
the two types of PP to fill up the mould casing. In the simulation, the temperature for
both materials are set as 190 °C, and the parameter inserted beforehand are followed
using the cross-parameter table, which contains zero shear viscosity, power-law index,
and time constant for the temperature. A constant gauge pressure of 38.22 MPa is
inserted as the inlet boundary condition for the simulation, along with the
temperature of 190 °C. The results revealed that the time taken for the molten LB6331
to be fully injected into the mould is 1.5 seconds while for molten TP340 is 4 seconds.
The viscosity of LB6331 at 2500 s is approximately 220 Pa.s while the viscosity of
TP340 is approximately 350 Pa.s. Both PP are shear thinning because their viscosity

Keywords: decreases with increasing shear rate. The VOF for both simulation of LB6331 and
Injection moulding; polypropylene; TP340 showed that there are imperfections at the edge of the mould casing because
Medical grade PP; Common grade PP that part still contains air.

1. Introduction

Since vaccines to combat the Covid-19 is being distributed worldwide, demands for medical
equipment such as syringes and its tray skyrocketed. The go-to manufacturing process to produce
the mentioned medical equipment is the injection moulding process. While injection moulding is
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convenient when producing complex shapes such as a syringe, the materials used are critical when
producing the equipment.

According to research from Maddah [1] and Ishak et al., [2], a syringe and its tray are made up of
polypropylene (PP), and there are two types of PP: medical grade and commercial grade. While these
two are fundamentally similar materials, their properties differ slightly and affect the overall
performance when manufactured with the injection moulding process. The conventional trial-and-
error method commonly used to optimise the PP syringe and tray production are often expensive
and slow.

Ramesh et al., [3] demonstrated the simulation of injection moulding development and the
optimization of vehicle instrument characteristics using various optimization approaches. The
shrinkage volume rate and warpage quantity rate are measured using Taguchi Orthogonal parameter
design and particle swarm optimization (PSO) in this paper. Most of the studies are aimed at
calculating the decrease and warpage for different gate locations and glass types. The Taguchi
orthogonal design has five parameters that are all inversely proportional to one another. As a result,
the injection moulding method is passed out by optimising those settings. The purpose of this study
is to use optimization strategies to process injection moulding for vehicle instrument parameters.

With the use of a visualisation mould, Wang et al., [4] conducted a series of systematic tests to
investigate the effects of different processing factors of high pressure foam injection moulding on
packing efficiency such as gas concentration, packing pressure, packing time, injection speed, and
melt temperature. This is to determine the time required for the gate-nucleated cells to fully dissolve.
A drop in gas concentration or an increase in packing pressure considerably expedited the dissolution
process, according to the results. The impact of injection speed and temperature on cell dissolution
suggested that competing mechanisms were presence.

A research has been conducted by Nasiri and Khosravani [5] to study the implementation of an
intelligent system to detect various defects in injection moulding. The study used fuzzy case-based
reasoning (fuzzy CBR) method it can solves current problems based on nearest solutions of similar
cases. The evaluation of the implemented system is done by detecting different faults in the
manufacturing line. The acquired results showed the proposed system's capabilities and accuracy in
fault identification.

Jachowicz et al., [6] described how to analyse the suitability of a material for injection moulding
using the results of a computer simulation of the injection process. Computer simulation of the basic
phenomena that occur during the injection moulding filling, packing, and cooling phases yields a
variety of results, including typical information on the suggested technological parameters of the
process and the dimensional accuracy of the moulded part, as well as data on the processing
machine's production efficiency and energy demand. Based on this data, it is possible to analyse the
suitability of the polymer materials used in the simulation to create products from a certain industry,
taking into consideration a variety of factors, most of which are of an economic or qualitative nature.

The numerical analysis of heat transmission in the car's radiation system was explored in this
study from Hassan et al., [7] by utilising pure water and water containing nano-fluid. The simulation
method was carried out using ANSYS fluent version 16.1 using the Computational Fluid Dynamic (FCD)
technique. When using the same boundary condition, the study was validated with experimental
data, and the error was 8% based on simulation results. In addition, the flow rate was validated using
the Nusselt number in both concertation 0.7 percent and 1 percent. The Nusselt number has been
enhanced by increasing nano particle concertation, according to numerical analysis. The heat
exchanger is activated when the number of Nusselt increases. The heat transmission of nanofluids
was found to be strongly reliant on the concentration of nano particles, the flow parameters, and the
weak temperature-dependent heat transfer conditions in earlier experiments.
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George and Qureshi [8] stated that non-Newtonian fluid is a fluid that does not obey Newton's
law of viscosity. The difference between non-Newtonian fluid and Newtonian fluid is that their
viscosity is dependent on shear rate. In a Newtonian fluid, the relation between shear stress and
shear rate is linear, and the coefficient of viscosity can be determined. In a non-Newtonian fluid,
however, the relation between the shear stress and shear rate is different. Therefore, it will exhibit
a time-dependent viscosity, which means the coefficient of viscosity cannot be determined.

Research from Chhabra and Richardson [9] showed that for non-Newtonian fluid they can change
their viscosity under stress. If a force is applied to the fluid, the sudden application of stress can cause
them to get thicker and act like a solid, or in some cases, it results in the opposite behaviour, getting
"runnier" than before. When the stress is removed, the fluid will return to its earlier state.

Not all non-Newtonian fluid behave the same way when stress is applied. Some non-Newtonian
fluids react because of the amount of stress applied, while others react due to the length of time that
stress is applied. There are four types of non-Newtonian fluid which are thixotropic, rheopectic, shear
thinning and shear thickening.

Coussot [10] stated that for the thixotropic, the viscosity of the fluid decreases with stress over
time. This means the longer the time for the stress applied to the fluid, the runnier the fluid will be.
Rheopectic fluid is the opposite of thixotropic fluid, where the fluid's viscosity increases with stress
over time. The longer the time for the stress applied to the fluid, the thicker the fluid will be. Honey
is thixotropic, while cream is rheopectic.

For shear-thinning, the viscosity decreases with increasing stress [11]. This means the higher the
stress applied to the fluid, the runnier the fluid will be. Lastly, for shear thickening, the viscosity
increases with increasing stress. The higher the stress applied to the fluid, the thicker the fluid will
be. An example of shear thinning, and shear thickening fluid is tomato sauce and oobleck,
respectively.

Optimization of the injection moulding is important to increase the productivity of the
equipment. Therefore, this research is done to find the optimised materials of the injection moulding
so that the filling time of the PP can be reduced to produce the syringe and its tray. Two types of PP
are used in this research which are medical PP (LB6331) and common grade PP (TP340).

This study will involve molten polypropylene (PP), which is a shear-thinning non-Newtonian fluid.
The shear rate and shear stress of molten PP are difficult to determine; however, the absolute
relation between them since the shear stress can be obtained using the correction factor n in an
experiment. The shear rate as a function of the shear stress from experimental data can be then
obtained.

There are three objectives of this study. Firstly, to compare the viscosity of medical PP (LB6331)
and common grade PP (TP340) during injection moulding with ANSYS Fluent. Next, the second
objective is to compare the volume of fluid (VOF) of medical PP (LB6331) and common grade PP
(T340) during injection moulding with ANSYS Fluent. The third objective is to compare the time taken
between the medical PP (LB6331) and common grade PP (TP340) to fill up the mould case.

2. Theory
2.1 Volume of Fluid

The Volume of Fluid Method (VOF) is a free surface approximation numerical method. It is
generally known as the Euler method. A grid, which can be stationary or non-stationary, is used to
characterise Euler methods. In a non-stationary grid, the grid motion is determined by the change in
surface shape [12]. This method helps to monitor the position and orientation of the surface. The flux
motion is characterized by Navier-Stokes equations, which must be solved separately.
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The approach is based on using a fractional function C, which is determined as an integral of the
fluid functions in a cell's characteristics. C is a continuous function, with 0 < C < 1. If the cell is empty
(i.e., thereis no fluid), C= 0. If the cell is full, C = 1. Derivative of the fractional function must be equal
to zero [13].

Z4v-VCHV-[CA-OU,]=0 (1)

where v denotes fluid velocity, and U,. denotes an artificial force that "compresses" the region under
consideration.

The model's theory is based on the idea that another fluid cannot fill a fluid's volume at the same
instant of time. As a result, each material is represented by a fraction, f, in a discrete volume cell. For
any time and space, the number of the fractions of the fluids in a cell must equal 1. Since the fluids
are moving, the fluid interface changes, requiring the fluid fractions to be changed.

The fractions of fluid in a cell can be classified into three types: if the cell is filled with fluid i,
fraction f; = 1; if the cell does not contain fluid i, fraction f; = 0; and if the cell shares its volume
with two or more fluids besides fluid i, the fraction of i takes avalue 0 < f; < 1 [14].

The transport equation for pure convection is used to represent and update the interface of the
material front:

of | o(ufy) | a(wf) _
o T ox T dy =0 (2)
where u is velocity component in x-direction while v is velocity component in y-direction.

Once the material front equation is solved, the interface between the participating fluids can be
determined, implying the conservation of mass of one phase in the mixture. A multiphase problem
is solved for the n — 1 phase, and the remaining phase is solved using equation below [14].

?=1fi =1 (3)

where n is the fluid phase while f; is the fluid fraction.
In this way, the fluid properties for the mixture of the two phases studied can be described from
the following constitutive relations [14]:

p=00-Fp+fp, (4)
n=~0-n+fn, (5)
where p is the fluid density while 7 is the apparent viscosity (Pa s).
2.2 Navier-Stokes Equation

The Navier-Stokes equations are the fundamental partial differential equations that explain the
motion of viscous fluid substances. This equation is used to describe the flow of incompressible and

frictionless fluid. This equation can be derived from continuity equations and conservation of energy
[15]. The general form of continuity equation can be expressed as:

LAV (pB) +Q =0 (6)
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where p is the fluid density, V is divergence, ¥ is the velocity component, and Q is heat transfer.

By applying the continuity equation to density, we will get the conservation of the mass equation
[16]. We are also operating with a constant control volume. With no sources or sinks of mass (Q = 0),
we obtain:

%-I—V—(pﬁ):O (7)

For incompressible fluids, density is constant. Therefore, the continuity equation can be
expressed as [15]:

V-v=0 (8)
Thus, the Navier-Stokes equation can be expressed as [15]:

ov - 2=
p|3+ - 7)v|=—Vp+pg +ur?s (9)

where p is the fluid density, v is velocity component, V is divergence, u is the fluid dynamic viscosity,
and g is gravitational force.

However, the equation of Navier-Stokes can only be applied to Newtonian fluids. As for non-
Newtonian fluids, power-law fluids can be used.

2.3 Power-law Fluids

Power-law fluids are different from Newtonian fluids in that the stress in a power-law fluid is
raised to an exponent, n, called the flow behaviour index. For a Newtonian fluid [17]:

T=u (Z—;) (10)

. . .. . ou .
where T is shear stress, u is dynamic viscosity, and % is the shear rate.

Power-law fluids model the stress according to the equation [17]:
9 n
r=u (ﬁ) (11)

where n is the power law index.

From Eq. (11), a Newtonian fluid is a power-law fluid with n = 1, making Newtonian fluids are a
subset of power-law fluids [17]. For n < 1, the material can be specified as pseudoplastic, decreasing
the viscosity as the shear stress increase. For n > 1, the material is specified to be dilatant, having
increased viscosity when shear stress increases [18].

2.4 Cross WLF-Model

The effects of shear rate and temperature on viscosity are considered in this 6-parameter model.
This model, like the Bird-Carreau model, accounts for both Newtonian and shear thinning [19]. The
generic Cross equation is used to simulate the shear thinning component, which is a common and
older alternative to the Bird-Carreau-Yasuda model [19]:
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Ny—Newo __ 1
No—MNoo 1+(Ky)i—n

(12)

where 7, is the zero-shear rate viscosity, 7, is an infinite shear rate viscosity, K is a time constant
and n is the Power Law index, which indicates for the shear thinning behaviour. The well-known form
of the Cross model can be expressed as Eq. (13) if the infinite shear rate viscosity is insignificant [19].

N Mo
ny) = W (10 (13)
T
From Eq. (13), T* represents the critical shear stress at the transition from the Newtonian plateau,
given K = Z—O and n is the Power Law index. Since it provides the best fit to most viscosity data, the

Cross-WLF model is the most used model in injection moulding simulation software.

3. Methodology
3.1 Materials

Common grade polypropylene (TP340) and medical-grade polypropylene (LB6331) using
WinRheo Il software.

3.2 Equipment/Softwares
GOTTFERT Rheograph 25 Capillary Rheometer, ANSYS Fluent.

3.3 Procedures
3.3.1 Collecting data from the capillary rheometer

A capillary rheometer controlled by a computer using LabRheo software is used to set the
rheometer's measuring mode, steps, and temperature [20]. The capillary rheometer is manufactured
by GOTTFERT, as shown in Figure 1. The step option is used to adjust piston speed to control the
shear rate of the non-Newtonian molten polypropylene. The temperature of the rheometer is set at
190 °C, 30 °C more than the melting temperature of the polypropylene. The parameters required to
run the rheometer are set on the computer, then relayed to the rheometer machine. The pressure
transducer is calibrated where the pressures P1 and P; is set to zero. A piston is used to compress the
polypropylene pellets until they are compact. The piston is then attached to its holder which the
machine will further compress the pellets until 100 MPa. The pellets are added again until the neck
of the capillary hole, compressed manually. A piston is used to compress the polypropylene pellets
until they are compact. The piston is then attached to its holder which the machine will further
compress the pellets until 100 MPa. The pellets are added again until the neck of the capillary hole,
compressed manually. The capillary rheometer is cleaned by removing the two-pressure transducer
and cleaning the capillaries. The data is collected from the computer, which is used for analysis. The
experiment is repeated with the other type of polypropylene, whichever comes first at discretion.
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Fig. 1. GOTTFERT Rheograph
25 Capillary Rheometer

3.3.2 Comparing the injection moulding process between two grades of polypropylene using ANSYS
fluent

Figure 2 show the real tray and the CAD model of the tray mould made using SolidWorks later
converted into .iges file used in ANSYS fluent. This CAD model will be the base model for both molten
polypropylenes (PP) simulated in ANSYS Fluent. ANSYS Workbench meshing is used to mesh the
model and name their boundary conditions accordingly [21]. The parameters of common grade
polypropylene (TP340) are inserted first (density, specific heat capacity, etc.) into ANSYS Fluent.

Q

=

AN

(a) (b) (c)
Fig. 2. (a) real tray, (b) side view, and (c) front view of the CAD model of the tray mould

Table 1 shows the simulation parameters for medical grade PP (LB6331) and common grade PP
(TP340). The inlet temperature, inlet pressure, and density for both materials are constant which are
190 °C, 38.22 MPa, and 900 kg/m?3, respectively. The viscosity for both materials are followed using
the cross-parameter table, which contains zero shear viscosity, power-law index, and time constant
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for 190 °C. The outlet boundary condition is set with the outer temperature being 27 °C and is set as
a 'static wall'. A simulation of 20 s is set using 400 000 timesteps, each timestep lasting 50 ps and the
simulation file is autosaved for every 10 000 timesteps, which will be used to plot the graph the shear
viscosity against time. The experiment is then repeated using the parameters of medical grade
polypropylene (LB6331).

Table 1

Simulation parameters for both materials

Material Medical grade Common grade (TP340)
(LB6331)

Inlet temperature (°C) 190.00 190.00

Inlet pressure (MPa) 38.22 38.22

Density (kg/m?3) 900 900

Zero shear viscosity (kg/m s) 2160.00 7830.00

Power law index 0.2590 0.3120

Time constant (s) 0.0573 0.3630

4. Results and Discussions
4.1 Time Taken for Both Molten PPs to Fill Up the Mould Casing Fully

The simulation aims to determine the time taken for the molten PP to fill the casing up at a
volume of approximately fully 8.5 x 10™ m? (Exact value: V = 8.565086 x 10~> m3. The value is taken
from volume statistics in ANSYS 2021 Student Edition). The volume of the molten PP filling in the void
at each autosaved timesteps is obtained using the following steps. Firstly, the 'Results' column is
clicked, and the 'Volume Integrals button is accessed from the 'Reports’ column. Next, the report
type is set to ‘Volume Integral’, the field variable is set to ‘Phases’, with ‘Volume fraction’, and the
‘pp190’ (Molten PP at 190 °C) is set, and the cell zone is set to ‘fluid’. Then, the total volume integral
is computed, the output is recorded, and a graph of volume against time is plotted.

The graphs of molten common grad polypropylene (TP340) and medical grade polypropylene
(LB6331) volume against time throughout the entire 400000 timesteps are shown in Figure 3 and
Figure 4. The time taken for molten common grade PP (TP340) and medical grade PP (LB63310 to fill
up the mould casing fully are determined. From Figure 3, it can be observed that the time taken for
molten TP340 to be fully injected into the mould casing is approximately 4 seconds. The mould is
filled when the volume reached 8.565086 x 10-5 m3.
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Molten TP340 Volume Against Time

Volume (10°m3)
E-

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Time (s)

Fig. 3. Graph of Molten TP340 Volume against Time

For the molten LB6331, it can be observed that the time taken for molten LB6331 to fully fill the
mould is approximately 1.5 seconds as shown in Figure 4 below. The time taken for the molten
LB6331 to be fully injected into the mould is lower than the molten TP340. This is because the molten
LB6331 has lower viscosity than molten TP340. The molten LB6331 resists motion less than molten
TP340 because its molecular makeup gives it lesser of internal friction. When the viscosity of a fluid
is higher, the more internal friction that it builds, causing to more time taken to be injected into the
mould.

Molten LB6331 Volume Against Time

Volume (10°m?)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Time (s)

Fig. 4. Graph of Molten LB6331 Volume against Time

The simulation of both molten PP filling time is done using ANSYS Fluent. Total filling time is set
as 20 seconds to see if the molten PP can fill the cavity. A simulation of 20 s is set using 400 000
timesteps, each timestep lasting 50 us and the simulation file is autosaved for every 10 000 timesteps.
Figure 5 shows the filling time for medical grade PP and common grade PP at 1 second of the injection
simulation. It can be observed that for medical PP, it fills the cavity faster than the common grade
PP. This is because the medical PP has lower viscosity than the common grade PP, made the medical
PP easier to flow into the mould casing tray.
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Fig. 5. The molten PP of (a) medical grade PP (LB6331) and (b) common grade PP (TP430) filling
the tray cavity at time = 1 second

4.2 The Viscosity of Both Molten PP Against its Shear Rate

It can be observed that when the strain rate increases, the viscosity of the polypropylene
decreases exponentially. The changes in viscosity for LB6331 and TP340 indicate that the liquids are
shear thinning because their viscosity decreases with increasing shear rate. Generally, the higher the
rate of the decrease of viscosity as the shear rate increases, the easier the molten PP to flow into the
mould tray casing to fill in. Figure 6 and Figure 7 show the relationship between viscosity and shear
rate for common grade PP (TP340) and medical grade PP (LB6331) respectively. By comparing the
two graphs, it can be observed that the LB6331 has lower viscosity than TP340. The viscosity of
LB6331 at 2500 s is approximately 220 Pa.s while the viscosity of TP340 is approximately 350 Pa.s.
In addition, the higher shear rate combined with lower viscosity for the molten LB6331 PP contributes
more to the higher rate of the molten PP injected into the mould tray casing compared to the molten
TP340 PP.

10
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Graph of Viscosity Against Strain Rate (TP340)
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Fig. 6. Graph of Viscosity against Strain Rate (TP340)

Graph of Viscosity Against Strain Rate (LB6331)
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Fig. 7. Graph of Viscosity against Shear Rate (LB6331)

4.3 Imperfection Present in Both Molten PP using VOF

The Volume of Fluid (VOF) method is a numerical method present in ANSYS Fluent to determine
or track a fluid's free surface in an interface, for instance, the mould casing. Both cases (TP340 and
LB6331) have imperfections at the bottom corner at its front and back, respectively, as shown in
Figure 8. It can be observed that there are imperfections at the edge of the casing mould because
both molten PP did not fully fill that part. The blue colour at the edge of the mould indicates that
there is still air in that part because the VOF value did not equal to one. When the VOF value equal
to one, therefore the casing mould would be filled with PP with no excess air left. The molten PP did
not reach that part for both types because of the edge part is small, making it difficult for the PP to
squeeze in.

11
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contour-1
Volumae fraction |

Fig. 8. Imperfections at the edge (yellow circle) (TP340)

5. Conclusions

In conclusion, the viscosity of the LB6331 is lower than TP340, making the time the LB6331 took
to fill the mould is lesser than TP340. The time taken for LB6331 to fill the mould is approximately
1.5 seconds while TP340 is approximately 4 seconds. Both PP are shear thinning because their
viscosity decreases with increasing shear rate. The viscosity of LB6331 at 2500 s is approximately
220 Pa.s while the viscosity of TP340 is approximately 350 Pa.s. In addition, the higher shear rate
combined with lower viscosity for the molten LB6331 PP contributes more to the higher rate of the
molten PP injected into the mould tray casing compared to the molten TP340 PP.

The VOF for both simulation of LB6331 and TP340 showed that there are imperfections at the
edge of the mould casing because that part still contains air. A better parameter, such as a higher
temperature and pressure, will be required to further optimise the injection moulding process of
these two materials so that the time it takes to produce each unit of the syringe and its tray is
significantly reduced, lowering the overall production cost of medical equipment.
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